Doctoral Dissertation (Shinshu University)

The study of biocompatible nanocomposite

September 2016

Yong-I1 Ko



Summary

Recently, nanotechnology holds great promise for fabricating next-generation
electronic devices, energy storages, sensors, and composite materials. Since small sized
materials below micro scale can be applied for nanotechnology, they have been
investigated widely and actively in order to fully exploit their size and morphology effect.
Especially, the polymeric nanofibers, prepared by the electrospinning system have
attracted great attention because of their large surface area to volume ratio and good
flexibility in surface functionalities. In addition, carbon materials have been examined as
promising nanomaterials in nanotechnology because they are optically active, electrically
conductive, and have a sufficiently small size.

However, it is difficult to develop multi-functional nano-biocomposites by
incorporating carbon materials into organic nanofiber because both materials exhibit
largely different physical and chemical properties and organic nanofibers are electrically
insulating and mechanically weak. Furthermore, carbon materials are intrinsically
insoluble in an aqueous solution because of their strongly bundled stacked structure as
well as their hydrophobic nature. In my PhD thesis, to solve such intrinsic problems as
well as to fully exploit their excellent properties in multifunctional biocomposites, I
carried out systematic studies to improve mechanical and thermodynamic properties of
the organic nanofiber, and also to prepare biocompatible carbon materials by attaching
biomolecules to the surface.

In chapter 2, I prepared polylactide-derived nanofiber yarn by coating with
silicone elastomer and then examined their shape memory properties in detail. It is
confirmed that the mechanical and thermodynamic properties of the polylactide nanofiber
yarn were remarkably enhanced via the twisting and annealing process. The coating with
silicone elastomer largely improved the mechanical properties of the polylactide
nanofiber yarn. Both processes directly contributed to the large enhancement both in the
mechanical properties and in the shape memory behaviors.

In chapter 3, the annealing effect on both the thermodynamic properties and the
shape memory behaviors of the polycaprolactone nanofiber yarn by coating with silicone
elastomer was investigated in detail. The polycaprolactone nanofiber yarn was prepared
by twisting organic nanofiber sheets with different thickness using various twist numbers.
It is observed that the thermodynamic and mechanical properties were remarkably
enhanced with increasing twist numbers and also by annealing process. Moreover, the
coating with silicone elastomer has largely contributed to the sustained nanofiber feature
of polycaprolactone above the melting point, thereby resulting in their improved
toughness.

In chapter 4, 1 investigated the fabrication of carbon nanotubes-based
biocomposite using mussel adhesive protein (MAP) and their promising applications.
Firstly, the optical signals of semiconducting carbon nanotubes responded sensitively to
external conditions including the formation of chemical bonds. In order to detect the iron-



3,4-dihydroxy-L-phenylalanine (DOPA) conjugation bonds with metal ions, individually
dispersed double-walled carbon nanotubes (DWNTs) suspension was prepared via a
homogeneous coating of MAP. MAP exhibited a high ability of individually dispersing
the bundled DWNTs through the strong physical interactions with the outer tubes. The
sensitively altered optical properties of the DWNT suspension upon addition of FeCls
solution can be explained by the formation of coordinative bonds between DOPA in MAP
and Fe** ion. The iron-DOPA bonds acted as electron acceptors and thus provided a
favorable non-radiative channel for the optical depression of signal from semiconducting
inner tubes in DWNT suspension. Several physical and chemical effects on the sensitively
altered photoluminescence of semiconducting inner tubes were explained based on the
iron-DOPA bonds.

Then, I coated the metal-absorbed MAP-DWNTs suspensions on poly
(vinylidene fluoride) (PVDF) nanofiber yarn to secure the electrical conductivity as well
as the biocompatibility. To remove residual non-conductive MAP partially and also to
expose DWNTs, vacuum ultraviolet irradiation was utilized to increase the electric
conductivity of PVDF nanofiber yarn. Finally, electrically conductive, mechanically
strong and biologically active PVDF yarn, prepared by coating with MAP-DWNT was
characterized using various analytical tools.

Furthermore, I prepared DWNT-based aerogel via the self-assembled
combination of MAP with ssDNA-dispersed DWNTs, followed by sol-gel and freeze
drying processes. The coacervation process was confirmed using Raman/fluorescence
and UV-Vis-NIR spectroscopy, and using dynamic light scattering. Furthermore, the
mechanical and electrical properties were measured to verify the fabrication of the
optically active, mechanically strong, electrically conductive, and biologically active
aerogel.

In this thesis, I achieved the large improvement both in the mechanical and in the
thermodynamic properties of the biodegradable polymer-derived nanofiber and their
improved shape memory properties. Moreover, I demonstrated the effectiveness of MAP
as a biocompatible dispersing agent for strongly bundled hydrophobic DWNTs based on
the physical interaction between biomolecules and the sidewall of the tube. Then, I
suggested the interesting application of bio-inspired DWNTs as multifunctional coating
materials for improving mechanical and electrical properties as well as the
biocompatibility of PVDF nanofiber yarn. Furthermore, the judicious combination of
ssDNA with MAP makes it possible to produce carbon nanotube based aerogel, where
DWNTs acted as reinforcing filler and also cross-linker. It is expected that experimental
results I achieved will play a great role for developing multi-functional scaffold, bone-
tissue engineering and drug delivery system in biomedical areas. Eventually, it is
envisaged that environmentally friendly carbon materials can be applied for the
fabrication of the biocompatible electronic device and gas absorption devices, where the
electrical conductivity, mechanical strength and good biocompatibility are critically
required.



AFM
BWF
CNT
DCM
DLS
DMA
DMF
DOPA
DWNT
E’

EDS
MAP
Mgfp
MWNT
PCL
PL
PLLA
PVDF
RBM
SDBS
SDS
SEM
SME
SMP
ssDNA
SWNT
T/m
tan o
TEM

I'm

Abbreviation

atomic force microscopy
Breit-Wigner-Fano

Carbon nanotube
dichloromethane

dynamic light scattering

dynamic mechanical analysis
N,N-dimethylformamide
3,4-dihydroxy-L-phenylalanine
double-walled carbon nanotube
storage modulus

energy dispersive spectroscopy
mussel-adhesive protein

mytilus galloprovincialis foot protein
multi-walled carbon nanotube
Polycaprolactone
photoluminescence

poly (L-lactide)

Poly (vinylidene fluoride)

radial breathing modes

sodium dodecyl benzene sulfonate
sodium dodecyl sulfonate
scanning electron microscope
shape memory effect

shape memory polymers

single stranded deoxyribonucleic acid
single-walled carbon nanotube
number of twists

loss factor

transmission electron microscope
glass transition temperature

melting temperature



Tirans

UTM
UV-vis—NIR
VUV
WAXD

XPS

XRD

transition temperature

universal testing machine
ultraviolet-visible-near Infrared
vacuum ultraviolet

wide-angle X-ray diffraction
X-ray photoemission spectroscopy

X-ray Diffraction



Contents

Summary v
Abbreviation v
Contents v
List of Figures v
List of Tables v

Chapter 1 General Introduction

1.1 EIGCLIOSPINMINE  ..cvveeiiieiiieiieiietieieesieesteesttestteseveesseesseesseesseesseessaesssessseesseesseesseeseenssesssensns 2
1.1.1 Process PArameters .........ccooeerieriiniinieiie ittt sttt s 2
1.1.2 Solution Parameters .........cccoooieiiiieieieeieee ettt ettt 3
1.1.3 Properties 0f NanOfIDEIS .....c.cccverieriiiiiiieiie ettt be e srae e sene e 3

1.2 Shape Memory POLYIMEIS .....c.cccviiiiiiiiiieiie e cie ettt sive e esbeesaesseessaessnenens 3

1.3 Carbon NANOTUDES .....covuiiiiiiiiieiieieetete ettt ettt 5
1.3.1 What is Carbon Nanotubes? .........ccccceeieieririeieseeieie ettt 5
1.3.2 The Electric Properties of Carbon Nanotubes ..........ccccceevvieeiieriieniienienieereeveeieesieens 7
1.3.3 The Properties of Carbon Nanotubes .........cccccceevvieviierienieiiicieeie e esiee e 8
1.3.4 Optical Analysis for Carbon Nanotubes .........c.ccccceeriiiiiiiiiiiieciee et 9

1.3.4.1 RAMAaN SPECLIOSCOPY  couvvrerrrreerieetiresiieeeteeereeessreesseeesseesssesssseassseesssesessseesssesannes 9
1.3.4.2 UV-ViS-NIR SPECIIOSCOPY  .eeervrrerrieiiriieiiieiiieestteeeieeeteeeseveesseesseeessseesssessssseenns 10
1.3.4.3 PhOtOIUMINESCENCE  ...eoviiiiiiiiiiiiieiieitei ettt sttt 10

1.4 Mussel Adhesive PTOEIN ....coc.eiiuiiiiiiiiiiiiiceeee ettt 11
1.4.1 What is Mussel Adhesive Protein? .........cccoccooiiiiiiiiinieie e 11
1.4.2 The Structure of Mussel Adhesive Protein ........c.ccoccoveiiiiiiiiiinieieieeecee e 11
1.4.3 The Properties of Mussel Adhesive Protein ..........ccocceevvieiciieeciiecieecee e 13

1.5 RETEIEICES ...ttt ettt sttt ettt ettt e bt e s bt e et eeateeaeeebeenbeas 14

Chapter 2 Silicone-Coated Elastomeric Polylactide Nanofiber Filaments: Mechanical
Properties and Shape Memory Behaviors

2.1 TITOAUCLION ettt ettt ettt st b e et eb et e st ebeenaens 18
R o5 411 41 011S) 171 PSP 19
2.2.1 MALETIALS  .ntietietietie ettt ettt ettt ettt et et e b et eeat e eate et et e bt e b e nneenaeas 19
2.2.2 EICCITOSPINIING  ..e.vviiivieriieieesiiestiesireeresseesseasseesseesseesssesssessseessesssessseesssesssesssesssesssenns 19
2.2.3 Slit and Dry TWIiSting PrOCESSES .....cccviiiiiiieiiiieiiiieeiieeiieecreeesiteesvee e eseveeeneeesanee e 19
2.2.4 Sylgard COatiNg ....coeeeeeriiiieiieieet ettt sttt ettt 21



2.2.5 CRATACTETIZATION  ..iiiiiiieieiieeee ettt e e e e et e ee e e e e e e aeeeeeeesessnaaareeeesseannnnns 21

2.3 Results and DISCUSSION ....eeviieieieriieiieieiteeiete st ettt e st e et et et e enee e 22
2.3.1 Mechanical Properties of the PLLA Nanofiber Filaments ...........c.cccccoevviievciiennnn. 22
2.3.2 Dynamic Mechanical Analysis of the PLLA Nanofiber Filaments ..........c..cc.......... 26
2.3.3 Sylgard-coated elastomeric PLLA nanofiber filaments .............ccccooviieiiiencininnnen, 27
2.3.4 Shape Memory Behaviors of Sylgard-coated Elastomeric PLLA Nanofiber Filaments
............................................................................................................................................. 30

2.4 CONCIUSION .ttt ettt ettt ettt et b et e st sbe et e sae et e besaeeneenee 32

I S (1<) 1 < OSSP 33

Chapter 3 Annealing effects on mechanical properties and shape memory behaviors of
silicone-coated elastomeric polycaprolactone nanofiber filaments

3.1 INEFOAUCTION  eeiiitiiiieiie ettt sb e sttt et e e bt esaeesaee e 35

3.2 EXPOTIMENTAL ..eoviiniiiiiiiiiee ettt sttt st 35
3.2.1 ELCCLIOSPINMING ..ecvveieeiieeiiieeiieesiieeeteeeiteesteesteeetaeessseeessaeessseesssaeesseessseesnsseenssesnnnes 35
3.2.2 Preparation of Nanofiber Filaments ...........ccccccieviiiiiiiiiiiiieiieecie e 36
3.2.3 SyIZArd COAtING .....ccveevvieiieiienierie e e ete e e ebeebe e bt e saestaessaessaeessessseessaeseenseensnensns 36
3.2.4 CharacteriZAtION ......c.ceoueesuieriientientte ettt ettt ettt et e bt e sateeat e e bt et e enbeesbeesaeeeaneenee 36

3.3 Results and DISCUSSION ....ouiiuieiiriiriieieiteeiieieet ettt sttt sttt 37
3.3.1 Mechanical Effect of the Width of Mats and the Twisting Number ......................... 37
3.3.2 Dynamic Mechanical Analysis of the Nanofiber Filaments ...........cccccoceeviiininnnne 40
3.3.3 Sylgard-Coated Elastomeric PCL Nanofiber Filaments ...........c.cccccovvveviverienvenennnne. 40
3.3.4 Shape Memory Behaviors of Sylgard-coated Elastomeric PCL Nanofiber Filaments
............................................................................................................................................. 44

3.4 CONCIUSION 1.ttt ettt ettt sb e bt e a e et et e bt e sbeesaeesabeeabeembeenbeenbeeseas 44

3.5 RETETEICES ettt ettt ettt ettt et ne e ees 45

Chapter 4 Metal Absorbed Biocomposite using Mussel Protein-inspired Double-Walled
Carbon Nanotube

4.1 Optical Sensitivity of Mussel Protein-Coated Double-Walled Carbon Nanotube on
Iron-DOPA Conjugation Bond

41,1 INEOAUCTION .ottt ettt et ettt sttt et e bt e b e saee e 47

i WA B q 1S 111 L PRSP URTTR 48
4.1.2.1 Synthesis of the High Purity DWNT Sample .........ccccoveviiiiiieiieieieciecee e, 48
4.1.2.2 Dispersion of High-Purity DWNTSs using MAP in Aqueous Phase ...................... 48
4.1.2.3 The Formation of Coordinative Bonds between DOPA and Iron .......c..cccccoeeeeenee. 48

Vi



4.1.2.4 CRATACIETIZATIONS  .evvvveeieeeeieeeeeeeeeeee e e ettt eeeeeeeeeeaeeeeeeesesssnaaeeeeeeesessnnasreeeesseannnns 49

4.1.3 Results and DISCUSSION .....ccueiieiuirieiiiieieesie ettt et ae et 49
4.1.3.1 Preparation of Individually Dispersed MAP-DW Suspension .........ccccceceeveeeneee 49
4.1.3.2 Raman/fluorescence Spectra of M-DW with Fe’” Complex ............ccccccovvvevevnnnne. 52
4.1.3.3 Elemental and Bonding Composition of FeMAP-DW Composite.............ccccuenn. 55
4.1.3.4 Optical Sensitivities of MAP-DW Suspension with Fe** Tons ..........cccccccooevrvnnne. 57

4.1.4 CONCIUSION ..eniiiiiiiiiiiitiee ettt sttt et et e b e e s eeee 60

T BT A {53 = 1 o1 PSSP 61

4.2 Mussel-Inspired Carbon Nanotube Coating on Poly-vinylidene Fluoride Nanofiber
filament via Metal Absorbed Complex and Vacuum Ultraviolet Irradiation

0 B U 13 (e Ta Lb (o150 o PSSR 65
4.2.2 EXPerimental SENTIOM . ......ccuiiuiiiiririieienit ettt ettt 66
4.2.2.1 Preparation of Metal Absorbed MAP-DWNT DiSpersion ........ccccceeeveeroveriuennuenne 66
4.2.2.2 Coating using MAP Dispersed DWNT Solution to PVDF Nanofiber Filament ..... 66
4.2.2.3 Vacuum Ultraviolet (VUV) Treatment of the Filament Surface ............ccccevvennn. 66
4.2.2.4 CRAraCteriZAtiON ......cecueeiiiesiiesiiesiiesiiestee et et et e st e steeseeesaaeeabeebeesseesseesseeenseenseenseens 67
4.2.3 Results and DISCUSSION .....ccuiiieriiriieiiiieiieteie ettt st 67
4.2.3.1 Mussel-inspired DWNTs Coating with PVDF Nanofiber Filament ...................... 67
4.2.3.2 Mechanical Properties by Metal Absorbed MAP-DWNTs Coating...........cccueueeee. 71
4.2.3.3 Electro Conductivity of VUV Treated FM-DW/PVDF Filament .........cc.cccocceenee. 73
R N 01031 1o] 11 3 T PP 74
I ) (3 (<) 1 61 OSSPSR 75

4.3 Double walled Carbon Nanotube Based Aerogel via Coacervation of Mussel Adhesive
Protein and Single Stranded Deoxyribonucleic Acid

O T I 6313 (o TG L o7 T ) A OSSP 78
T I B4 1S 31011 L 1 PSSR 79
4.3.2.1 Synthesis of the High Purity DWNT Sample .........cccooviviieviieiienienieciecie e, 79
4.3.2.2 Dispersion of DWNTs using ssDNA in Aqueous Phase .........ccccocveveiieiciiininens 79
4.3.2.3 Coacervation of Metal-Absorbed MAP-ssSDNA-DWNT .......ccccoovviviiriiniienieennns 79
4.3.2.4 Conversion Coacervate into ACTOZel ........ccceecviviriiiriiieiiie ettt 80
4.3.2.5 CharacteriZatiON ........cc.veeeuiieeiieeeiieeetee et e eteeeeeteeeteeeeteeeeveeeeaaeesareeeaeeeseseeeeseeesaseeans 80
4.3.3 Results and DISCUSSION .....ccueeieriiriieieiieieieei ettt 80
4.3.3.1 Preparation of Individually Dispersed ssDNA-DWNT Suspension ...................... 80

Vi



4.3.3.2 Raman/fluorescence and UV-Vis-NIR Spectra of Coacervate ...........ccceevvrvvrenee 82

4.3.3.3 Optically Sensitive Coacervation Process of D-DW with MAP and Fe’" ............... 85
4.3.3.4 Dynamic light scattering (DLS) measurement of FMD-DW coacervate................. 88
4.3.3.5 Conversion FMD-DW Coacervate to Aerogel .......c.cccvvevveviieriierierieniesreeieeieens 89
4.3.3.6 Physical Performance of FMD-DW Aerogel .........ccccovevoiiieiiiiniiiiieeieeeee e 91
4.3.4 CONCIUSION ....eviiiiiiiiiiceiee ettt ettt e et e e et e et e e taeesabeeesaeeeaseeensesensseeennes 92
O T I ) (3 <) 7 SRRSO 93
Chapter 5 ConCIUSION ............cccoiiiiiiiiieeecee et e e te e e s abeesraeessseessbeeenens 96
PUDLICAtIONS ...ooeiiiiiiiii ettt 99
ACKNOWIEAZEMENTS ........coooiiiiiiiieii ettt e e e e e e e taeessbeeeaaeennneas 101

viii



List of Figures

Figure 1.1 Schematic of electroSpinning ProCESS ........cceeceervierieereeruerverreesreesseesseeseessaenes 2
Figure 1.2 Molecular mechanism of the thermally-induced SME ..........c..cccooeiiiiiiiinninn, 4
Figure 1.3 Examples for polymer network architectures suitable for exhibiting an SME ...4
Figure 1.4 A schematic diagram describing how CNT .......cccocoiiiiiiiiiininieeceee 5
Figure 1.5 High resolution transmission electron microscopy (HR-TEM) images of various

CINTTS ittt ettt ettt et ettt e e e be e st e b e e aeensesseeseessesseensenseeseensesens 6
Figure 1.6 Schematic models of SWNTs from rolled up the graphite sheet in a certain

o <111 21 5 () NP UPSPSTURPRU 7

Figure 1.7 Bandgap, valence band, conduction band of insulator, semiconductor, and metal

.............................................................................................................................. 7
Figure 1.8 Density of states of (12,8) semiconducting and (10,10) metallic SWNT ........... 8
Figure 1.9 Raman spectra from a bundle DWNTs sample ..........ccccoooieiiiniininnenieeieee. 10
Figure 1.10 Visual image of MAP adhering to substrate, and scheme of thread near substrate
............................................................................................................................ 11
Figure 1.11 Chemical structure of L-3,4-dihydroxyphenylalanine (DOPA) ...................... 11
Figure 1.12 Adherence force of catechol in MAP for (a) TiO2 surface and (b) amine-
functionalized surface measured using AFM .........ccccevievieiieniieniecieeie e 13

Figure 2.1 Schematic diagram of slitting and twisting process, and digital photo of real
twisting machine, nanofiber mat clipped to the right chuck before twisting and
ATTET EWISTINE  1eeeeeieiee ettt ettt ettt ettt ae e 20
Figure 2.2 (Top) SEM images of PLLA nanofiber filaments with different widths of
nanofiber mats, and (Bottom) Tensile strength and Young’s modulus, and
elongation at break of PLLA nanofiber filaments with different widths of
NANOTIDET TNALS  ..eutietieiieitieee ettt ettt st e 23
Figure 2.3 (Top) SEM images of PLLA nanofiber filaments with different numbers of twists,
and (Bottom) Tensile strength and Young’s modulus and elongation at break of
PLLA nanofiber filaments with different numbers of twist ..........cccccoceveeerenee. 24
Figure 2.4 Dynamic viscoelastic curve for the PLLA nanofiber filaments with different
numbers of twists after annealing with storage modulus and tan & versus
L1300 01C) 21111 (USRS 27
Figure 2.5 SEM images of PLLA nanofiber for as-spun mat, filament and Sylgard-coated
filament, and cross-section of filament and Sylgard-coated filament ............... 28
Figure 2.6 Stress-strain curves of PLLA nanofiber for as-spun mat, filament, annealed
filament and annealed Sylgard-coated nanofiber filament ...........c...cccoeeuveennen. 29

Figure 2.7 Dynamic viscoelastic curve for as-spun, annealed, and Sylgard-coated PLLA

nanofiber filaments with storage modulus and tan & versus temperature ......... 30
Figure 2.8 Schematic illustration of cyclic shape deformation-recovery process ............. 31
Figure 2.9 Optical images of shape memory Sylgard-coated PLLA filaments .................. 31

ix



Figure 2.10 Storage modulus (E') versus temperature of shape memory Sylgard-coated
PLLA nanofiber filament with 300 T/m and 3 mm, and 700 T/m and 7 mm ...32
Figure 3.1 SEM images of PCL nanofiber web, filament and Sylgard/filament ............... 37
Figure 3.2 SEM images of PCL nanofiber filaments with different numbers of twists ..... 38
Figure 3.3 SEM images of PCL nanofiber filaments with different slitting widths .......... 38
Figure 3.4 Stress-strain curve of PCL nanofiber filaments with different numbers of twists
and width of nanofiber Mats ........ccccevieiiiiiiiieee e 39
Figure 3.5 Dynamic viscoelastic curve of storage modulus and tan d versus temperature for
the PCL nanofiber filaments with different numbers of twists .........c.cc.cceceuneee 40
Figure 3.6 SEM images of cross-section of PCL nanofiber filament and Sylgard-coated PCL
Nanofiber fIlament .........cccoociiiiiiiiiiii e 41
Figure 3.7 WAXD patterns of the PCL nanofiber filament, Sylgard-coated nanofiber filament
and annealed Sylgard-coated nanofiber filament ............cccoceieninienininnennne. 41
Figure 3.8 Dynamic viscoelastic curves of storage modulus for each process from PCL
nanofiber mat to Sylgard-coated nanofiber filament ..........c..cccccociiiiniiniinennn. 43
Figure 3.9 Shape memory behavior of the Sylgard-coated PCL nanofiber filaments ....... 44
Figure 4.1.1 TEM images of pristine bundled DWNTs at different magnifications and
FeCl; solution added-MAP-dispersed DWNT supernatant. And virtual image of
solutions with different diSpersion Stats ..........c.cccceeverviercieriieeriieseerieeseeseenieens 50
Figure 4.1.2 Wide-range Raman/fluorescence spectra and their corresponding RBM taken
with laser excitation of 785 nm, UV-Vis-NIR absorption spectra for SDBS-
dispersed DWNT supernatant (S), MAP-dispersed DWNT supernatant (S) and
MAP-dispersed DWNT remnant (R), respectively, and (d) high-resolution TEM
image of MAP-coated individual DWNT ......cccccoiiiiiiiiiieieeeee e 50
Figure 4.1.3 Raman/fluorescence spectra taken with laser excitation of 785 nm for pristine
DWNTs and MAP-dispersed DWNT suspensions at different dispersion states
(sonicated, supernatant) and the FeCls; solution added-MAP dispersed DWNT
supernatant, and their corresponding radial breathing mode (where S indicates
semiconducting and M indicates metallic tubes), and G-band ..........c..cccc....... 54
Figure 4.1.4 Raman/fluorescence spectra taken with laser excitation wavelengths of 633 nm
and 532 nm for pristine DWNTs and MAP-dispersed DWNT solutions at different

ISPEISION STALES  ..vvevriieieieiiiirieieeieeieesteesteeste e teestbeesbessbeesseesseeseesseesssesssesssensnas 54
Figure 4.1.5 The Cls, Ols, and Fe**2p XPS spectra of pristine DWNTs, MAP-coated DWNT
and FeCl; solution added-MAP dispersed DWNT complexes .........c.cocueeenennee. 56

Figure 4.1.6 The XPS spectra of N1s of MAP-DWNT and Fe-MAP-DWNT sample ...... 56
Figure 4.1.7 Raman/fluorescence spectra taken with laser excitation of 785 nm for MAP-
dispersed DWNT supernatant with different amounts of FeCl; solution (100 mM)

............................................................................................................................ 58
Figure 4.1.8 UV-Vis-NIR absorption spectra for MAP-dispersed DWNT supernatant with
different amounts of FeCls solution (100 mM) .......ccceevvevierieiieeieeeeeeeeenne 58



Figure 4.1.9 PL maps for MAP-dispersed DWNT supernatant with different amounts of
FeCls solution (100 MM) .oceiiiiiiiiiieeccee ettt e 59
Figure 4.2.1 (a) Raman/ fluorescence spectra taken with laser excitation of 785 nm for raw,
MAP, M-DW, FM-DW and VUV treated FM-DW / PVDF nanofiber filament

Figure 4.2.2 Raman spectra taken with laser excitation of 514 nm for raw, MAP coated, M-
DW coated, FM-DW coated and VUV treated FM-DW PVDF nanofiber filament

Figure 4.2.3 SEM images of MAP-inspired DWNT coated PVDF nanofiber filaments ...70
Figure 4.2.4 Stress-strain curves, Young’s modulus, tensile strength and elongation at break
of PVDF nanofiber filament with MAP-inspired DWNT coating .................... 72
Figure 4.3.1 Wide-range Raman/fluorescence spectra, UV-Vis-NIR absorption spectra for
pristine P-DW, S-DW supernatant (S), D-DW remnant (S) and D-DW supernatant

(R ettt e 81
Figure 4.3.2 Raman/fluorescence spectra taken with laser excitation of 785 nm for D-, M-,
MD- and FMD-DW SUSPENSION.........eeerurieriiieeiieeriirenieeeereesreeesaeensreesseessseesns 83

Figure 4.3.3 The ultracentrifugated semitransparent D-DW suspension, the following
addition of MAP to D-DW suspension and after adding 20ul of FeCls solution

(100mM) to MAP-DW SUSPENSION ...eevieiieiieniieriiieieeieereereesieesieesseessnesnneennes 83
Figure 4.3.4 UV-Vis-NIR absorption spectra for D-, M-, MD- and FMD-DW suspension
............................................................................................................................ 84

Figure 4.3.5 Raman/fluorescence spectra taken with laser excitation of 785 nm for D-DW
suspension with different amounts of MAP solution (Img/ml) .......c..cceeneneee. 86
Figure 4.3.6 Raman/fluorescence spectra taken with laser excitation of 785 nm for MD-DW

with different amounts of FeCl; solution (100mM) ........cccovvieiiiiciiieciieeiens 86
Figure 4.3.7 UV-Vis-NIR absorption spectra of MD-DW solutions with different amounts of
FeCls solution (100MM) ....ooiieiieiieiiesie ettt 87

Figure 4.3.8 The changing of Zeta-potential, particle size and pH of D-DW solution with
addition of MAP and Fe’" from dynamic light scattering (DLS) and pH meter

............................................................................................................................ 88
Figure 4.3.9 Digital photos of conversion coacervate emulsion to aerogel ...........c........... 90
Figure 4.3.10 The flowability of FMD-DW and hFMD-DW after concentrate ................. 90
Figure 4.3.11 Pressing test of FMD and hFMD-DW, and FMD-DW and hFMD-DW ...... 91
Figure 4.3.12 Current flow test of hAFMD-DW aerogel using LED bulb ..........ccccvvenneneen. 91

Xi



List of Tables

Table 1.1 Chemical structure of L-3,4-dihydroxyphenylalanine (DOPA) ...........ccoeene. 12
Table 2.1 Mechanical properties of PLLA nanofiber filaments with different widths of mats
and NUMDETS OF tWISES  ..cc.eeiiiiiieiiiiiieie e e 25

Table 2.2 Thermodynamic properties and glass transition temperatures of annealed PLLA
nanofiber filaments with different twisting nUMbErs .........ccccceevevrvieeieeieennnenn, 26
Table 3.1 Mechanical properties of PCL nanofiber Filament with different numbers of twists,
WIALh AN PIOCESS .eviivviieiiiiieiieiieteste sttt ere ettt e tb e et eesbeebeessaestaessseees 39
Table 3.2 Mechanical and thermodynamic properties, and glass transition temperatures of
PCL nanofiber mat, filament, Sylgard treatment and annealing ....................... 43
Table 4.1.1 Structures and first van Hove optical transitions for semiconducting SDBS- and

MAP-dispersed DWNTs from Raman/fluorescence spectra ...........cccceeeeeennene 51

Table 4.1.2 Structures and First and Second van Hove Optical Transitions a for
Semiconducting SDBS- and MAP-dispersed DWNTs from UV-Vis-NIR spectra

Table 4.1.3 Relative ratio of compositional atoms and oxygen-containing functional groups
for pristine, MAP-dispersed DWNT supernatant, and the FeCl; (100 mM) added

MAP-dispersed DWNT supernatant, respectively ..........ccccevvveveeercieeieenieeninnnn 57
Table 4.1.4 The weight (wt %) and molar (mol %) ratio of Fe’* with MAP for MAP-DW
suspension with different adding amount of 100mM FeCls solution ............... 59
Table 4.2.1 Mechanical properties of PVDF nanofiber filaments with MAP-inspired DWNT
coating and VUV treatMent ........cccccceeveerierienieeieeieeieesieesieesaesnesnseeseesseennns 72
Table 4.2.2 Electrical properties of MAP-inspired PVDF filament with Fe3" complex and
VUV FCAtMENT ...eviiiiiiiiiiieeite ettt ettt ettt ettt e et e et eebee e 73
Table 4.3.1 Structures and first van Hove optical transitions for Semiconducting D- and MD-
dispersed DWNTs from UV-Vis-NIR SpectroSCopy .......coceeeeerervereneevieneneens 84

Xii



Chapter 1

General Introduction




Chapter 1

Chapter 1 General Introduction

1.1 Electrospinning

The electrospinning is the spinning process of synthetic fibers through the help
of electrostatic forces with high voltage, and this process is capable of producing fibers
in the nano- or submicron- range.[ 1] Electrospinning has attracted a great deal of attention
in the last decade due to not only versatility for spinning with wide variety of polymers
but also uniformity for producing fibers in the submicron range. Generally, fibers having
diameters below 100 nm are commonly classified as nanofibers.[2] These fibers, with
higher surface area and smaller pores than those of regular fibers, could be applied for
variety of applications such as optical electronics, filtration, nanocatalysis, tissue
scaffolds, and protective clothing. The electrospinning process applies the high voltage
electric field in order to form the electrically charged jets from polymer solution, and
produced jet was converted to nanofibers by rapid evaporation. The highly charged fibers
are directed towards the oppositely charged collector, which can be a rotating drum or a
flat plate.

Svringe Solution Weedle Jet

P\

Tylor cone

High Voltage Collector

Figure 1.1 Schematic of electrospinning process [3]

1.1.1 Process Parameters

During electrospinning process, the charge transportation by the applied voltage
cause the flow of the jet in the direction of the collector, and the control of the current
affect the mass flow of the polymer at the nozzle tip.[4, 5] Thus, the applied voltage is a
main parameter of the morphology and structure, because it directly influences the
formation of Taylor cone and jet initiating point. The distance between from the nozzle
to collector also affects the structure and morphology of electrospun nanofibers due to
their dependence on the evaporation rate of solvent and deposition time.[6, 7] And the
spinnability is easily affected by the flow rate of the polymer solution at the syringe
because it influences the jet velocity and the material transfer rate.[7] Environmental

2
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conditions during electrospinning process including the temperature, relative humidity
(RH) of surrounding air and vacuum conditions affect the fiber structure and morphology
of electrospun nanofibers, because they directly influence the evaporation rate and

deposition time.[7, 8]

1.1.2 Solution Parameters

Due to the viscosity and surface tension of polymer solution could greatly affect
the spinning ability, solution concentration is highly influential in the electrospinning
process. [9] Generally, low concentration solution could induce the droplet shape by low
surface tension, while higher concentration could prohibit nanofiber formation by higher
viscosity. Furthermore, the jet formation is influenced by solution conductivity. The
charged ions in the polymer solution enhance the charge carrying capacity of the jet,
thereby subjecting it to higher tension with the applied electric field with high voltage.[ 10,
11]

1.1.3 Properties of Nanofibers

The thermal and mechanical properties of the electrospun nanofibers have
marked differences compared to conventional fibers and bulk polymers.[12] From several
published reports concerning thermal analysis of electrospun polymeric nanofibers,
nanofibers have lower crystallinity, glass transition temperature (7g), and melting
temperature (7») than that of firm, regular fiber or powder shape even though same
polymer. The high evaporation rate followed by rapid solidification at the final stages of
electrospinning is expected to be the reason for the low crystallinity. [11, 13, 14]

Nanofibers have nanostructured surface morphologies which could affect
mechanical properties such as tensile strength, Young's modulus and elongation.
Generally, electrospun nanofibers have shown reduced mechanical properties when
compared with conventional fiber and cast films due to their lower crystallinity and highly
pored structure. [ 10, 15] Therefore, additional processes will be needed to overcome these

drawbacks.

1.2 Shape Memory Polymers

Shape-memory polymers (SMPs) are polymeric smart materials having the
ability to return from “deformed” temporary shape to their “memorized” permanent shape
triggered by an external stimulus such as heat, light, magnetic fields, electrical and pH
change. Shape memory effects (SME) could be arose by the combination of a suitable
molecular network design and programming process. Generally, molecular network

include net-points and chain segment, which are sensitive to an external stimulus.
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Therefore, thermoplastic SMPs are usually phase-separated materials, and they consist of
at least two different domains, which are related to different thermal transition
temperatures (7twans). Therein the domains having higher Twans (glass transition
temperature 7 or melting temperature 7m) are called hard domains and are working as
net points. This hard domain determines the permanent shape by physical (intermolecular
interactions) or chemical (covalent bonds) nature to fix their permanent shape. The
thermosensitive chain segments having lower thermal transition (7 or 7m) are called
switching domain.

The temporarily fixation of deformed shape (shape A in Figure 1.2) is occurred
after extension under heat and cooling process by forming the additional reversible
crosslinks within switching domains. These secondary temporary crosslinks could be
formed by chemical bond or physical interaction such as crystallization (7m) or
vitrification (7g). In this step, strain energy of switching domains is remained in the
materials. By reheating, the glassy domains will return to the viscous state (7g) or the
crystallites will melt (7m). Thus, the residual stress is released, then, the deformed shape
is recovered to original permanent shape. Examples for polymer network architectures
suitable to exhibit an SME are displayed in Figure 1.3.

Extension

and shape (B)
Cooling

:c
UTtrans % Shape (A)
4/Heating

@ netpoint -~ switching segment, relaxed
=== switching segment, elongated and fixed

shape (B)

Figure 1.2 Molecular mechanism of the thermal-triggerd SME. Ttrans is the thermal transition
temperature (7 or T,) of the switching domain.[16]

D W S w—
J9<b<l—~v;eﬂ\“ié§$zr AV

Palis mﬁ;\“&ﬁ‘ﬁh e it

Figure 1.3 Examples for polymer network structure for exhibiting an SME (molecular switches:
red; net-points: gray): (a) switching segments linking net-points, (b) side chains as switching
segments, (¢) functional groups as molecular switches capable to reversibly form a covalent bond,
(d) ABA triblock segments linking net-points.[16]
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1.3 Carbon Nanotubes

1.3.1 What is Carbon Nanotube?

Carbon nanotube (CNT) is allotropes of carbon which is a seamless long cylinder
by rolling up graphite sheet which has the sp’ carbon honeycomb lattice. It has a nano-
sized diameter and its rolled-up layer has a one-atom level thickness. (Figure 1.4).[17-19]
Since their unique configuration of cylindrical carbon molecules induce excellent
properties, they have attracted a great deal of attention in various applications in
nanotechnology.[20] For example, the Young's modulus is higher than any other
material[21, 22] and their tensile strength is also 100 times higher than that of steel.
Moreover, electrical current density is 100 times greater than for copper wire.

Figure 1.4 (a) A schematic diagram describing how CNT is made by rolling a single graphene
(sp? carbon honeycomb lattice). (b) A typical high-resolution transmission electron microscope
image of CNT.

Generally, CNTs can be classified according to the number of wall; Single-walled
carbon nanotube (SWNTs), double walled carbon nanotubes (DWNTs) and multi-walled
carbon nanotubes (MWNTs)(Figure 1.5). The diameter of SWNTs is about 1-2 nm and
the length is between 0.2 and 5um, and their size usually depends on the synthetic
method.[23] The aspect ratio (Iength to diameter) of SWNTs is over 10,000 due to SWNTs
are regarded as one-dimensional material. These shape lead to quantum confinement of
the wave vectors in the circumferential directions, although plane wave propagation
occurring only along the nanotube axis. DWNTs have inner and outer tubes with 1-2nm

of diameters.[24] double-walled carbon nanotubes (DWNTs), consisting of two coaxial
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tubules have several advantages over single- and multi-walled carbon nanotubes (SWNTs
and MWNTs) for various applications due to their unique optical and physicochemical
properties.[25, 26] Because of buffer-like function of the outer tube, optical activity of
the inner tube is largely different from the outer one with regard to external stimulus.[27-
30] MWNTs consist of three or more walls of concentric graphene sheets, and their
diameters are in the range of 2-100 nm. Also chirality of each tube is independent, thus
they has larger inter-shell spacing than that of graphite. These unique structures of SW-,
DW and MWNTs demonstrate that they are characteristic one-dimensional materials with

attractive optical, electronic, thermal, mechanical, and chemical properties.

Figure 1.5 High resolution transmission electron microscopy (HR-TEM) images of (a) single-,
(b) double-, (c) triple-, and (d) four-walled carbon nanotubes (CNTs, insets are their
corresponding models). [24]
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1.3.2 The Electric Properties of Carbon Nanotubes
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Figure 1.6 Schematic models of SWNTs from rolled up the graphite sheet in a certain orientation.

Most material conductors can be classified as either metals or semiconductors
and it is usually determined on bandgap meaning the distance between valance band and
conduction band.[31]
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Figure 1.7 Bandgap, valence band, conduction band of insulator, semiconductor, and metal.

However, CNTs can be either metallic or semiconducting based on their chiral
structures. Because CNTs can be rolled from a graphene sheet in many ways, thus there
are many passible orientations of the hexagonal structure. The chirality structure can be
indicated by two indices, (n,m).[17] The CNTs (n,m) represent metallic properties when
n-m=3qand q=0, 1, 2, --- and semiconducting properties whenn-m=3q=+ 1 and q =
0, 1,2, --[31-33] Such interesting electronic properties are induced by quantum
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confinement in the circumferential direction, thus electrons can propagate only along the
nanotube axis, and so to their wave vector points. [34-36]

Moreover, because the crossing points between the quantization lines of wave vector and
the Dirac point depend on the chiral angle, so that electric properties of CNTs are chirality
(n,m) dependence. [37] The resulting number of conduction and valence bands effectively
depends on the standing waves that are set up around the circumference of the CNTs.
They have the sharp intensities (spikes) in the density of states which known as van Hove
singularities and are the result of this one-dimensional quantum conduction.
Consequently, the band gap for the metallic and semiconducting nanotubes is dependent

of the tube diameter and chirality.
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Figure 1.8 Density of electron states of (12,8) semiconducting and (10,10) metallic SWNT. [38]

1.3.3 The Physical Properties of Carbon Nanotubes

CNTs are known as one of the best thermal conductors. From their unique
quantization of the phonon structure, carbon nanotubes are expected to have high thermal
conductivity. The thermal conductivity of SWNTs at room temperature has been predicted
to be extremely high, exceeding even that of graphite or diamond. In case of a isolated
(10,10) SWNT, the thermal conductivity was measured to be 6,600 W/m-K, which
exceeds that of isotopically pure diamond by 2 times.[39, 40]

Also CNTs have excellent mechanical strength. The sp? carbon-carbon bond in
the graphite sheet with a planar honeycomb lattice is the strongest of all chemical bonds,
with the great Young's modulus of graphene (1,086GPa). [40] As same reason, the
Young's modulus of SWNT was reported with a value of 1.06TPa by theoretical
simulation and experimental measurement.[41] This remarkable mechanical properties of

CNTs will make them useful for various applications.



Chapter 1

1.3.4 Optical Analysis for Carbon Nanotubes

CNTs are nano-sized cylindrical materials and they have wide range of the
diameter distribution, chirality, diameter, defects and impurity according to the synthetic,
purification and post-treatment method.[42] CNTs are originally exhibit as a form of a
large aggregated bundle structure. However, nanotubes could be isolated by using
surfactant to disperse homogeneously. Therefore, it is necessary to identify these bundled

and isolated tubes to verify their fundamental properties.

1.3.4.1 Raman Spectroscopy

Raman spectroscopy is remarkably efficient optical tool with quick and non-
destructive process to characterize the optochemical properties of materials. The incident
light excites an electron to a higher transition state from ground state, and the excited
electron interacts with a phonon by electron-phonon coupling before returning to the
original ground state. The energy of light with the non-elastic scattering is measured in
respect to the vibrational wavenumber (cm™), and commonly, the Stokes scattering that
stronger signal from the loss side is counted as positive.[37]

In the case of CNTs, because of the density of states is sharply peaked, signal of
resonance Raman scattering between van Hove transitions is significantly stronger than
non-resonant behavior. Hence, resonance Raman scattering with nanotubes gives
important information of the vibrational mode from the Raman shift, as well as of the
optical transition energy between each van Hove transitions, since their energy gap is
close to the energy of the laser.[37] Thus, Raman spectroscopy can provide the
comprehensive information of CNTs such as electronic structure, diameter, crystallinity,
purity, chirality and chirality.[43]

Generally, there are several characteristic peaks in the Raman spectra of CNTs:
the radial breathing mode (RBM) at low-frequency and the D, G and 2D (G') modes
higher frequency. Among them, distinctive Raman line of the tubular structure without in
graphite is RBM, in which all carbon atoms vibrate towards circumferential direction in
phase perpendicular to the axis changing the radius of the tubes.[44] The frequency of
RBM provides the information of the chirality and diameter. The RBM signals are also

helpful for observation of the surrounding environment of the side wall of nanotubes.
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Raman Intensity
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Figure 1.9 Raman spectra from a bundle DWNTs sample (excited with 785nm)

1.3.4.2 UV-Vis-NIR spectroscopy

Optical absorption spectroscopy has been used to determine the not only
concentration of CNTs in the solution but also agglomeration of SWNTs in suspensions.
This tool has the ability to probes the joint density of electronic states of CNTs.[45]
According to Beer-Lambert's law (4 = log lo/I = & C [), the absorbance A is directly
proportional to concentration of nanotubes C when extinction coefficient ¢ and light path
[ are fixed, hence the absorption intensity is proportional to the amount of CNTs dissolved
in the solution. Furthermore, when CNTs are isolated in aqueous solution, each energy
gap of the individual CNTs corresponding van Hove singularity is separated. Thus,
sharpened absorption peaks are released, and these phenomenon can be considered as the

direct indicator of dispersion state.[46]

1.3.4.3 Photoluminescence

Photoluminescence (PL) has been used to observe the band gap of
semiconducting CNTs. In general, agglomeration of nanotubes with bundled structure
quenches the photoluminescence by interactions of side-by-side contact with van-der
Waals force. Thus the bright emission spectra show evidence of the individually isolated
CNTs. [43, 47, 48] Moreover, PL maps have been widely useful for verifying the (n, m)
distribution of semiconducting SWNTs.[48, 49]
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1.4 Mussel Adhesive Protein

1.4.1 What is Mussel Adhesive Protein?

Mussel is one of the most exciting underwater creatures that have high ability of
adhering to the organic and/or inorganic substrate in saltwater. [50-52] Even though the
adhesion of most glues or tapes usually decrease in soaked environments, mussels tightly
attached rock with regard to tides, waves in saline water. [53] The secret of their unusual
properties is due to the special protein on their byssal threads. The end of each thread
consists of an adhesive plaque containing mussel adhesive protein (MAP) that allows
mussel to stick to various surfaces, including plastic, metal, even Teflon.[53-55] Because
of these marvelous ability of MAPs, they have been considered as a potential powerful

bio-adhesive and their adhesion mechanism has been studied.[56-58]

B
Mefp-3,5
/\ substrate

pad T Mefp-2,4

Mefp-1 thread

Figure 1.10 (a) Real image of MAP adhering to substrate, and (b) scheme of thread of MAP near
substrate.[59, 60]

1.4.2 The Structure of Mussel Adhesive Protein
MAP, usually extracted from mussel or recombinant, consists of some kinds of
mussel foot protein. Particularly, there are several proteins participating adherence in the
end of plaque from byssal thread, and those adhesive proteins were called as foot protein
type 1 (fp-1) to type 6 (fp-6), respectively.[54, 61-64] The interesting thing is that all of
them contain rich amount of certain amino acid, L-3,4-dihydroxyphenylalanine (DOPA),
which is made via hydroxylation from the amino acid L-tyrosine. [62, 63]
O

HO
OH

NH
HO ‘

Figure 1.11 Chemical structure of L-3,4-dihydroxyphenylalanine (DOPA)
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Catechol (3,4-dihydroxyphenyl) groups in DOPA could form strong hydrogen
bonds with hydrophilic materials and also they bond with metal ion and metal oxide. [65-
67] DOPA moieties are able to cross-link each other by oxidation and then converto to
DOPA-quinone.[60] It was reported that more DOPAs in MAP, especially fp-3 and fp-5,
are encased near the contact interface.[62, 63] In addition, MAPs not containing DOPA
showed very low level of ability to adhere.[68] From these reports, DOPA is the key

material of distinct ability for adhesion of mussel.

Table 1.1 Chemical structure of L-3,4-dihydroxyphenylalanine (DOPA)[69]

. Mass DOPA
Protein Features
(kDa) (mol%)

- about 80 times repeats of AKPSYPPTYK
fp-1 ~110 ~13 - two variants, basic protein

- surface coating

- Cysteine rich
fp-2 ~40 ~3 ) .
- abundant in adhesion plaque

- arginine rich, hydroxyarginine
fp-3 ~6 ~20 - 20~30 variants

- surface adhesion

- histidine, lysine, arginine rich

fp-4 ~80 ~5 o
- Cu2+ binding
- phosphoserine
fp-5 ~9.5 ~30 - YK or YH repeats
- surface adhesion
fp-6 ~11 ~4 - cysteine rich (~11 mol%)
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1.4.3 The Properties of Mussel Adhesive Protein

MAP has received a great deal of attention because of its unique properties and
benefits, so that many researches are ongoing for its commercialization. MAP has a good
ability to adhere to a variety of substrates like plastics, metals, ceramic, Teflon (the
hydrophobic natures), and even cell or skin of living bodies. [55] Its adhesion strength
does not change in humid environment. [50] It is highly biocompatible so that doesn’t
show inflammation or immunogenicity. [56, 57] Finally, it doesn’t show harmful effect
on environments as it is biodegradable. [56-58]

It was reported that the adhering properties of MAP results from the formation
of chemical bonding of catechol groups and chemical functional group in DOPA. The
adhesion force of one catechol molecule was quantitatively measured by atomic force
microscopy (AFM).[69] The adhesion force was measured as one catechol molecule
attached to AFM tip was passed on two different surfaces. The adhesion force of catechol
on TiOz surface was the degree of coordinate bonding force. DOPA residue contacting a
wet metal oxide surface revealed a surprisingly high strength yet fully reversible,
noncovalent interaction. There was oxidation of catechol group in DOPA, as occurs
during curing of the secreted mussel glue, the oxidation dramatically reduced the strength
of the interaction to metal oxide but results in high strength irreversible covalent bond

formation to an organic surface.[59]

(a) Titanium oxide surface (b) Amine-functionlized surface
A B Ad

£0 4

2

™ 7]

30 | -:..; 0

o g,

104

0! - 4

0 130 300 430 600 T30 900 200 o8 a10

C L Jepel : ; '

Piczn movement (jum)

l ! 8

f - Iy
e ' 0 "“”'I;,f it -‘c}'jflﬁwh coordinate f. L% o-:\ erialt) \_L'“‘ s ~  covalent
s = g s 2 W w
' Vo :'l\“ "¢ %" bond e T PR ' }vc'cH
B

Gl - P /bond
.

¥, i &
-

1 d = e n - -
L] e 1] 5 =i 50
time {xcc)

Figure 1.12 Adherence force of catechol in MAP for (a) TiO2 surface and (b) amine-
functionalized surface measured using AFM.[59]
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Chapter 2 Silicone-Coated Elastomeric Polylactide Nanofiber Filaments:

Mechanical Properties and Shape Memory Behaviors

2.1 Introduction

"Shape-memory material" is a class of stimuli-responsive material, and is has
received increasing attention due to their interesting properties and potential applications,
such as heat-shrinkable tubing, actuators, sensors, textiles, deployable medical devices
and surgical tools, etc. Shape memory metallic alloys are already commercially applied
in various industries, but it has many disadvantages such as high cost, low transition
temperature and low recovery ability. To overcome these drawbacks, biocompatible and
biodegradable shape memory polymers (SMPs) have received increasing attention.'??
SMPs are a kind of smart polymeric materials that have the ability to “memorize” a
permanent shape, be manipulated to retain or “fix” a temporary shape, and later recover
to its original (permanent) shape upon external stimulus such as heat, electricity, or
irradiation.*>* Thermally induced SMPs are outstanding in all kinds of SMPs. A change in
shape induced by Tuans (transition temperature), such as 7y (glass transition temperature)
and Tm (melting temperature), is called a thermally induced shape memory effect. This
kind of polymer can maintain the temporary shape when cooling after deformation at the
temperature above its Twans, and return to the permanent shape again after reheating above
Tirans.” There are several typical examples of SMPs, for instance, a polyurethane,® main-
chain liquid crystalline elastomer (LCE),” EPDM ionomers incorporating a range of
crystallizable fatty acid salts,® and hydrogels with crystallizable alkyl side chains,’ etc.

Polylactic acid (PLA) is an aliphatic polyester derived by ring-opening
polymerization (ROP) from lactic acid, which is prepared from plant starch, and is the
most well-studied bioplastics. Most noticeable advantages of PLA are its biocompatibility
and biodegradability.'® And it can be easily processed to produce the thermoplastic
products by conventional processes including injection molding, thermoforming and
extrusion. In recent years, electrospun nanofibers have been widely used in biomedical
areas.!!'"!* High surface area-to-volume ratio and high porosity of these nanofibers allow
enhanced cell adhesion and proliferation, which hence make them suitable for biomedical
applications. For these reasons, electrospun PLA nanofibers can be widely used in various
biomedical applications.'* However, PLA-based nanofibrous bioplastic with shape
memory and recyclability have received poor attentions despite these advantages. There
are several reasons for this: high stiffness and low toughness of PLA itself as well as poor
mechanical properties of electrospun PLA nanofibers.'® In this paper, we report the
silicone-coated elastomeric PLA nanofiber filaments with shape memory and

15,16

recyclability prepared by a combination of electrospinning,''!* twisting,'>!® and silicone-
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coating methods.'”!® To the best of our knowledge, there have been no studies of
elastomeric PLA nanofiber filaments as SMPs. The mechanical properties and shape
memory effects of the corresponding silicone-coated elastomeric PLA nanofiber

filaments were investigated.

2.2 Experimental
2.2.1 Materials

Poly (L-lactide) (PLLA, Mw = 152,000 g/mol) was purchased from Sigma-
Aldrich. Dichloromethane (DCM) and N,N-dimethylformamide (DMF) were purchased
from Wako Pure Chemical Industries. Sylgard 184 (hereafter “Sylgard”) was
commercially available from Dow Corning and consisted of liquid components (a mixture
of catalyst Pt and prepolymer dimethylsiloxane with vinyl groups) and curing agent
(prepolymer dimethylsiloxane with vinyl groups and Si-H groups).!”!* All chemicals

were of analytical grade and were used without further purification.

2.2.2 Electrospinning

To produce electrospun nanofibers, a high voltage power supply (CPS-60
K022V1, Chunpa EMT Co.) capable of generating voltage up to 80 kV was used as a
source of electric field. The PLLA polymer was dissolved in a mixture of DCM and DMF
(7:3 by a weight ratio) as solvent, and the concentration of the PLLA solution was 8.0
wt%. The prepared solution was supplied through a 10 ml glass syringe attached to a
metallic tip with an inner diameter of 0.6 mm, equipped to micro-syringe pump (KDS-
100, Kd scientific Co., USA), and then electrospun onto a rotating metallic collector. The
copper wire connected to a positive electrode (anode) was inserted into the polymer
solution, and a negative electrode (cathode) was attached to a metallic collector. The
applied voltage was 13 kV. The distance between tip to collector was 15 cm. The feed
ratio of a syringe pump was controlled by 2.0 ml/h. The averaged fiber diameter and
thickness of the resultant PLLA nanofiber mats were 780 £ 40 nm and 28 £ 2 pm,

respectively.

2.2.3 Slitting and Dry Twisting Process
To process 2D nonwoven nanofibrous mats into 1D nanofiber filaments, we have
previously proposed the general method of slitting and twisting.!>!¢ Figure 2.1a and 2.1b
present a schematic of electrospinning-slitting-twisting process and a real digital
photograph of the twisting machine Q3 (MM-20; Daiei Kagaku Seiki MFG Co., Ltd.,
Japan), respectively. Briefly, the electrospun PLLA fibrous mats were gently cut into a
ribbon-shaped one using a knife. Here, both sides of the nonwoven nanofibrous mats were
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sandwiched between the papers to prevent the collapse of the morphologies on cutting.
The distance between the chuck was fixed at 15 cm. After the ribbon-shaped nonwoven
nanofiber mats were attached to each chuck, and the right side chuck was automatically
rewound. This twisting machine had a meter, which could control the number of rotations.
The slitting and twisting process may have peculiar processing parameters such as the
width of the slit (mm) and the number of twists (twist per meter; T/m). In this study, the
width of the slit was controlled to be 3, 5, 7, and 9 mm. The number of twists was 300,
500, 700, and 900 T/m, respectively. But when the number of twists was greater than 900

T/m, a filament was broken.

|E| Strip of Nanofiber web
/.-’
Polymer Solution
Nozzle
gh Veltsgs b S
e - 0y ‘ Strip of Power supply
Nanofiber web =
e
e
Collector ! e 1_\_;5;: 4
.7/_N / Find"';rlmp Rotary ﬂ':nlp

Figure 2.1 (a) Schematic diagram of slitting and twisting process, (b) digital photo of real twisting
machine. Digital photo of the nanofiber mat clipped to the right chuck (c) before twisting and (d)

after twisting.
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2.2.4 Sylgard Coating

Here, the PLLA nanofiber filaments were annealed at 75 °C for 24h to eliminate
a thermal history before Sylgard coating. The annealed PLLA nanofiber filaments were
immersed in a two-part mixture of Sylgard 184 (mixing ratio of silicone elastomers base
and curing agent = 10:1) and then vacuum was applied for 40 min to ensure complete
infiltration of Sylgard 184 into the PLLA nanofiber filaments. The Sylgard 184 was
consisted of two parts, silicone elastomer base (a mixture of Pt catalyst and prepolymer
dimethylsiloxane with vinyl groups), and curing agent (prepolymer dimethylsiloxane
with vinyl groups and Si-H groups). The silicone prepolymers in viscous base part are not
hardened itself. The platinum catalyst in the base part switches Si-H group in the curing
agent to activated siloxane compound, and this activation causes cross-linking with vinyl
end-prepolymers. This reaction is very slow, thus, curing process is maintained over
48h.1%20 After carefully removing the extra Sylgard 184 resin on the surface, the
infiltrated Sylgard/PLLA nanofiber filaments were cured at room temperature for 48 hrs.
The fabricated Sylgard/PLLA composites showed an average PLLA weight fraction

(measured gravimetrically) of ca. 68.8 % with a small standard deviation of 0.5 %.

2.2.5 Characterization

The morphologies of electrospun PLLA nanofiber mats, filaments, and Sylgard-
coated filaments were observed with a scanning electron microscope (SEM; S-3000N,
Hitachi, Japan and JSM-6010LA, JEOL, Japan). Mechanical properties of specimens
were performed by using a universal testing machine (AG-5000G; Shimazu Co., Japan)
under a cross-head speed of 10 mm/min at room temperature. In accordance with ASTM
D-638, the nonwoven nanofibers were prepared in the shape of a dumbbell, and then at
least five specimens were tested for tensile behavior and the average values were reported.
The gauge length of nanofiber filaments was 50 mm. The drawing rate was 10 mm/min
at a road cell of 40N. The gauge length of nanofiber filaments was 50 mm. Dynamic
mechanical analysis (DMA) was carried out on a DVA-225 (ITK Co. Ltd., Japan), using
a tensile resonant mode at a heating rate of 5.0 °C/min from room temperature to 200 °C
and at a frequency of 1.0 Hz.

The shape memory behavior of the Sylgard-coated elastomeric PLLA nanofiber
filaments was evaluated according to the cyclic shape deformation-recovery process:
firstly, the straight PLLA nanofiber filament was manipulated to make a permanent coiled
shape using a glass rod. Afterwards, the coiled PLLA nanofiber filament was vacuum-
annealed at 75 °C for 24 hrs to remove the thermal history, and used for a visual
presentation of the shape recovery process. To measure shape-recovery property, the

permanent coiled shape was preheated at 80 °C for 10 min, deformed to straight shape,
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and allowed to cool. The shape-recovery was investigated by placing the shape-fixed

(straight) sample on a hot water at 80 °C.

2.3 Results and Discussion

2.3.1 Mechanical Properties of the PLLA Nanofiber Filaments

Effect of The Width of Nanofiber Mats

To improve the mechanical properties of the nonwoven PLLA nanofibers, a novel
method for preparing nanofiber filaments was developed by combining electrospinning
with twisting methods. The typical morphologies and mechanical properties of the
resultant PLLA nanofiber filaments with different widths of nanofiber mats are shown in
Fig. 2.2. As seen in Fig. 2(top), the diameter of nanofiber filaments was increased by
increasing the width of the nanofiber mats at a constant number of twists (500 T/m).
Moreover, many voids between the nanofibers were largely reduced with increasing the
width of nanofiber mats, due to the increased number of fibers constituting the filament
by increasing the width of nanofiber mats. Fig. 2.2(a, b; bottom) presents the tensile
strength and Young's modulus of the PLLA nanofiber filaments prepared with different
widths of nanofiber mats at a constant number of twists (500 T/m). Young’s modulus,
tensile strength, and elongation at break of the PLLA nanofiber filaments clearly
increased with increasing of the width of the nanofiber membranes, which were also well
coincided with the previous results.!® The enhanced mechanical properties of the
nanofiber filaments could be attributed to the combined effects of the decreased voids and
increased internal friction in the nanofiber filaments that resulted from increasing the
width of the nanofiber membranes, as confirmed by SEM analysis (Fig. 2.2(top)). The
toughness, defined as the energy absorbed by the electrospun nanofiber filaments until
breaking, for the PLLA nanofiber filaments was also increased (ca. 425.5%) when the
width of the PLLA nanofiber mats increased from 3.0 to 9.0 mm. As a result, it was
concluded that the strong interface interactions between the nanofibers were increased by
increasing the width of the nanofiber membranes, which improved the load transfer
efficiency, resulting in an increase in tensile strength and Young’s modulus of the

nanofiber filaments.
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Figure 2.2 (Top) SEM images of PLLA nanofiber filaments with different widths of nanofiber
mats: (a) 3 mm, (b) 5 mm, (¢) 7 mm, and (d) 9 mm. (Bottom) (a) Tensile strength and Young’s
modulus, and (b) elongation at break of PLLA nanofiber filaments with different widths of
nanofiber mats. The number of twists of all PLLA nanofiber filaments was 500 T/m.
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Figure 2.3 (Top) SEM images of PLLA nanofiber filaments with different numbers of twists: (a)
300 T/m, (b) 500 T/m, (c¢) 700 T/m, and (d) 900 T/m. (Bottom) (a) Tensile strength and Young’s
modulus and (b) elongation at break of PLLA nanofiber filaments with different numbers of twist.

The width of the nanofiber mats of all PLLA nanofiber filaments was 5 mm.
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Effect of the Twist Number

Fig. 2.3 presents SEM images and mechanical properties of the PLLA nanofiber
filaments prepared with different numbers of twists at a constant width of nanofiber mat
(5.0 mm). As expected, the diameter of nanofiber filaments largely decreased with
increasing the number of twists (Fig. 2.3(top)). The fiber density also increased, and the
fibers were well aligned along the filament long axis. When the number of twists was 900
T/m, the resultant PLLA nanofiber filaments clearly formed a helical structure composed
of almost fully stretched individual nanofibers. As the number of twists was further
increased to above 900 T/m, the nanofiber filaments were broken. The tensile test was
carried out. Similar results were observed (Fig. 2.3(bottom)), indicative of a gradual
increase in Young’s modulus and tensile strength of PLLA nanofiber filaments with
respect to the number of twists. The detailed Young’s modulus, tensile strength,
elongation at break, and toughness of the PLLA nanofiber filaments were shown in Table
2.1.

Table 2.1 Mechanical properties of PLLA nanofiber filaments with different widths of mats and

numbers of twists.

Width of ~ Number of  Tensile Young's Elongation

webs twist strength modulus at break Totgiljr;ess
(mm) (T/m) (MPa) (MPa) (%)
3.0 500 34+03 62.4+1.6 76.1 +2.0 15.7
300 3.0£0.1 448 +3.8 76.7+2.1 26.7
500 49+0.3 71.6 £2.8 78.7+2.8 33.0
> 700 6.5+03 1069+5.1 83.6+3.8 353
900 9.1£0.5 1782+42 93.7+2.0 39.0
7.0 500 51£04 754+29 97.6+2.2 43.9
9.0 500 56+0.3 80.3+29 100.0+1.0 66.8
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2.3.2 Dynamic Mechanical Analysis of the PLLA Nanofiber Filaments

Fig. 2.4 presents the changes of storage modulus (E’) and loss factor (tan ) in
the PLLA nanofiber filaments with different numbers of twists on heating from the DMA
testing. All specimens were annealed by heat treatment at 75 °C for 24h in order to remove
the thermal history before DMA test. The E’ and tan § of the PLLA nanofiber filament
display one distinct transition in the given temperature range, which can be attributed to
the glass transition of PLLA. The glass transition temperature was determined from the
temperature at which the loss factor is a maximum.?!*> Moreover, all specimens showed
the similar transition temperature range where E’ suddenly decreased and tan & sharply
changed with the increasing temperature. E' was gradually increased by increasing the
number of twists. For instance, as increasing the number of twists from 300 T/m to 900
T/m, the E’ at 40 °C was increased by 339.4%. It indicated that the increase in the number
of twists improved the elasticity and strength of the PLLA nanofiber filaments,

accompanying a slight increase in Tg. The detailed data were shown in Table 2.2.

Table 2.2 Thermodynamic properties and glass transition temperatures of annealed PLLA

nanofiber filaments with different twisting numbers.

Deviation of
Number of  Storage modulus  Storage modulus

. storage Ty
twist at 40 °C at 100 °C
modulus? (°C)
(T/m) (MPa) (MPa)
(MPa)
300 136.9 8.4 128.5 71.2
500 216.3 14.8 202.3 71.8
700 259.3 17.5 241.8 72.3
900 464.7 30.4 434.3 72.5

# The difference (dE’) in storage modulus measured by DMA in between the glassy state
(at 40 °C) and the rubber state (at 100 °C).
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Figure 2.4 Dynamic viscoelastic curve for the PLLA nanofiber filaments with different numbers

of twists after annealing: (a) storage modulus and (b) tan § versus temperature. The width of the

nanofiber mats of all PLLA nanofiber filaments was 5 mm.

2.3.3 Sylgard-coated elastomeric PLLA nanofiber filaments

Morphologies

The surface and cross-section morphologies of the Sylgard-coated PLLA

nanofiber filaments were studied by SEM. Figures 2.5a, 5b, and S5c present the

characteristic morphologies of the electrospun nanofiber mat, nanofiber filament, and

Sylgard-coated nanofiber filament, respectively. The surfaces of the Sylgard-coated

nanofiber filament clearly proved that the infiltration was complete with all the original

voids by Sylgard, while the nanofiber filaments were preserved (Figure 2.5c). The cross-

sectioned surface of nanofiber filaments further confirmed the complete infiltration,

indicating a biphasic (nanofibers as a reinforcer and Sylgard as a matrix) bulk

morphology (Figure 2.5¢). It was therefore expected that Sylgard coating could improve

the toughness of the nanofiber filaments as well as the durability of the original shape of

the nanofiber filament during shape memory behaviors.
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Figure 2.5 SEM images of PLLA nanofiber (a) as-spun mat, (b) filament, (c) Sylgard-coated
filament, and cross-section of (d) filament and (e) Sylgard-coated filament. The width of

nanofiber mats and the number of twists of filaments were 7 mm and 700 T/m, respectively.

Mechanical Properties

Compared with as-spun PLLA nanofiber filament (~ 6.5 MPa), the tensile
strength of annealed PLLA nanofiber filaments was largely increased to 8.3 MPa. But the
breaking elongation of the annealed PLLA nanofiber filament (ca. 53.2%) was lower than
that of as-spun PLLA nanofiber filament (ca. 83.6%) due to a cold crystallization (Fig.
2.6). As seen in Fig. 2.6, while the tensile strength of the Sylgard-coated nanofiber
filament was almost the same as that of the annealed nanofiber filaments without Sylgard-
coating, the elongation at breaking and the toughness were remarkably increased by 132.1%
and 174.8%, respectively. These results indicated that silicone elastomer was effectively
worked as a toughener. As a result, it could be expected that Sylgard coating could lead
to less plastic deformation during the shape-deformation/recovery process due to a

rubber-toughened plastic system.

28



Chapter 2

10

MPa)
(0] [00)

N

Tensile stress (

N

0 20 40 60 80 100

Strain (%)
Figure 2.6 Stress-strain curves of PLLA nanofiber (a) as-spun mat, (b) filament, (c¢) annealed
filament and (d) annealed Sylgard-coated nanofiber filament. The width of nanofiber mats and

the number of twists of filaments were 5 mm and 700 T/m, respectively.

Dynamic Mechanical Analysis

DMA analysis also confirmed the cold crystallization effect by annealing. Fig.
2.7 presents the changes of storage modulus (E') and loss factors (tan d) in as-spun,
annealed and Sylgard-coated annealed PLLA nanofiber filaments. As seen in Fig. 2.7a,
storage modulus at 40 °C of as-spun and annealed PLLA nanofiber filaments were 128.4
and 488.7 MPa, respectively. Moreover, the storage modulus in the Sylgard-coated
annealed PLLA nanofiber filament exhibited the similar behavior to the annealed PLLA
nanofiber filament without Sylgard coating, in accordance with the tensile strength of the
Sylgard-coated annealed PLLA nanofiber filament. And interesting change was observed
around the melting temperature (Tm ~ 172.3 °C) of PLLA. The storage modulus of as-
spun PLLA nanofiber filament was missing at about 180 °C, whereas in Sylgard-coated
annealed PLLA nanofiber filament, storage modulus was dropped to 0.46 MPa and then
maintained without disappearance. These results were occurred since PLLA part was
melted while the Sylgard (Tm > 400 °C) part was remained. Here, the storage modulus of
neat Sylgard was about 1.0 MPa.!” As a result, it was found that Sylgard-coating treatment
resulted in a significant role to maintain the shape of PLL A nanofiber filament even above

melting temperature.
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Figure 2.7 Dynamic viscoelastic curve for as-spun, annealed, and Sylgard-coated PLLA
nanofiber filaments: (a) storage modulus and (b) tan 6 versus temperature. The width of nanofiber

mats and the number of twists of filaments were 7 mm and 700 T/m, respectively.

2.3.4 Shape Memory Behaviors of Sylgard-coated Elastomeric PLLA

Nanofiber Filaments

Fig. 2.8 presents the schematic illustration of the shape memory cycle of Sylgard-
coated PLLA nanofiber filament. The Sylgard-coated PLLA nanofiber filament was first
heated to the above shape memory transition temperature (Tians; Switching temperature),
which was generally Tg or Tm, leading to the material softening (modulus drop). A
deformation force was subsequently applied to form the temporary shape (straight shape)
from the permanent shape (coil shape). The Sylgard-coated PLLA nanofiber filament was
then cooled down under load. Upon unloading, the deformed temporary shape was fixed
(Fig. 2.8b). When the Sylgard-coated PLLA nanofiber filament in its temporary shape
was re-heated to a shape recovery temperature under a stress free condition, the original
(or permanent) shape was recovered (Fig. 2.8¢c). The switching temperature was 80 °C,
which was above Tg of PLLA (cal. 74.3 °C). A series of photographs were taken as a
visual presentation of the shape recovery behavior. It showed the higher recovery rate at
wider width of slits and larger twisting number (Fig. 2.9a). The recovery rate of the
Sylgard-coated PLLA nanofiber filament (slit width: 7mm, twisting number: 700 T/m)
was 1.8s. It was 2.7 times higher speed than that of the Sylgard-coated PLLA nanofiber
filament (slit width: 3mm, twisting number: 300T/m) (Fig. 2.9b).
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Figure 2.8 Schematic illustration of cyclic shape deformation-recovery process.

Figure 2.9 Optical images of shape memory Sylgard-coated PLLA filaments with (a) 7 mm and
700 T/m, and (b) 3 mm and 300 T/m.

Fig. 2.10 presents the DMA data of the same samples shown in Fig. 2.9 (the
Sylgard-coated PLLA nanofiber filaments; (a) slit width: 7mm, twisting number: 700 T/m,
(b) slit width: 3mm, twisting number: 300T/m). Based on a visual presentation of the
shape recovery behavior and the DMA analysis, it was expected that the shape-memory
effect could be evaluated by probing the difference (dE’) in storage modulus between the
glassy state and the rubber state.’ The difference in the Sylgard-coated PLLA nanofiber
filament (slit width: 7mm, twisting number: 700 T/m) was about 442.9 MPa, which was
significantly larger than that (~ 103.3 MPa) of the Sylgard-coated PLLA nanofiber
filament (slit width: 3mm, twisting number: 300 T/m). It meant that the PLLA nanofiber
filament produced by larger twisting number and larger slitting width presented faster
recovery rate from temporary shape to permanent shape. Indeed, the shape recovery rate
was increased by 2.7 times. As a result, it was concluded that shape-memory effect was
enhanced due to an increased dE’ induced by increasing the twisting number as well as
the slit width.
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Figure 2.10 Storage modulus (E’) versus temperature of shape memory Sylgard-coated PLLA
nanofiber filament with (a) 300 T/m and 3 mm, and (b) 700 T/m and 7 mm.

2.4 Conclusion

The Sylgard-coated PLLA nanofiber filaments were successfully prepared by the
combined methods of electrospinning, twisting, and Sylgard-coating. Young’s modulus,
tensile strength, and elongation at break of the PLLA nanofiber filaments dramatically
increased with increasing the width of nanofiber mats as well as twisting number, due to
the effects of the decreased voids as well as increased internal friction in the nanofiber
filaments. E’ and tan 6 of the PLLA nanofiber filaments displayed one distinct transition
in the given temperature range, which could be attributed to the glass transition of PLLA.
SEM analysis of the cross-sectioned surface of nanofiber filaments also confirmed the
complete infiltration of the silicone elastomer, indicating a biphasic (nanofibers as a
reinforcer and Sylgard as a matrix) bulk morphology. Interestingly, it was observed that
Sylgard-coating had a significant role to maintain the shape of PLLA nanofiber filaments
even above melting temperature and to toughen the PLLA nanofiber filaments. In addition,
the higher rate in shape memory behavior was observed at wider width of slits and larger
twisting number. The recovery rate of the Sylgard-coated PLLA nanofiber filament (slit
width: 7 mm, twisting number: 700 T/m) was 1.8s. It was 2.7 times higher speed than that
of the Sylgard-coated PLLA nanofiber filament (slit width: 3mm, twisting number: 300
T/m).
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Chapter 3 Annealing effects on mechanical properties and shape
memory behaviors of silicone-coated elastomeric polycaprolactone

nanofiber filaments

3.1 Introduction

Shape memory polymers (SMPs) are a class of polymers, which can respond to
external stimulus by changing their shape and color. Unlike that of shape memory alloys
(SMAs) [1], the shape memory effect in SMPs is predominantly an entropic phenomenon
[2] and can be induced by various external stimuli, usually heat [3] or in some cases light
[4], electric field [5], magnetic field [6], or radiation [7] to return to its original shape.
SMPs having good memory, elasticity, and biocompatibility are in demand for biomedical
implants [8]. Polycaprolactone (PCL) is a hydrophobic, semicrystalline polymer, which
has a low melting point (60 °C). It is one of the earliest synthetic polymers to be
commercialized due to high biocompatibility [9]. PCL and its copolymers/composites
were demonstrated as very flexible and rubber-like elastic materials useful for tissue
engineering. Due to the clear advantages of PCL, there have been several preceding
researches about the SMPs employing PCL, for example, composites of PCL/poly(ester
acrylate) [7], POSS initiated PCL networks [10], aramid-PCL films [11], melt-spun
PCL/polyurethane microfibers [12], PCL/epoxylated natural rubber blend films [13],
ethyl cellulose/PCL composite films [14] and Sylgard-coated PCL nanofibers [15], etc.

The wide range of solubility and elasticity of PCL allows it to be electrospun into
nanofibers and twisted to form nanofiber filaments. Electrospinning is a versatile
technique for producing nanofibers with hierarchically aligned structures [16]. However,
to date, there has been no report on the shape memory effect of the Sylgard-coated PCL
nanofiber filaments. In this study, the effects of annealing on the mechanical and shape

memory properties of the corresponding Sylgard-coated PCL filaments were examined.

3.2 Experimental
3.2.1 Electrospinning

The solution of polycaprolactone (PCL, Mw= 65000g/mol, Aldrich) was
prepared using DMF at the concentration of 15.0 wt%.[15,17] The solution was supplied
through a 10 mL syringe attached to a metallic tip with an inner diameter of 0.6 mm
equipped with a micro-syringe pump (KDS-100, Kd scientific Co., USA). The
electrospinning was performed using a high voltage power supply (CPS-60 K022V1
Chunpa EMT Co.) at 15 kV at a tip-to-collector distance of 15 cm at about 25°C at relative

humidity of 45-50%. The electrospun fibers were collected on a grounded aluminum foil.
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3.2.2 Preparation of Nanofiber Filaments

The 1D nanofiber filaments were prepared by slitting and dry twisting similar to
our previous reports.[18,19,20] At first the PCL nanofibrous mats were cut into a shape
of ribbon using a knife. Secondly, the ends of the non-woven ribbon were attached to two
chucks placed at a distance of 15 cm and then twisted using a Q3 (MM-20; Daiei Kagaku
Seiki MFG Co., Ltd., Japan) machine. This slit and twist process is controlled by
parameters such as slit width (mm) and the number of twists (twist per meter; T/m). In
this study, the slit widths were set at 3, 5, 7, and 9 mm, whereas the numbers of twists
were 300, 700, 1100, and 1500 T/m.

3.2.3 Sylgard Coating

The resulting PCL nanofiber filaments were coated with Sylgard (Sylgard
184from Dow Corning) by a method similar to our previous reports, and followed by
carefully removing the extra Sylgard on the surface, the infiltrated Sylgard/PCL nanofiber
filaments were cured at room temperature for 24 h. Afterwards, the Sylgard-coated PCL
nanofiber filaments were further annealed at 60°C for 24 h to eliminate the thermal history.
The fabricated Sylgard/PCL composites consist of an average PCL weight fraction
(measured gravimetrically) of ca. 25.6%with a standard deviation of less 0.5%.

3.2.4 Characterization

The as-spun PCL nanofibers, filaments, and Sylgard-coated filaments were
platinum sputtered at 20 mA for 120 s and the morphologies were observed under a
scanning electron microscope (SEM; S-3000N, Hitachi, Japan and JSM-6010LA, JEOL,
Japan). Mechanical properties of the non-woven nanofibrous mats and the filaments were
examined using a universal testing machine (AG-5000G; Shimadzu Co., Japan) under a
cross-head speed of 10 mm/min at room temperature. The tensile strength of the
specimens was tested according to ASTM D638-10 and an average value of five
experiments was reported.[21] The drawing rate was 10 mm/min at 40N load cell. A
DVA-225 (ITK Co. Ltd., Japan) was used to carry out dynamic mechanical analysis
(DMA) in a tensile resonant mode at a frequency of 1.0 Hz where the specimen was

heated from room temperature to 100 °C at the rate of 5.0 °C/min.
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3.3 Results and Discussion

3.3.1 Mechanical Effect of the Width of Mats and the Twisting Number

The SEM morphology of as-spun PCL non-woven mat (Figure 3.1) shows fine
fibers having diameters of ¢=790+80 nm. The as-spun PCL non-woven mats were twisted
into nanofiber filaments. The mechanical properties of the filaments are controlled mainly
by two factors, namely the width of the fiber mat and twist number. In order to study the
effect of thickness and twist number, the as-spun PCL nanofiber having widths of 3, 5, 7,
and 9 mm were twisted at the rate of 700 T/m. The filaments formed a helical structure
consisting of fully stretched nanofibers, when the fiber mats are twisted at 1100 T/m
(Figure 3.2). A further increase in the twist number caused the breakdown of the filaments.
Young's modulus and elongation at break were increased significantly by increasing the
width of the nanofiber mats. Toughness showed a linear relationship with the width of the
mats. The toughness of the filaments increased 5 times (ca. 576.4%) from 62.7 to 361.4
mJ when the width of the nanofiber mat increased from 3.0 to 9.0 mm at constant twisting
of 700 T/m (Figure 4b and Table 3.1). It was obvious that the enhanced mechanical
properties of the filaments were due to the increased number of nanofibers present in the
thicker mats which contributed more interfacial interactions between the nanofibers.
Accordingly, the effect of the twist number on the mechanical properties was similar to
the effect of width of the fiber mat (Figure 2, 4a and Table 3.1).

i : m Avg 2 Hm . m A\.'g.-.-;_ 4 pm > F - ,;_- 2 m
Figure 3.1 SEM images of PCL nanofiber (a) web, (b) filament and (c) Sylgard/filament. The
width of webs and the number of twists of filaments were 7mm and 700 T/m.
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Figure 3.2 SEM images of PCL nanofiber filaments with different numbers of twists: (a) 300 T/m,
(b) 700 T/m, (¢) 1100 T/m, and (d) 1500 T/m. (width: 5 mm, constant)

Avg: 254 p.l‘n.. < ; Avq 233 Hm W#ﬂm
Figure 3.3 SEM images of PCL nanofiber filaments with different widths of nanofiber
membranes: (a) 3 mm, (b) 5 mm, (c) 7 mm, and (d) 9 mm. (twists number: 700 T/m, constant)
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Figure 3.4 Stress-strain curve of PCL nanofiber filaments with different (a) numbers of twists

(width: 5Smm, constant), and (b) width of nanofiber mats (twisting number: 700T/m, constant).

Table 3.1 Mechanical properties of PCL nanofiber Filament with different numbers of twists,

width and process.

Number  Width Tensile Young's Elongation at
. Sylgard . Toughness
of twist  of webs treatment Annealing strength modulus break (mJ)
(T/m) (mm) (MPa) (MPa) (%)
300 5 - - 26+04 55+1.2 2778 +7.6 119.9
700 3 - - 32+0.2 6.9+0.7 250.9+6.3 62.7
5 - - 42+0.7 7.1+1.5 297.6 £4.2 138.4
7 - - 4.8=+1.1 10.1+1.2 332.5+89 270.6
9 - - 54+0.3 11.2+0.8 349.6 £5.7 361.4
1100 5 - - 7.1+0.6 11.5+2.2 315.7+£6.3 180.8
1500 5 - - 96+1.3 173+1.0 357.7+10.5 202.0
Web 5 - - 22+04 45+09 119.1+3.4 9.4
1100 5 - - 7.1+£0.6 11.5+£22 315.7+£6.3 180.8
1100 5 O - 8.0+0.3 11.3+1.3 464.8+10.3 323.7
1100 5 o o 9.1+0.7 15.6+1.7 365.1 £8.2 278.6
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3.3.2 Dynamic Mechanical Analysis of the Nanofiber Filaments

Dynamic mechanical analysis (DMA) testing also indicated that the increase in

the number of twist improved the elasticity and strength of the PCL nanofiber filaments,

which is well coincided with the results of mechanical properties (Figure 3.5). E' was

gradually increased by increasing the number of twists.

(a) 100

300T/m
700T/m
1000T/m
1500T/m

(b)oa

0.3 A

300T/m
700T/m
1100T/m
1500T/m

tan &

0.1

T T T 0.0 T T T
40 50 60 70 40 50 60 70

Temperature (°C) Temperature (°C)

Figure 3.5 Dynamic viscoelastic curve of (a) storage modulus and (b) tan & versus temperature
for the PCL nanofiber filaments with different numbers of twists. The width of the nanofiber mats

of all PCL nanofiber filaments was 5 mm.

3.3.3 Sylgard-Coated Elastomeric PCL Nanofiber Filaments

Morphologies and Mechanical Properties

The surface and cross-sectional morphologies of the Sylgard-coated nanofiber
filaments revealed complete infiltration of Sylgard into the voids of the filaments with
preserving the nanofibers (Figure 3.6). The Sylgard-coating is expected to provide rubber
like elasticity to the PCL nanofiber filaments along with improving the toughness and
durability. As expected, the Sylgard-coated PCL filaments exhibited greater toughness
(~324%) and elongation at break (~465%) than the corresponding PCL nanofiber
filaments, while the tensile strength and Young's modulus did not significantly change.
Interestingly, the annealed Sylgard-coated filaments showed a further increase from 11.3
to 15.6 MPa in the Young’'s modulus (138%) and correspondingly the decrease in the
elongation at break (Table 1). As a result, annealing of the Sylgard-coated PCL nanofiber
filament resulted in increased elasticity along with increasing the tensile strength and
Young's modulus.
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Figure 3.6 SEM images of cross-section of (a) PCL nanofiber filament and (b) Sylgard-coated

PCL nanofiber filament. The width of mats and the number of twists were 7 mm and 1100 T/m.

Crystalline Structure by XRD Analysis

The X-ray diffraction patterns of the as-spun PCL nanofiber filament (curve a),
Sylgard-coated filament (curve b), and annealed Sylgard-coated filaments (curve c) are
shown in Figure 3.7. Sharp diffraction peaks were observed for all the samples at 26=22.1°
and 23.9°. The former diffraction peak is assigned to the (1 1 1) lattice plane of PCL,
whereas the latter one is due to (2 2 0) lattice plane of PCL [22]. Interestingly, the crystal
peaks became sharper in annealed Sylgard-coated specimen (Figure 3.7, inset, curve c),
suggesting the increased crystallinity of PCL. It was also observed that the melting
temperature (Tm) of the Sylgard-coated nanofiber filament is slightly elevated from 60.2
to 61.1 °C after annealing (Table 3.2). These results indicated that annealing could help
with increase of the crystallization of PCL [23]. In this system, it was anticipated that the
elastomeric matrix (Sylgard 184) would provide rubber elasticity while each nanofiber in
Sylgard-coated PCL nanofiber filaments would serve as a reversible “switch phase” for

shape fixing (via crystallization) and recovery (via melting) [15].

1'0 1'5 26 2'5 36 3'5 4‘0
20 (deg.)
Figure 3.7 WAXD patterns of the PCL nanofiber (a) filament, (b) Sylgard-coated nanofiber
filament, and (c) annealed Sylgard-coated nanofiber filament. The width of mats and the number

of twists were 7 mm and 1100 T/m, respectively.
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Dynamic Mechanical Analysis

The thermodynamic properties of the Sylgard-coated PCL nanofiber filaments
were characterized by dynamic mechanical analysis (DMA) (Table 3.2 and Figure 3.8).
Prior to DMA, all specimens were annealed at 60 °C for 24 h to remove the thermal
history. The storage modulus (E") was measured at 50 and 70 °C. The E’ of as-spun PCL
nanofiber mat showed two distinct transitions in the given temperature (Figure 3.8). The
sharp transition around 60 °C was attributed to the melting of PCL. After the Tm, the
sample maintained the constant modulus (~0.3 MPa) at the temperature range from 62 to
72 °C, followed by a gradual decrease and then eventually missing in storage modulus.
Though, a similar trend was also observed for nanofiber filament, the reason behind the
latter transition was not clear and should be further studied. In contrast, the E’ of the
Sylgard-coated nanofiber filaments maintained without disappearance because the
Sylgard part remained despite the melting of PCL part at about 60 °C. As expected,
annealed Sylgard-coated nanofiber filaments exhibited high storage modulus than the
corresponding Sylgard-coated PCL nanofiber mat. It is noteworthy that the Tm of the
annealed Sylgard-coated PCL nanofiber filament was 61.1 °C whereas the as spun PCL
mat had Tm of 59.3 °C. In addition, the storage modulus of as-spun PCL nanofiber
filament (10.53 MPa) and Sylgard-coated filament (11.65 MPa) were close to each other
at room temperature, whereas, neat Sylgard was reported to have storage modulus about
1.0 MPa, which indicates that the infiltration of the Sylgard does not affect the storage
modulus of the Sylgard-coated PCL nanofiber filaments. As a result, it was found that the
elastomeric Sylgard gave rubber elasticity to the PCL nanofiber filaments while the fibers
would serve as a switchable phase for shape fixing and recovery. Importantly, Sylgard-
coating resulted in a significant role to maintain the shape of the PCL nanofiber filament
even above Tm.

42



103

log E' (MPa)

PCL web
\ Filament
\\ \ T Sylgard/filament

Annealed Sylgard/filament

40

50

60 70 80 90

Temperature (°C)

Chapter 3

Figure 3.8 Dynamic viscoelastic curves of storage modulus for each process from PCL nanofiber

mat to Sylgard-coated nanofiber filament. The width of mats and twisting number of all PCL

nanofiber filaments was 7mm and 1100T/m, respectively.

Table 3.2 Mechanical and thermodynamic properties, and glass transition temperatures of PCL

nanofiber mat, filament, Sylgard treatment and annealing.

Tensile

Toughness  E'soc®  E'70¢® dE'® T

PCL nanofiber Sg\illl)gat)h (rgn 0 (hilg;) (1'\3101;3) (MPa) (C)
Fiber mat 22+04 9.4 2.99 0.30 2.690 59.3
Filament 7.1+0.6 180.8 10.53 1.15 9.38 60.4
Sylgard-coated filament 8.0 + 0.3 323.7 11.65 0.73 10.92 60.2
Sylgard-coatedand 91107 2786 14.67 0.33 14.34 61.1

annealed filament

* Storage modulus at 50 C
® Storage modulus at 70 C

¢ Deviation of storage modulus between 50°C and 70 C
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3.3.4 Shape Memory Behaviors of Sylgard-coated Elastomeric PCL Nanofiber
Filaments

A series of photographs were taken as a visual representation of the shape
recovery behavior (Figure 3.9). To measure shape-recovery property, the permanent
coiled shape was preheated at 80 °C for 10 min, deformed to straight shape, and allowed
to cool. The shape-recovery was investigated by placing the shape-fixed (straight) sample
on a hot water at 80 °C. These filaments showed a desirable shape recovery effect; their
recovery ratios were all above 95.0%. The recovery time of the Sylgard-coated PCL
nanofiber filament (slit width: 7 mm, twisting number: 1100 T/m) was 1.75 s (Figure
3.9b). Compared to the Sylgard-coated PCL nanofiber filament (slit width: 3 mm, twisting

number: 300 T/m, recovery time: 2.25 s), the shape recovery rate was slightly increased

1.3 times.

Z 4 )
Figure 3.9 Shape memory behavior of the Sylgard-coated PCL nanofiber filaments with (a) 3 mm
and 300 T/m, and (b) 7 mm and 1100 T/m, respectively.

3.4 Conclusion

As one kind of smart materials, SMPs play a crucial role, especially for
biomedical devices and robotics. In this study, we introduced a new form of SMP,
Sylgard-coated PCL nanofiber filaments. Coating of PCL nanofiber filaments with
Sylgard has greatly improved the thermomechanical properties of the as-spun PCL
nanofiber filament. Annealing of the Sylgard-coated filaments has a significant role in
increasing the crystalline levels of PCL, which resulted in the improvement of the
toughness and elongation at break. Data analyzed and discussed in this study give insights
for broadening the applications of the Sylgard-coated PCL nanofiber filaments such as

aerospace industry [24], biomedical devices [8], and smart textiles [25].
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Chapter 4.1 Optical Sensitivity of Mussel Protein-Coated Double-
Walled Carbon Nanotube on Iron-DOPA Conjugation Bond

4.1.1 Introduction

Carbon nanotubes (CNTs) have been widely examined in relation to
various biomaterial applications, such as drug delivery systems, biocatalysts,
biosensors and bone tissue scaffold [1-3] because they exhibited high electrical and
thermal conductivity, mechanical strength, and nano-sized diameter.[4-6]
Especially, double-walled carbon nanotubes (DWNTs), consisting of two coaxial
tubules have several advantages over single- and multi-walled carbon nanotubes
(SWNTs and MWNTs) for bio/medical applications due to their unique optical and
physicochemical properties. [7, 8] Because of the buffer-like function of the outer
tube, optical activity of the inner tube is largely different from that of the outer one
with regard to external stimulus. [9-12] Therefore, it is expected that DWNTs are
more optically responsive than large-diameter MWNTs or optically suppressed
SWNTs, and therefore, DWNTSs can function as an optochemical sensor. However,
CNTs including DWNTs are insoluble in aqueous solutions and exhibit a low
degree of biocompatibility due to their strongly bundled structure as well as the
hydrophobic nature of their sidewalls. Thus, in order to expand their excellent
physical and chemical properties at a molecular level, various types of biomaterials
have been examined for applications as an individual agent for CNTs. [13-15]

In recent years, the mussel-adhesive proteins (MAP) have attracted a great
attention because of their great solubility in aqueous phase and strong affinity
toward both organic and inorganic surfaces. [16-18] It has been reported that they
also show high dispersing and bio-functionalizing ability with regard to DWNTs
via the covalent bonds between hydroxyl groups in the outer tubes and amine
groups in MAP. [19] Several studies have reported that the 3,4-dihydroxy-L-
phenylalanine (DOPA) moiety in MAP plays a key role in the adhesion of this
protein to different surfaces. Because the catechol groups of DOPA form strong
coordinative bonding with metal ions, the surface of MAP-coated DWNT
suspension could be converted to a 3D-network structure with Fe*" ions.[20,21]
Therefore, it is very critical to understand the optochemical singularities of the
inner and outer tubes of DWNTs, as well as to verify the physicochemical effects
of MAP-metal complexes and the effectiveness of DWNTs as an optochemical
Sensor.

In the present study, individually dispersed DWNT suspensions were

prepared by a homogeneous coating of MAP and their altered optical properties as
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a function of the added amount of iron ions was characterized using various optical
tools. We found that the formation of iron-DOPA coordinate bonds provided an
effective non-radiative channel for the sensitively depressed optical properties of
DWNTs.

4.1.2 Experimental
4.1.2.1 Synthesis of the High Purity DWNT Sample

The synthesis of DWNTs was carried out by the catalytic chemical vapour
deposition method in a furnace using Mo/Al203 and Fe/MgO as a conditioning
catalyst and nanotube catalyst, respectively. Subsequently, a methane/argon (1:1)
mixture was fed into the reactor typically for 10 min at 875°C. The as-grown
products were purified via the following steps. First, an oxidation process (500°C,
20 min) was carried out to reduce the chemically active SWNTs. Second, a
hydrochloric acid (18%, 100°C, 10 h) treatment was done in order to remove the
metal catalysts, followed by air oxidation at 500°C for 10 min in order to remove
all carbonaceous impurities. The detailed experimental procedures were described

in our previous papers. [7,22]

4.1.2.2 Dispersion of High-Purity DWNTs using MAP in Aqueous Phase

The prepared highly pure DWNTs (1mg) were individually isolated in
heavy water (10ml) with the help of MAP (Recombinant mussel adhesive protein,
22.6KDa, Kollodis & Biosciences) (10mg) under strong sonication (VCX 750,
Sonics & Materials, 750W) for 1h at 4°C, and subsequent ultracentrifugation
(Optima Max-XP, Beckman Coulter, 240000g). The supernatant, containing MAP-
dispersed DWNT suspension (70%) and rich in isolated nanotubes, was obtained
and characterized in our study. To confirm the dispersibility and chemical effect of
MAP, SDBS (1wt%)-dispersed DWNT suspension was also prepared in this study.

4.1.2.3 The Formation of Coordinative Bonds between DOPA and Iron

The iron (III) chloride hexahydrate (FeCl3-6H20) (270.3 mg) was dissolved in
heavy water (10 ml) to produce 100 mM solution. The prepared FeCls solution was added
to 3ml of individually isolated MAP-DW solution in different amounts (5-100 pl) and

subsequent mild sonication (1510, Branson, 5 min) was applied.
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4.1.2.4 Characterizations

The optical spectra for DWNT suspensions were obtained using a UV—vis—NIR
spectrophotometer (Shimadzu soildspec-3700), photoluminescence maps (NIR-PL
system, Shimadzu) and a 785 nm excited Raman system (Renishaw, inVia Raman
microscope). We also obtained Raman spectra using 532 and 633 nm laser excitations
produced by a Kaiser HoloLab5000 system. The chemical bonding and elemental
composition of MAP-DW and their metal absorbed composite were characterized by X-
ray photoemission spectroscopy (XPS, ESCA-3400, Kratos Analytical) using a MgKq X-
ray source at a 10 mA emission current and a 10 kV accelerating voltage. We also obtained
the morphology and elemental composition using a field emission scanning electron
microscope (FE-SEM) coupled with energy dispersive X-ray spectroscopy (EDS) (JSM-
70001, JEOL). Finally, we have used a high-resolution TEM (JEM-2010FEF, JEOL) to
see the dispersion state of the nanotubes as well as the coated mussel protein on the
sidewalls of the DWNTs.

4.1.3 Results and Discussion
4.1.3.1 Preparation of Individually Dispersed MAP-DW Suspension

A high purity DWNTs with a large bundle size were synthesized using the
chemical vapor deposition method (Figure 4.1.1 (a, b)). [5,22] Then, we examined the
dispersing ability of the MAP with regard to the bundled DWNTs. [19] By subjecting the
bundled DWNTs with MAP in an aqueous solution under strong sonication, an opaque
suspension (Left suspension in Figure 4.1.1 (d)) is obtained. In the following
ultracentrifugation process, we obtained a semi-transparent supernatant containing the
individually dispersed DWNTs via the precipitation of the bundled DWNTs (Middle
suspension in Figure 4.1.1 (d)). By adding FeCls solution (10 mM) to the supernatant, we
obtained a yellowish DWNT suspension (Right suspension in Figure 4.1.1 (d)). This
solution was still semi-transparent and there was no precipitate.

This solution was still semi-transparent and there was no precipitate. Then, the
dispersion state of DWNTs in an aqueous solution was evaluated optically using
Raman/fluorescence spectra with 785nm laser line and UV-Vis-NIR absorption spectra
for both supernatant and remnant (Figure 4.1.2 (a, ¢)). We observed well-resolved strong
luminescence peaks (Figure 4.1.2 (a)) and sharp absorption peaks for the supernatant
(Figure 4.1.2 (c)). In contrast, relatively depressed luminescence and absorption peaks in
the remnant can be explained by strong coupling interactions between adjacent nanotubes.
[23] Such optical results allowed us to conclude that DWNTs were individually dispersed
in an aqueous solution with the help of MAP. [22] A typical TEM images showed an
individual DWNT coated with amorphous-like MAP (Figure 4.1.2 (d)).
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100nm 10 nm

Figure 4.1.1 TEM images of (a, b) pristine bundled DWNTs at different magnifications and (c)
FeCls solution added-MAP-dispersed DWNT supernatant. (d) The sonicated opaque DWNT
suspension (left), the following ultra-centrifuged semi-transparent MAP-dispersed DWNT
supernatant (middle), and after adding 100 pl of FeCls solution (100 mM) to the MAP-dispersed
DWNT supernatant.
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Figure 4.1.2 Wide-range Raman/fluorescence spectra, (b) their corresponding radial breathing
modes taken with laser excitation of 785 nm, and (c¢) UV-Vis-NIR absorption spectra for SDBS-
dispersed DWNT supernatant (S), MAP-dispersed DWNT supernatant (S) and MAP-dispersed
DWNT remnant (R), respectively, and (d) high-resolution TEM image of MAP-coated individual
DWNT.
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Then the coating effects of MAP on the optical properties of the DWNTs
were analysed in detail. We observed a red shift both in the luminescent peaks and
in the UV-Vis-NIR absorption peaks of the supernatant as compared to that of the
SDBS-dispersed DWNT suspension (Figure 4.1.2 (a, c¢)). The shifted energy gap
(4Eii) are summarized in Table 4.1.1 and 2. [24] It is assumed that environmental
dielectric screening effects contribute to a red shift in the optical spectra. [25,26]
Moreover, since strong electron-donating groups, such as hydroxyl, carboxyl and
amine groups were present in the MAP structure, [17,27] the electron density of
DWNTs in the MAP-dispersed nanotube solution was expected to be higher than
that of the SDBS-dispersed nanotube suspension. Thus, we believe that excitons
could be easily excited due to the presence of electron donating groups, thereby
resulting in the redshift of both absorption and luminescent emission through a
decrease in the energy-gap. [28] Both environmental dielectric screening effects
and electron donating groups in the MAP structure induced a change in the energy-
gap of the DWNTs, thus resulting in a modification of the resonance window when
the 785 nm laser line was used. [28]

Table 4.1.1 Structures and first van Hove optical transitions for semiconducting SDBS- and
MAP-dispersed DWNTs from Raman/fluorescence spectra.

SDBS-DWNT MAP-DWNT

Assignment AN € AE ¢
(n,m% ) A E ® A E Lm) (V)
(cm-1) (nm) (eV)?* (cm-1) (nm) (eV)
(7,5) 2995.4  1026.3 1.209 31424  1042.1 1.191 15.7 -0.018
(6,5) 2529.7 979.5 1.267 2681.1 9943 1.248 14.7 -0.019
(8,3) 2289.1 957.0 1.297 2460.0 9729 1.275 15.9 -0.021
9,1) 1810.2 915.0 1.356 1991.2 9304 1.334 154  -0.022
(6,4) 1368.4 879.5 1.411 1513.8  890.9 1.393 11.4  -0.018
(5,4) 716.3 831.8 1.492 902.8 8449 1.469 13.1 -0.023

ab Band-gap was calculated from absorption wavelength by the following equations: E=hc/A, (E: band gap,
h : speed of light in vacuum, ¢ : Planck's constant, and 4 : wavelength);

¢ The shifts of absorption wavelength ~ (44;=4;MAP-PWNT—}, SDBS-DWNT) are calculated,

4 The energy differences (4E;=E;’—E;*) are calculated.
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Table 4.1.2 Structures and First and Second van Hove Optical Transitions a for Semiconducting
SDBS- and MAP-dispersed DWNTs from UV-Vis-NIR spectra.

van Hove SDBS-DWNT MAP-DWNT AL®  AE;¢ dc® Chirality
transitions hi Eq K Es ., (am) (eV) (nm) (n,m)
(nm) (eV)* (nm) (eV)
1248 0.994 1281 0.969 32 -0.026 1.050 (10,5)
1178 1.053 1198 1.036 20 -0.018  0.995 (12,1)
Semi- 1114 1114 1137 1.091 25 -0023 0916  (9.4)
conducting 1058 1.173 1077 1.152 19 -0.021 0.884 (10,2)
(En) 1026 1.209 1045 1.187 19 -0.022 0.829 (7,5)
954 1.301 974 1.274 20 -0.027 0.782 (8,3)
913 1.359 931 1.333 18 -0.026  0.757 (6,5)
LI (140)
1186 (11,6)
872 1.423 884 1404 12 0019 1120  (132)
1145 (12,4)
801 1.549 807 1.538 6 -0.012 0.995 (12,1)
gem_i- 794 1.563 803 1545 9 -0018 LII1  (10,6)
con glE‘:zt;;lg 1.032 (8,7)
734 1.690 739 1.679 5 -0.011
0.966  (8,6)
675 1.838 677 1.833 2 -0.005 1.041 (12,2)
0.895 (7.,5)
645 1.924 656 1.891 11 -0.032 0.829 (7.6)
589 2.107 594 2.089 5 -0.018 0.840 (8,4)

4> Band-gap was calculated from absorption wavelength

¢ The shifts of absorption wavelength (AE;=\;MAFPWNT), SDBSDWNT) qre calculated.
4The energy differences (AE;=E;"—E;¢) are calculated.

¢ The diameters for SWNTs are referred to reference.

4.1.3.2 Raman/fluorescence Spectra of M-DW with Fe*" Complex

The effect of adding FeCls solution (100 pl) to MAP-dispersed DWNT
supernatant was evaluated by Raman/fluorescence spectra using 785 nm laser line
(Figure 4.1.3 (a)). The Raman spectra of the pristine DWNT exhibited a strong G-
band (E2,2 mode) at 1590 cm!, several radial breathing modes (RBMs) below 500

cm’ and G'-band at around 2588 cm™.[29] The sonicated DWNT suspension

shows a weak luminescence peak around 2400cm™'. The supernatant containing the

individually dispersed DWNTs showed the intensified luminescence peaks

compared to the intensity of the G-band. However, after adding 100ul of FeCls

solution to the supernatant with subsequent mild sonication, these strong emissions

were completely suppressed. The formation of coordinate bonds between the
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DOPA (right scheme in Figure 4) in MAP and Fe** ion, [30] provided non-radiative
channels, which led to quenching of luminescence of the semiconducting inner
tubes, which is similar to entrapment effect of metallic tubes in bundled tubes. In
other words, several DOPA groups in the MAP molecule [20, 21] allowed DWNTs
to attain a 3D-network structure by DOPA-Fe*" bonding. Therefore, the DWNTs
lost their optical singularities due to charge transfer through the DOPA-Fe**
linkage. This charge transfer effect also could be confirmed by observations of
Raman/fluorescence spectra with laser excitations of 633 and 532 nm. As shown
in Figure 4.1.4, even though the G-band of the DWNTs in the MAP-dispersed
DWNT suspension had a relatively low intensity due to strong emission from MAP,
the addition of FeCls solution induced a marked increase in the relative intensity
of the G-band with regard to the emission of MAP. This phenomenon indicated
that a non-radiative channel was established by the formation of electronically
active DOPA-Fe*' linkages. [31, 32]

The radial breathing modes (RBMs) of CNTs have been used to evaluate
their chirality and diameter as well as their dispersion state. [33-38] Strano et al.
revealed that the RBM intensity at 267 cm™' decreased and the RBM intensity at
234 cm™! increased when SWNTs were isolated completely with sodium dodecyl
sulfonate (SDS).[33, 38] For the MAP-dispersed DWNT supernatant, the RBM
peaks from the semiconducting inner tube exhibited higher intensity at 237 cm™
and relatively lower intensity at 268 cm™' than those of the sonicated or bundled
DWNTs (Figure 4.1.3 (b)). However, the addition of FeCls solution caused a
significant decrease in the RBM intensity at 237 cm™ and an increase in the RBM
intensity at 268 cm™! (Figure 4.1.3 (b)). This result indicated that the electronic
structure was largely modified by the formation of strong DOPA-Fe** bonds
between the individually isolated DWNTs as the 3D-network structure, so that the
resonance states of S inner tubes shifted like the bundled DWNTs. In contrast to
the UV-Vis-NIR and Raman results, TEM image (Figure 4.1.1 (c)) showed
individually isolated DWNTs state, even after the addition of FeCls to the MAP-
dispersed DWNT suspension. This result indicated that the individually isolated
phase of DWNTs that enclosed by MAP-Fe*" complex was retained, but non-

radiative channels were created through the formation of MAP-Fe*" bonds.
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Figure 4.1.3 (a) Raman/fluorescence spectra taken with laser excitation of 785 nm for pristine
DWNTs and MAP-dispersed DWNT suspensions at different dispersion states (sonicated,
supernatant) and the FeCl; solution added-MAP dispersed DWNT supernatant, and their
corresponding (b) radial breathing mode (where S indicates semiconducting and M indicates
metallic tubes), and (c¢) G-band (asterisk indicates the BWF line associated with metallic outer
tubes).
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Figure 4.1.4 Raman/fluorescence spectra taken with laser excitation wavelengths of (a) 633 nm
and (b) 532 nm for pristine DWNTs and MAP-dispersed DWNT solutions at different dispersion
states (remnant (blue), supernatant (green), and after adding FeCls solution (pink)).
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When looking at the RBM peaks of the metallic outer tube, the intensity at
160 cm™! was maintained in the MAP-dispersed DWNT supernatant (Figure 4.1.3
(b)). However, the addition of FeCl3 solution caused the RBM peak at 160 cm™ to
be almost suppressed because the outer tubes were in direct contact with the MAP-
Fe** complex. This indicated that circumferentially generated and concentrated
stress was induced by surface stiffening of the sidewall which suppressed RBM
vibrations in the radial direction. [39] Moreover, when looking at the G-band
(Figure 4.1.3 (¢)), the broad and asymmetric Breit-Wigner-Fano (BWF) line [40]
of the pristine DWNT sample was strongly suppressed in the Fe-MAP-DWNT
suspension. The metallic outer tube could not resonance with 785 nm excitation
and their corresponding metallic shoulder of G™-band was thus reduced, which
resulted in the disappearance of the RBM peak (160 cm™) in the iron-MAP-DWNT
suspension. These results supported the protective function of the outer tubes in
DWNTs.[41, 42]

4.1.3.3 Elemental and Bonding Composition of FeMAP-DW Composite

X-ray photoelectron spectroscopy measurement was also carried out on
pristine, MAP-DWNT, and Fe-MAP-DWNT samples in order to determine the
relative quantity of the functional groups attached to the outer walls of the DWNTs
(Figure 4.1.5). For the pristine DWNT sample, there was an intense peak at ca.
284.7 eV from the sp’-hybridized carbon atoms and also a broad peak at 285.3 eV
due to the sp’-hybridized carbon atoms (Figure 4.1.5 (a)). [43, 44] For MAP-
DWNTs, the prominently present sp’-hybridized peaks (e.g., C-N, C=0, C=0-N
and O-C=0 carbon atoms) came from the functional groups of MAP, [19]
indicating that the outer tubes of DWNTs had been well coated by MAP. Some
weak peaks (Figure 4.1.5 (b)) came from O1s of the hydroxyl- and carboxyl-groups
on defects and edges of the pristine DWNT sample; on the other hand, peaks with
large intensities, such as from O-C=0, O-C and O=C at 534.4, 533.3, and 532.2
eV, respectively, were closely associated with MAP.

When 30ul of FeCls solution was added to the MAP-dispersed DWNT
supernatant, the O1s peak shifted to lower energy (ca. 0.4 eV) due to a decrease in the O-
C signal, and a new peak appeared at 531.6 eV, which was associated with the O-Fe
coordinative bonding. [45] From Table 4.1.3, it is interesting to note that the ratio of the
O-Fe bond increased by ca. 16.40 % when the O-C bond was reduced ca. 15.8 % even
though the atomic ratio of oxygen had not changed. Such result signified a transition from
the O-C to O-Fe bond when the FeCls solution was added to the supernatant, without any
significant change in the N1s (Figure 4.1.6) and C1s XPS spectra (Figure 5). Therefore,
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we are able to say that the hydroxyl groups of the DOPA created coordinative bonds with
Fe*" ion. In addition, the presence of Fe*" ions was verified by the peaks at 710.8 eV and
724.2 eV associated with 2p 3/2 and 2p 1/2, and their charge-transfer satellite peaks at
714.4 eV and 727.6 eV, respectively. [46] Furthermore, as shown in Table 4.1.3, the
atomic ratio of Fe*" ions did not change significantly (ca. 0.5%) on increasing the addition
amount of FeCls from 30ul to 50ul. Thus, this result indicated that the DOPA components
within the MAP were saturated in this range because all the hydroxyl groups available to
bond with Fe*" had been fully utilized.
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Figure 4.1.5 The (a) Cls, (b) Ols, and (c) Fe’"2p XPS spectra of pristine DWNTs, MAP-coated
DWNT and FeCls solution added-MAP dispersed DWNT complexes (note that the concentration
and amount of FeCls solution were 100mM, 30pul). All the samples were prepared by buckypaper
though filtration with an Omnipore membrane filter (JVWP 0.1 pm).
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Figure 4.1.6 The XPS spectra of N1s of (a) MAP-DWNT and (b) Fe-MAP-DWNT sample (note
that the concentration and amount of FeCl3 solution were 100 mM and 30 pl).
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Table 4.1.3 Relative ratio of compositional atoms and oxygen-containing functional groups for
pristine, MAP-dispersed DWNT supernatant, and the FeCl; (100 mM) added MAP-dispersed
DWNT supernatant, respectively.

Atomic composition (%) Bonding composition (%)
Sample ID
C 0] N Fe 0-C O=C OCO O-Fe
Pristine DWNTs 95.95 3.88 - - 46.13  19.85 34.00 -
MAP-DWNTs 67.13 27.31 5.47 - 54.66  31.04 1420 -
FeMAP-DW (30 ul) 66.67 27.86  4.67 0.79 38.86  29.77 14.60 16.57
FeMAP-DW (50 ul) 67.70  27.10  4.39 0.81 36.25  30.12 1443  17.11

4.1.3.4 Optical Sensitivities of MAP-DW Suspension with Fe** Ions

To confirm the optical sensitivity of the MAP-dispersed DWNT supernatant in
regard to the Fe*" ions, Raman/fluorescent, UV-Vis-NIR absorption spectra and PL maps
were measured (Figure 4.1.7,8 and 9, respectively) with 3ml of MAP-dispersed DWNT
supernatant to which was added 5 to 100 pl FeCls solution sequentially. As shown in
Figure 4.1.7, with increasing amount of FeCls solution, several strong luminescent peaks
in the supernatant continuously decreased and simultaneously the RBM peak at 160 cm™
! disappeared, accompanying by a relative change in the RBM intensities at 237 cm™ and
268 cm’'. When more than 50 pl of FeCls solution was added, the luminescent peaks
disappeared completely, signifying that the hydroxyl groups within the DOPA were fully
saturated with Fe** ions. Figure 4.1.8 shows that sharp absorption peaks in the UV-Vis-
NIR spectra, coming from van Hove singularities of MAP-dispersed DWNT supernatant,
were broadened after addition of FeCls solution. This depressed absorption peaks can be
explained by the formation of MAP-Fe** bonds on the surface of DWNTs which largely
altered the electronic absorption of the inner tubes. Moreover, the inherent chiral
singularities of individual DWNTs were not observed due to the electrical interaction
between MAP-Fe**-linked DWNTs caused by the charge transfer effect. The broadening
of the absorption peaks did not progress any more after adding 40 ul of FeCls since all
DOPA groups were consumed by bonding with Fe** ions, similar to the Raman results, as
mentioned above. PL maps (Figure 4.1.9) also showed the disappearance of strong
emission peaks for the MAP-dispersed DWNT supernatant after FeCls solution was added.
We observed completely depressed emissions when adding 30 pl and 50 pl of FeCls
solution. Therefore, from the combined results of Raman, UV-Vis-NIR spectra and PL
maps, we observed that 3ml of MAP-dispersed DWNT supernatant was fully saturated
with ca. 50 ul of FeCl3 solution. From this result, the saturation ratio of Fe*" with regard
to MAP was decided to be ca. 9.3 wt%: 3766.7 mol% (Table 4.1.4).
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Figure 4.1.7 Raman/fluorescence spectra taken with laser excitation of 785 nm for MAP-
dispersed DWNT supernatant with different amounts of FeCl; solution (100 mM). The inset
shows the magnified low-frequency Raman spectra for the corresponding samples.
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Figure 4.1.8 UV-Vis-NIR absorption spectra for MAP-dispersed DWNT supernatant with
different amounts of FeCl; solution (100 mM).
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Figure 4.1.9 PL maps for MAP-dispersed DWNT supernatant with different amounts of FeCls
solution (100 mM).

Table 4.1.4 The weight (wt %) and molar (mol %) ratio of Fe** with MAP for MAP-DW
suspension with different adding amount of 100mM FeCl; solution.

FeCl, Fe'’ MAP* Fe''/ MAP
Solution b )
(ul) mg pmol mg pmol wt % mol %
10 0.06 1.00 3 0.13 1.86 753.33
20 0.11 2.00 3 0.13 3.72 1506.67
30 0.17 3.00 3 0.13 5.58 2260.00
40 0.22 4.00 3 0.13 7.45 3013.33
50 0.28 5.00 3 0.13 9.31 3766.67
70 0.39 7.00 3 0.13 13.03 5273.33
100 0.56 10.00 3 0.13 18.61 7533.33

PL maps (Figure 4.1.9) also showed disappearance of strong emission peaks for
the MAP-DW by adding FeCls solution, and extremely, emissions depressed completely
between 30 ul and 50 pl. Therefore, as results of Raman, UV-Vis-NIR spectra and PL
maps, the 3ml of MAP-DW
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4.1.4 Conclusion

In summary, I prepared individually dispersed DWNTs in aqueous solution
using MAP and examined the optical sensitivity of MAP-dispersed DWNT
suspensions with regard to the metal ion (Fe*") using various optical tools. With
increasing dispersion state of the MAP-dispersed DWNT suspension, the
intensified absorption and luminescence peaks indicated that the DWNTs were
individually isolated in an aqueous solution. In comparison with SDBS-dispersed
DWNT suspension, the red shift in the absorption and luminescent peaks for the
MAP-dispersed DWNT suspension can be explained in terms of both the altered
band-gap and the dielectric screening effect. The addition of the FeCls solution to
MAP-dispersed DWNT supernatant created the formation of coordinative bond
between the DOPA of MAP and Fe*' ion. From XPS spectra, we observed a
transition from O-C to O-Fe bond, indicating the formation of DOPA-Fe**
coordinative bonds, on addition of the FeCls solution to MAP dispersed DWNT
supernatant. The optical depression in the ferric chloride added MAP dispersed
DWNT supernatant was verified by the disappearance of luminescence peaks and
relative changes in the RBM intensities due to the formation of DOPA-Fe** bonds.
The UV-Vis-NIR spectra also showed the loss of van Hove singularities by
broadened absorption peaks on the addition of FeCls solution. Both the depression
of the BWF line and RBM peak at 160 cm™! associated with metallic outer tubes
indicated that the circumferentially coated MAP-Fe** complex on the outer tubes
largely altered the resonance condition of the outer tubes. We also observed the
optical properties to change sensitively from the Raman, UV-Vis-NIR spectra and
the PL of MAP-dispersed DWNT supernatant when different amounts of the FeCls
solution were added. However, when the amount of FeCls solution reached 50ul,
the optical activities of DWNTs were completely depressed, indicating that DOPA
groups in MAP were fully saturated with ca. 9.3wt% and ca. 3766.7mol% of Fe**
ions. From these results, it is expected that MAP-dispersed DWNT suspensions are
promising materials in the development of highly sensitive and responsive

luminescence sensors for highly sensitive optoelectronic applications.
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Chapter 4.2 Mussel-Inspired Carbon Nanotube Coating on Poly-
vinylidene Fluoride Nanofiber filament via Metal Absorbed Complex

and Vacuum Ultraviolet Irradiation

4.2.1 Introduction

Electrospinning is the simplest process to produce the nanofiber. It uses high
voltage electric field to prepare the nonwoven nanofibers from electrically charged
polymeric solution by whipping the jet. In general, it has been already known that the
nanofiber has very large surface area to volume ratio, good flexibility in surface
functionalities, and superior mechanical performance [1, 2].

However, despite the potential properties mentioned above, the applications of
various nanofibers have been limited by their poor mechanical properties and the
difficulties involved in mass producing them. Therefore, to improve the mechanical
properties, the fabrication of nanofiber filament, prepared by the electrospinning system
and the following twisting methods, was reported recently. It was reported that nanofiber
filament with relatively high mechanical properties than nonwoven nanofiber can be
useful for various industry areas, such as microelectronic wiring [3] and conductive fiber
[4, 5]. For the same reason, various coating methods were examined to enhance the
performance of the electrospun nanofiber [6, 7]. Several researchers reported that carbon
nanotubes (CNTs) are great coating material because of their high electrical conductivity,
good mechanical strength, and nano-sized diameter [8-12]. Especially, double-walled
carbon nanotubes (DWNTs) have various advantages for bio applications due to their
optical and physicochemical properties [13, 14]. However, CNTs are insoluble in aqueous
solutions due to their strongly bundled structure as well as the hydrophobic nature of their
sidewalls. Thus, to exploit their excellent physical and chemical properties as coating
material, various biomaterials have been examined as the dispersing agent and then to
fabricate CNT-biocomposites [15-17].

In recent years, the mussel-adhesive proteins (MAPs) have attracted a great
attention because of their great solubility in aqueous phase and strong adhesive affinity
with both hydrophilic and hydrophobic surface [18-20]. Therefore, they are expected to
show good dispersing ability with regard to the strongly bundled DWNTs [21] and then
they have high possibility to be used as adhesive coating agent for the electrospun-
derived nanofibers. Several studies reported that 3,4-dihydroxy-L-phenylalanine (DOPA)
moiety could form the strong coordinative bonding with metal ion. Thus, the MAP-
dispersed DWNTs could be converted to 3D-networking structure with Fe** ions [22-25].
Therefore, it is expected that the coating of metal absorbed MAP containing DWNTs
leads to the enhancement of mechanical and electrical properties of nanofiber filament.
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In this study, the individually dispersed DWNT suspensions, prepared with a
MAP solution and their Fe**-absorbed complex, was coated on the poly (vinylidene
fluoride) (PVDF) nanofiber filament. Moreover, to partially remove residual non-
conductive MAP and expose DWNTs, vacuum ultraviolet (VUV) irradiation was applied
for enhancing the electric conductivity of filament. To verify chemical changes of coating
on the coating surface, MAP-DWNT coated PVDF nanofiber filaments were
characterized using Raman spectroscopy. Also scanning electron microscopy (SEM) was
carried out to confirm the morphology of surface of filament. The mechanical and
electrical properties were measured using a universal testing machine (UTM) and 2-point

probe method, respectively.

4.2.2 Experimental
4.2.2.1 Preparation of Metal Absorbed MAP-DWNT Dispersion

To prepare MAP-dispersed DWNT (M-DW) solution, the prepared highly pure
DWNTs (3 mg) were individually isolated in an deionized water (30 ml) with the help of
MAP (pretreated mussel adhesive protein, 22.6KDa, Kollodis & Biosciences) (30mg)
under strong sonication (VCX 750, Sonics & Materials, 750W) for 2 h at 4 °C. To prepare
the Fe*" absorbed M-DW solution (FM-DW), FeCls solution was prepared as 100 mM
solution by addition of iron (IIT) chloride hexahydrate (FeCls - 6H20) (270.3 mg) to heavy
water (10 ml). And then, the 20ul of FeCl3 solution was added to the 3 ml of individually
isolated M-DW solution and subsequent mild sonication (1510, Branson, 5 min) was
applied. MAP solution without DWNTs was prepared by addition of MAP (10mg) to
deionized water (10 ml).

4.2.2.2 Coating using MAP Dispersed DWNT Solution to PVDF Nanofiber
Filament

The PVDF nanofiber filament was provided from Amogreentech (Korea). The
PVDF nanofiber filaments were immersed in M-DW and FM-DW solution, and then
vacuum was applied for 3 h to ensure complete infiltration of solution into the PVDF
nanofiber filaments. After carefully removing the extra solution on the surface, the
infiltrated M-DW and FM-DW/PLLA nanofiber filaments were dried at room

temperature for 24 h.

4.2.2.3 Vacuum Ultraviolet (VUV) Treatment of the Filament Surface
A photochemical reaction was carried out by irradiating the prepared M-

DW/PVDF nanofiber filament with ultraviolet light from a deuterium lamp (VUYV ionizer:
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L12542, HAMAMATSU) (A = 160 nm) in vacuum condition for 20 seconds. The output
power of the lamp used in our study is 90 W.

4.2.2.4 Characterization

The Raman spectra were obtained using two different lasers lines (785 nm and
514 nm) (Reinshaw, inVia Raman microscope). We also observed the morphology and
elemental composition using field emission scanning electron microscopy (FE-SEM).
Mechanical properties of specimens were performed by using a universal testing machine
(5567A, INSTRON) under a cross-head speed of 20 mm/min at room temperature. The
gauge length of nanofiber filaments was 25 mm. The drawing rate was 10 mm/min at a
road cell of 100N. Electro conductivity was measured by 2-point prove method using
source measure unit (2400 Source Meter, Keithley). The applied voltage and current were
10.5 V and 0.5 pA, respectively. The specific resistance and electric conductivity were
based on linear resistance method, and distance of cathode and anode was 5 mm. The

resulting errors in the linear resistance are estimated to be less than 10%.

4.2.3 Results and Discussion
4.2.3.1 Mussel-inspired DWNTs Coating with PVDF Nanofiber Filament

——VFM-DW / PVDF
—— FM-DW / PVDF
REM —— M-DW / PVDF
—— M/ PVDF

—— Raw-PVDF

(a) G band OQuter | Inner (b)

G’ band

D EAIN_

Normalized counts

500 1000 1500 2000 2500 3000 1500 2000 2500 3000
Raman shift (cm™) Raman shift (cm™1)

Figure 4.2.1 (a) Raman/ fluorescence spectra taken with laser excitation of 785 nm for raw, MAP,
M-DW, FM-DW and VUV treated FM-DW / PVDF nanofiber filament. (b) The magnified low-

frequency Raman spectra and (c) changing of fluorescence spectra for the corresponding samples.
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The well dispersed M-DW solution and the effect of FeCls addition were
characterized with the help of optical tools, as reported previously [25]. Figure 4.2.1a
shows wide-range Raman/fluorescence spectra taken with laser excitation of 785 nm for
raw, MAP, M-DW, FM-DW and VUV treated FM-DW / PVDF nanofiber filament. From
Raman spectra of MAP coated PVDF nanofiber filament without DWNTs, there is no
strong Raman band and luminescence emission of MAP by excitation at 785 nm. After
M-DW coating, we could see a strong G-band (E2g2 mode) at 1589.6 cm™!, while below
400 cm™', several radial breathing mods (RBMs) could be seen with the second order
symmetry-scattered G'-band at around 2584.8 cm™'.[26]

Since the RBMs of CNTs are useful to provide information for the diameter,
dispersion level and physicochemical environment of surrounding CNTs [25, 27, 28], the
low-frequency Raman spectra is magnified (Figure 4.2.1b). From a theoretical Kataura
plot based on the extended tight binding exciton model [29], we could assign the inner
tubes with diameters of ca. 0.86 nm (269.3 cm™) and 0.98 nm (237.6 cm!) that are in
resonance with 785 nm laser excitation to be S tubes, while the outer tubes with diameters
of ca. 1.52 nm (160 cm™) were identified to be M tubes (S@M DWNT) [30, 31]. As
shown in several RBM peaks, the intensity at 237.6 cm™' was significantly decreased
comparing with 269.3 cm’'. This phenomenon indicates that the electronic structure is
changed by formation of strong DOPA-Fe** bonds between individually isolated DWNTSs
as network structure, so that the resonance states of S inner tubes are shifted like the
bundled DWNTs.[27, 32] When looking at the RBM peaks of M outer tube, the intensity
at 160 cm™ was maintained in M-DW/PVDF filament, but in case of FM-DW/PVDF,
their intensity was decreased. This phenomenon is determined by modified directional
vibration mode due to outer tubes are directly contacted with MAP-Fe*" layer. It is
indicating that the circumferentially generated and concentrated stress induced by surface
stiffening of sidewall physically suppresses the RBM vibration in a radial direction.[25,
33]

Furthermore, luminescence peaks were observed with the M-DW/PVDF
corresponding semiconducting inner tube in the isolated DWNTs. However, in case of
FM-DW/PVDF, these emissions were suppressed. Since the coordinative bonding
between the DOPA in MAP and Fe*" ion is formed on the on the surface of DWNTs,[34]
this networked structure quench luminescence similar to entrapment effect of outer tube
in bundled DWNTs. Furthermore, since several DOPA groups in the MAP molecule,[22,
23] M-DWs are linked by 3D network structure form DOPA-Fe*" bonding. Therefore,
DWNTs loss their optical singularities by charge transfer though DOPA-Fe** linkage.[24,
25, 35] Consequently, PVDF nanofiber filaments were well-coated with MAP-inspired
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DWNT solution, and isolated DWNTs were cross-linked by DOPA-Fe** bonding in the

coating layer.

Gband —— VFM-DW/PVDF
W"ﬁwm ——— FM-DW /PVDF
NP i —— M-DW/PVDF
TP o PR —— M/PVDF

Raw PVDF

2900 3000 3100 D band

Normalized counts

500 1000 1500 2000 2500 3000
Raman shift (cm™)

Figure 4.2.2 Raman spectra taken with laser excitation of 514 nm for raw, MAP coated, M-DW
coated, FM-DW coated and VUV treated FM-DW PVDF nanofiber filament. The inset show the

magnified Raman spectra for corresponding samples near the —CH, vibration of PVDF.

Figure 4.2.2 shows the Raman spectra taken with 514 nm for raw, MAP, M-DW,
FM-DW and VUV treated FM-DW / PVDF nanofiber filament. As shown in this figure,
strong vibration of ~CH stretching at 2978cm™! was observed in the raw PVDF nanofiber
filament sample. However, after coating with MAP solution, the peak corresponding
PVDF was disappeared and broad luminescence of MAP was arisen. This result indicates
that PVDF filament is well coated by MAP. Moreover, M-DW coated sample shows
various peaks corresponding DWNTs such as D-band at 2679.3 cm™!, G band at 1592.1
cm™' and RBM at low frequency below 400 cm™ with luminescence of MAP. Therefore,
these results indicate that PVDF nanofiber filament was well coated with MAP-inspired
DWNT solution. The FM-DW coated PVDF nanofiber filament show disappearance of
luminescence from MAP because of formation between Fe** ion and DOPA groups in the
MAP.[25] When after VUV treatment, the peak of —CH: vibration was increased
comparing with non-treated FM-DW / PVDF filament, this result indicates that MAP was
partial etched by VUV irradiation, so that PVDF part under the coating was exposed to
the outside. However, Raman peaks corresponding DWNTs were still strongly remain,

consequently, mainly MAP components was decomposed by VUV treatment.
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The SEM images of MAP-inspired DWNTs coated PVDF nanofiber filaments
are shown in Figure 4.2.3. As shown in Figure 4.2.3a, PVDF nanofiber filament consists
of two twisted nanoweb as 2-ply yarn structure, and diameters of filament and nanofiber
were ca. 336+73 um and ca.310+£78 nm, respectively. After coating FM-DW solution to
filament, the diameter of nanofiber is increased to ca. 413+101nm, although diameter of
filament was not changed. It is indicated that each nanofibers were well-coated with
MAP-inspired DWNTs solution by complete infiltration.[36, 37] Moreover, after VUV
irradiation, coating surface was etched and shrank by irradiation energy. Consequently,
PVDF filament was well-coated by infiltration and vacuum dry process, and VUV
treatment induce the change of surface morphology.

1 pm

—— _ﬁﬂi_
Figure 4.2.3 SEM images of MAP-inspired DWNT coated PVDF nanofiber filaments: (a,d) raw
PVDF, (b,e) FM-DW coated, (c,f) VUV treated FM-DW/PVDF filament.
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4.2.3.2 Mechanical Properties by Metal Absorbed MAP-DWNTs Coating

Figure 4.2.4a presents the tensile stress-strain curve, and the variation of Young's
modulus, tensile strength and strain for the PVDF nanofiber filament with MAP-inspired
DWNTs coating were also shown in Figure 4.2.4b. The specific value of Young's modulus,
tensile strength and strain are shown in Table 4.2.1.

After coating by MAP solution without DWNTs on the PVDF filament, both of
the tensile strength and strain were increased. These results indicate that MAPs were
coated on the filament surface by complete infiltration, and they have mechanically
enhancing performance itself. Also the tensile toughness was increased up to 257.6 mJ/m?
by MAP coating, indicating that MAP effectively acted as a mechanical toughening agent.
The decrease in the young's modulus is clear experimental evidence about the increased
elastomeric property. By fully exploiting the intrinsic properties of CNTs [38], we
improved young modulus, tensile stress and strain of nanofiber filaments via the coating
with M-DW solution.

The noteworthy point is that mechanical properties of PVDF filament were
remarkably increased by FM-DW coating. These results can be explained by cross-
linking of MAP through coordinative bonding between DOPA and Fe*" ion, so that it
could be form the 3D networking structure.[22, 34] Thus, individually coated FM-DW
layer on the each nanofiber acted as mechanical reinforcing agent of the PVDF nanofiber
filament.[20] However, in case of VUV treatment FM-DW coated filament (VFM-
DW/PVDF), we observed the decreased mechanical properties because of the partially
etched MAP by irradiation. However, they had good performance as compare with that
of M-DW/PVDF filament.
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Figure 4.2.4 (a) Stress-strain curves, (b) Young’s modulus, tensile strength and elongation at
break of PVDF nanofiber filament with MAP-inspired DWNT coating.

Table 4.2.1 Mechanical properties of PVDF nanofiber filaments with MAP-inspired DWNT
coating and VUV treatment.

Young’s Tensile Elongation Tensile
Sample I.D. modulus strength at break toughness
(MPa) (MPa) (%) (mJ/m)
Raw PVDF 87.61+0.6 35.34+0.4 93.3+1.2 217.0
M /PVDF 85.73+0.3 36.76+0.3 103.2+3.1 257.8
M-DW / PVDF 86.65+0.7 40.52+0.3 111.1£2.7 311.2
FM-DW / PVDF 86.94+0.4 42.28+0.2 120.5+3.1 349.6
VFM-DW / PVDF 88.38+0.5 41.09+0.4 112.6+1.4 310.3
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4.2.3.3 Electro Conductivity of VUV Treated FM-DW/PVDF Filament

The 2-point probe results of PVDF filament with MAP-inspired DWNT coating
are shown in Table 4.2.2. Because PVDF is originally insulator,[39] the resistance of raw
PVDF nanofiber filament is in the out of the range. After coating with M-DW solution,
we are able to detect the resistance (ca. 9.3 MQ), since electrically conductive DWNTs
[38] were coated on the PVDF surface.

The noteworthy point is the drastically decreased resistance by FM-DW coating.
This result can be explained by the formation of charge transferable network structure in
the DWNT-MAP-Fe** complex layer. The coordinative bonding between MAP-Fe** and
electrically conductive iron ion make more electrically transferable environmental. In
addition, VUV treat induces significantly decreased resistance down to 0.65 MQ. This
results indicat that DWNTs were exposed because of partially etched MAP under VUV
treatment. Consequently, using Fe** addition and VUV treatment, MAP-inspired DWNTSs

coating induced drastic enhancement of electrical conductivity of nanofiber filament.

Table 4.2.2 Electrical properties of MAP-inspired PVDF filament with Fe** complex and VUV
treatment

‘ Speciﬁc Electric
Resistance ..
Sample 1.D resistance conductivity
(MQ) r
(€2'm) (S'm )
PVDF n/a n/a 0

M-DW / PVDF 9.35 84.1 0.012
FM-DW / PVDF 1.21 10.9 0.091
VFM-DW / PVDF 0.65 5.88 0.170

73



Chapter 4.2

4.2.4 Conclusion

In summary, we have successfully coated MAP-inspired DWNTs solution on the
PVDF nanofiber filament surface and verified improvements of physical performance by
formation of metal absorbed complex and VUV irradiation.

By using Raman/ luminescence spectroscopy, it is confirmed that M-DW solution
was well coated on the surface of PVDF filament, as results from appearance of G-, D-
band and RBM corresponding DWNTs, and luminescence of MAP. Moreover, Fe*"
absorbed complex were photochemically verified at excitation with 785nm by RBM and
luminescence change of DWNTs. From the increased intensity of PVDF after VUV
treatment, we verified that the optical irradiation partially etched the MAPs.

The mechanical properties of PVDF filaments were significantly enhanced by
MAP-inspired DWNTs coating. Furthermore, Fe’" absorbed MAP-DWNT coating
induced remarkable improvement of tensile toughness by ca. 61.1 % comparing with raw
filament. This enhancement occurred by formation of coordinative bonding between Fe*
and MAP. The electrical properties also enhanced by MAP-inspired DWNTs coating due
to DWNTs, and Fe*" induced drastic improvement of electric conductivity. Furthermore,
after VUV treatment, electric conductivity was greatly increased by above 13 times.

Consequently, we confirm that MAP-inspired DWNTs coating is highly effective
physical reinforcing agent for nanofiber, and mechanical/electrical performance could be

enhance by formation of metal absorbed complex and VUV treatment.
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Chapter 4.3 Double walled Carbon Nanotube Based Biocompatible
Aerogel via Coacervation of Mussel Adhesive Protein and Single

Stranded Deoxyribonucleic Acid

4.3.1 Introduction

Aerogels are exceptionally porous materials having large pore volumes and low
bulk densities. Their unique structure provides remarkable properties and wide
applications.[1-3] In spite of the considerable need using aerogels, only limited types of
materials can be produced into the “aerogel’ structure. In generally, these high valuable
aerogel could be converted from sol-gel method.[4] Coacervation is electrostatically-
driven sol phase separation in liquid, inducing from aggregation of oppositely charged
particles.[5] It is expected that investigation of protein-polyelectrolyte complexes having
self-organized systems can impart useful applications in bio medical area.[6, 7] However,
coacervate is type of sol, additional method will be necessary to convert into aerogel such
as chemical bonding and cross-linker.

In recent years, carbon nanotubes (CNTs) have been widely used in biomaterial
applications such as drug delivery systems, biocatalyst, and biosensors [8-10] because of
their high physical properties and and nano-sized diameter.[11-13] Several researchers
reported that CNTs are good 1D material for preparation of aerogel.[14] Thus, it is
expected that CNTs could be used for conversion coacervate into aerogel as physical
cross-linker. The single stranded DNA (ssDNA) and mussel adhesive protein (MAP) have
attracted a great attention as dispersing agent with regard to the st r ongly bundled
CNTs.[15-17] Moreover, it is expected that they can form the coacervate phase by
combination of negatively charged ssDNA (phosphate groups) and positively charged
MAP (amine groups).[18, 19] MAP’s ability to form the coordinative bond with metal
ion[19] can help to proceed the gelation process via the formation of chemical bonding.
Thus, it is possible to prepare acrogel from ssDNA-MAP coacervate using DWNTSs using
the sol-gel method.

In this study, from coacervation with MAP and ssDNA-dispersed CNTs, aerogel
was prepared by sol-gel method and freeze drying. The coacervation process was
confirmed by optical analysis using Raman/fluorescence and UV-Vis-NIR spectroscopy,
and electrokinetic analysis using dynamic light scattering (DLS). Furthermore,
mechanical and electrical performances were measured to verify the optically active,
mechanically strong, electrically conductive, and biologically active metal-absorbed
MAP-ssDNA-DWNTs aerogel.
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4.3.2 Experimental
4.3.2.1 Synthesis of the High Purity DWNT Sample

The synthesis of DWNTs was carried out by the catalytic chemical vapor
deposition method with furnace using Mo/Al203 and Fe/MgO as conditioning catalyst
and nanotube catalyst, respectively. Subsequently, a methane/argon (1:1) mixture was fed
into the reactor typically for 10 min at 875 °C. A purification processes were applied to
the as-grown products by following methods: Firstly, an oxidation process (500 °C, 20
min) was carried out to reduce the chemically active SWNTs. Secondly a hydrochloric
acid (18%, 100 °C, 10 h) treatment was carried out in order to remove the metal catalysts,
followed by air oxidation at 500 °© C for 10 min in order to remove carbonaceous
impurities. The detailed experimental procedures were described in our previous papers.
[20, 21]

4.3.2.2 Dispersion of DWNTs using ssDNA in Aqueous Phase

The prepared highly pure DWNTs (1 mg) were individually isolated in an
deionized water (10 ml) with the help of single-stranded deoxyribonucleic acid (ssDNA)
(Aldrich) (10mg) under strong sonication (VCX 750, Sonics & Materials, 750W) for 1 hr
at 4 °C, and subsequent ultracentrifugation (Optima Max-XP, Beckman Coulter, 240000g)
for 1hr at 5 °C. Their supernatant of ssDNA-dispersed DWNT (D-DW) suspension (70%),
rich with isolated nanotubes, was obtained and characterized in our optical study. In the
following procedure for preparing aerogel, D-DW solutions without centrifugation were
also used in order to high contents of DWNTs. To verify dispersibility and chemical effect
of ssDNA, MAP-dispersed DWNTs (M-DW) and sodium dodecyl benzene sulfonate
(SDBS) -dispersed DWNTs (S-DW) were prepared as previous chapter.

4.3.2.3 Coacervation of Metal-Absorbed MAP-ssDNA-DWNT

To prepare coacervate, MAP (pretreated mussel adhesive protein, 22.6 KDa,
Kollodis & Biosciences) (10mg) was dissolved in the 10 ml of deionized water. The
prepared MAP solution (Img/ml) was added to the 3 ml of D-DW supernatant or D-DW
dispersion without centrifugation by various wt% vs ssDNA. To achieve highly cross-
linked gel phase, FeCls solution (100 mM) was added to MAP-ssDNA-DWNT emulsion
(MD-DW). FeCls solution (100 mM) was prepared by addition the iron chloride
hexahydrate (FeCls - 6H20 Aldrich) (270.3 mg) to 10 ml of deionized water.
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4.3.2.4 Conversion Coacervate into Aerogel

Fe**-absorbed MD-DW prepared from D-DW supernatant (FMD-DW) and
FMD-DW having high DWNTs contents without centrifugation (hFMD-DW) were
concentrated in the vacuum chamber for 12, and subsequent mild sonication was applied
(1510, Branson, 10 min). And then, gelated emulsion was converted to aerogel by freeze
drying (FDU-1200, EYELA) for 48 h.

4.3.2.5 Characterization

The optical spectra for DWNT suspensions were obtained using a UV—vis—NIR
spectrophotometer (V-670, JASCO) and a 785 nm excited Raman system (Reinshaw,
inVia Raman microscope).

To verify surface energy and size changing of coacervate, zeta-potential and size
of particle were measured by dynamic light scattering (DLS, Zetasizer Nano ZS,
Malvern). And structural durability of FMD-DW aerogel was measured by simple press
of ca.10g of slide glass to compare FMD without DWNTs and FMD-DW supernatant.
Moreover, to identify the electro conductive property of FMD-DW aerogel, simple on-
off test of LED bulb was measured by touch the electrode to aerogel under 4.5 V voltage.

4.3.3 Results and Discussion
4.3.3.1 Preparation of Individually Dispersed ssDNA-DWNT Suspension

Figure 4.3.1a and 1b show wide-range Raman/fluorescence spectra taken with
laser excitation at 785nm and UV-Vis-NIR absorption spectra for pristine DWNTs, MAP-
DW supernatant, D-DW remnant and D-DW supernatant, respectively. From the Raman
spectra of pristine DWNTs, we could see a strong G-band (E2¢2 mode) at 1590 cm’!, while
below 400 cm™!, several RBMs (which correspond to a coherent vibration of the carbon
atoms normal to the tube axis) could be seen along with the second order symmetry-
allowed G'-band at around 2588 cm™.[22] As shown in this figure, D-DW supernatant
exhibited well resolved strong luminescence peaks (Figure 4.3.1a) and sharp absorption
peaks (Figure 4.3.1b), and they were not able to observe in the remnant state because of
bundled tubes.[23] Therefore, it indicating that individually dispersed DWNTs were
generated through the strong interaction with ssDNA.[15, 21]

To confirm the optoelectric effects of ssSDNA as dispersing agent for DWNTs, we
measured optical change comparing ssDNA with SDBS using optical analysis. As shown
in Figure 4.3.1a, the luminescent spectra of the D-DW suspension is red-shifted by 133
cm! ((8,3), ca. 165 meV) compared to that of the S-DW suspensions. Moreover, the
bathochromic shifted UV-Vis-NIR absorption peak comparing D-DW with S-DW
suspension by 14 nm ((8,3), ca. 177 meV) is observed in Figure 4.3.1b. This red-shift
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phenomenon of D-DW could be explained by environmental dielectric screening
effects.[24, 25] Furthermore, since strong electron-donating groups such as phosphate,
carbonyl and amine group in ssDNA structure,[ 18] the electron density of DWNTs in D-
DW solution is higher than SDBS. As a result of this electron-donating effect, since
excitons could be easily excited, both of absorption and luminescent emission were red-
shifted by reduction of energy-gap.[17, 26]

Since the RBMs of DWNTs are well-known to provide information on the
chirality and diameter,[27, 28] the low-frequency Raman spectra is magnified (inset in
Figure 4.3.1a). Several studies reported that the resonance singularity in the RBM of
CNTs is dependent on the bundle organization and inter-nanotube contact area due to
modified electronic structure. Therefore, it is confirmed that aggregation affects the
excitation state and cause changing of intensity of RBM.[27, 29] In the case of the
supernatant of D-DW, the RBM peaks from S inner tube exhibited increasing intensity at
236.3 cm™! and relatively decreasing intensity at 267.4 cm™ comparing with bundled P-
DW and remnant of D-DW. Thus, it is confirmed that this result could be evidence of
dispersibility of ssDNA for DWNTs.

——D-DW(S) @) (b) ——D-DW(S)
. I —D-DW®)
| — (83) 3 ©4)(12.1)
2 [100 200 300 ®4 > = (8.7 (7.5) (10,5
g 2 TN a2
2 (6,1) 2 azh- s,
[} =
N H=
>
N JLW | | MED) | S(En) . SEn).
500 1000 1500 2000 2500 3000 400 600 800 1000 1200

Raman shift (cm-1) Wavelength (nm)

Figure 4.3.1 (a) Wide-range Raman/fluorescence spectra, (b) UV-Vis-NIR absorption spectra for
pristine P-DW, S-DW supernatant (S), D-DW remnant (S) and D-DW supernatant (R). Inset of
la shows corresponding radial breathing mode (RBM).

81



Chapter 4.3

4.3.3.2 Raman/fluorescence and UV-Vis-NIR Spectra of Coacervate

Figure 4.3.2a shows wide-range Raman/fluorescence spectra taken with laser
excitation of 785 nm for D-, M-, MD- and FMD-DW solutions. As shown in this figure,
D-DW suspension shows strong luminescence peaks as mentioned above. The M-DW
suspension shows emission at more longer wavelength comparing with D-DW suspension
by +27 em™ ((8,3), ca.-33 meV). When addition MAP solution to D-DW suspension (300
wt% vs ssDNA), bathochromic shift was appeared by +48 cm ((8,3), ca. -59 meV)
comparing with D-DW. These results indicated that optochemical environment
surrounding DWNTs was modified with addition of MAP into D-DW solution, and their
coacervate structure is chemically different from M-DW. Moreover, although high
turbidity of MD-DW emulsion, their luminescence were still strong. Therefore, MD-DW
coacervates maintained individually isolated DWNTs structure, even if suspension
converted to opaque emulsion having large particles (Figure 4.3.3). After adding 50ul of
FeCls solution (100mM) to MD-DW emulsion, the luminescence peaks corresponding
van Hove singularities were completely disappeared. It is indicated that MD-DW
coacervates were cross-linked by coordinative bonding between Fe*" and MAP as studied
previous chapter.[17]

As shown in Figure 4.3.2b, RBM peaks of D-DW indicate individually dispersed
DWNTs due to high intensity of 0.99 nm semiconducting tube corresponding isolated
DWNTs.[27] This individual dispersion state was maintained even after addition of MAP
into D-DW, as shown still strongly existing peak of isolated DWNTs. Consequently, as
shown in photo image of Figure 4.3.3, addition of MAP to D-DW induced growth of
coacervate and conversion to emulsion of high turbidity, it is verified that dispersion state
of individually isolated DWNTs was maintained. But on the other hands, when after
adding Fe*", the intensity at 236.3 cm™! was significantly decreased and 267.4 cm™ was
increased. This phenomenon indicates that the electronic structure is changed by
formation of strong DOPA-Fe*" bonds between individually isolated DWNTs as 3D
network structure, so that the resonance states of S inner tubes are shifted like the bundled
DWNTs.[17]
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Figure 4.3.2 (a) Raman/fluorescence spectra taken with laser excitation of 785 nm for D-DW, M-
DW, MD-DW and FMD-DW suspension, their corresponding (b) radial breathing mode, (c)
around G-band, and (d) around G'-band.

Figure 4.3.3 The ultracentrifugated semitransparent D-DW suspension (left), the following
addition of MAP to D-DW suspension (middle) and after adding 20ul of FeCl; solution (100mM)
to MAP-DW suspension.
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The UV-Vis-NIR absorption spectra of MD-DW show bathochromic shifted
absorption peaks comparing with D-DW and they show strong absorption at longer
wavelength comparing with M-DW (Figure 4.3.4). These results also indicate that MD-
DW coacervate is chemically different from D-DW and M-DW. Specific values of red-
shift and energy gap were calculated in Table 4.3.1. However, after addition of FeCls to
MD-DW solution, sharpness of absorption peaks were decreased due to the formation of
the electrical network and the surface hardening effect of MAP-Fe®* bond, as mentioned

previous chapter.[17]

— FMD-DW
—_ MD-DW
—— M-DW
0.4) —D-DW
(7,5) (10,2) 12,1)

Normalized Abs. (a.u)

E,, semi-conducting

1050 1100 1150 1200
Wavelength (nm)
Figure 4.3.4 UV-Vis-NIR absorption spectra for D-, M-, MD- and FMD-DW suspension.

Table 4.3.1 Structures and first van Hove optical transitions for Semiconducting D- and MD-
dispersed DWNTs from UV-Vis-NIR spectroscopy.

D-DW MD-DW
Chirality Nii E; Nii Ei AL AE;;
(nm) (eV) (nm) (eV) (nm) (AmeV)
(12,1) 1196 1.037 1202 1.032 6 -5.179
9,4) 1131 1.097 1139 1.089 8 -7.706
(10,2) 1076 1.153 1081 1.148 5 -5.334
(7,5) 1044 1.189 1048 1.184 4 -4.536
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4.3.3.3 Optically Sensitive Coacervation Process of D-DW with MAP and Fe**

To confirm the optical activity of FMD-DW, Raman/fluorescent and UV-Vis-NIR
absorption spectroscopy were carried out. As shown in Figure 4.3.5, when increasing
amounts of MAP solution, the emissions of luminescence corresponding van Hove
singularities were shifted to high frequency. But after addition above 300 wt% of MAP
vs ssDNA, these bathochromic phenomena were completely stopped and maintained their
emission without any change. These results indicated that the phosphate groups in the
ssDNA were fully saturated with cationic groups of the MAP. But after addition of FeCl3
solution, several luminescence peaks and RBM peaks at 236.3 cm’! was extremely
decreased (Figure 4.3.6). These results induced by several chemical and physical effects
as discussed above. Significantly, luminescent peaks were completely extinguished
similar to pristine DWNTs when adding more than 40 ul of FeCls solution, and it
indicated that hydroxyl groups in the DOPA were fully saturated with Fe** ions.[17]

The UV-Vis-NIR spectra of D-DW with addition of MAP and FeCl3; were shown
in Figure 4.3.7. As similar results from Raman measurement, the bathochromic shift was
occurred by addition of the MAP into D-DW suspension, oppositely, sharpness of
absorption was decreased without red shift by addition of FeCl3. Consequently, we could
be verified saturation point of ssDNA-MAP coacervate, and their highly sensitive

optochemical properties were confirmed by optical analysis.
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Figure 4.3.5 (a) Raman/fluorescence spectra taken with laser excitation of 785 nm for D-DW
suspension with different amounts of MAP solution (Img/ml), and their corresponding
normalized (b) RBM, (¢) luminescence of (6,4) tube and (d) (8,3) tube.
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Figure 4.3.6 Raman/fluorescence spectra taken with laser excitation of 785 nm for MD-DW with
different amounts of FeCls solution (100mM). The inset shows the magnified low-frequency
Raman spectra for the corresponding samples.
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Figure 4.3.7 UV-Vis-NIR absorption spectra of MD-DW solutions with different amounts of
FeCl; solution (100mM).
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4.3.3.4 Dynamic light scattering (DLS) measurement of FMD-DW coacervate
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Figure 4.3.8 The changing of Zeta-potential, particle size and pH of D-DW solution with addition
of MAP and Fe*" from dynamic light scattering (DLS) and pH meter.

To verify the change of surface charge and diameter in the coacervation process,
dynamic light scattering (DLS) analysis was carried out. The zeta-potential of MAP
(Img/ml) and FeCls solution (10mM) were 27.0mV and 22.7mV, respectively. When
increasing addition of MAP to the D-DW, zeta potential of solution increased
continuously and reached -55.2 mV by addition of 100 wt%. As reported in reference
[30], when absolute value of zeta potential is above £40 mV, suspension was stable in
aqueous phase having highly charged surface. Thus, MD-DW coacervate was stable in
the emulsion and maintained their dispersion state. At the same time, size of coacervate
was increased to 149.4 nm with increasing MAP amount, since MAP molecules wrapped
the surrounding of D-DW. The pH behavior shows no particular change. It is expected
that deprotonation of phosphate in ssDNA and protonation of amino group in MAP were
equalized in the emulsion. [31, 32]

By addition of FeCls solution until 200 pl, zeta potential was increased by
positively charged Fe** solution and their size was increased to 201.6 nm. This result
indicates that the addition of FeCls induces the coordinative bonding between Fe** and
MAP on the surrounding of MD-DW coacervate, so that size of particle was increased.

However, after addition above 200 pl, zeta potential was rapidly approaching to 0 mV as
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hydrophobic, furthermore, their size grew up to micro-scale. As results of that,
coacervates could not maintain dispersion state, as results of that, precipitated in aqueous
phase. In addition, pH was rapidly decreased to acidic condition, because formation
between Fe** and MAP caused rapid deprotonation of hydroxyl group in MAP.
Consequently, it is confirmed that addition of FeCls help the growth of coacervate, but

excessive amounts induce unstable dispersion state.

4.3.3.5 Conversion FMD-DW Coacervate to Aerogel

In above chapter, to confirm the optical and electrostatic properties of FMD-DW
coacervate, D-DW supernatant after centrifugation was used in the Raman, UV-Vis-NIR
and DLS analysis. Therefore, to identify the effect of DWNTs for gelation, FMD-DW
emulsion having high DWNTs contents (hFMD-DW) was prepared from just sonicated
D-DW without centrifugation.

hFMD-DW coacervate was prepared by addition of 60 ul of FeCls solution into
MD-DW emulsion which is mixture of sonicated D-DW dispersion and 50 wt% (vs
ssDNA) of MAP. At this time, the concentration of DWNTs was 0.1 mg/ml. Prepared
hFMD-DW emulsion was concentrate in the vacuum chamber for 12 h to achieve DWNTs
concentration by 0.5 mg/l, and subsequent mild sonication was applied (Figure 4.3.9).

As shown in Figure 4.3.10, after concentration, hFMD-DW emulsion had drastic
high viscosity, so that flowability was very low when turned upside down, although FMD-
DW from D-DW supernatant (after centrifugation) is easily flowed down. Therefore,
these results indicated that DWNTs ratio is important factor for gelation and DWNTs
were worked as cross-linker between coacervate. These prepared coacervate gels were

freeze dried for 48 h to convert them into aerogel phase.
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Figure 4.3.9 Digital photos of conversion coacervate emulsion to acrogel.

JeEme

2T LRt

INR

4

-~

L]

FMD-DW =

L —

iy

hFMD-DW

AN

e

Figure 4.3.10 The flowability of FMD-DW and hFMD-DW after concentrate.
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4.3.3.6 Physical Performance of FMD-DW Aerogel

To verify the mechanical durability of hFMD-DW aerogel, simple pressing test
was carried out. As shown in Figure 4.3.11, sample of FMD without DWNTs and FMD-
DW were completely compressed by pressing using slide glass (ca. 8.3g). In other hand,
sonicated FMD-DW aerogel was maintained their shape. This result indicated that
DWNTs worked as reinforcing agent of cross-linker for coacervate.

Electrical performance was identified by simple Current flow test of h(FMD-DW
aerogel using LED bulb (Figure 4.3.12). When the anode contacted on the aerogel surface,
blue LED bulb was turn on, thus, it is confirmed that entire hFMD-DW aerogel is
electrically conductive.

1
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Figure 4.3.11 Pressing test of (a) FMD and hFMD-DW, and (b) FMD-DW and hFMD-DW

_. K'qT = Bk
Figure 4.3.12 Current flow test of hFMD-DW aerogel using LED bulb
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4.3.4 Conclusion

In summary, I have successfully prepared mechanically strong, electrically
conductive and biocompatible metal-absorbed aerogel containing DWNTs by gelating
MAP-ssDNA coacervation. In order to confirm opto-chemical changing of the
coacervation and gelation process, optical measurement such as Raman/fluorescence and
UV-Vis-NIR spectroscopy were carried out. MAP-ssDNA-DWNT coacervates had
different chemical state from ssDNA- or MAP-dispersed DWNTs, and they maintained
dispersion state of DWNTs. Moreover, surface charge, diameter and stability in aqueous
phase of coarcervates were verified using the dynamic light scattering (DLS)
measurement. The prepared FMD-DW coacervate emulsion was converted to aerogel by
concentration and freeze drying process. We found that DWNTs acted as cross-linker
between coacervate when converting sol to gel. The prepared FMD-DW aerogel was
mechanically stable and electrically conductive, indicating that DWNTs are good
reinforcing agent and cross-linker to improve physical performance. Consequently, it is
expected that optically active, mechanically strong, electrically conductive, and
biologically active metal-absorbed MAP-ssDNA-DWNTs coacervate should find many

potential uses in the biological and medical areas.
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Chapter 5 Conclusion

My PhD thesis is constructed based on three parts; (a) the improvement both in
the mechanical, thermodynamic performance and shape memory behavior of
biodegradable electrospun nanofiber yarn prepared by twisting process, followed by
coating with silicone elastomer, (b) the dispersion of hydrophobic carbon nanotubes by
decorating with typical biomolecules (e.g., ssDNA and mussel adhesive protein (MAP)),
(c) the preparation of electrically conductive, mechanically tough and biocompatible
nanocomposite using biofunctionalized carbon nanotubes.

The fabrication of silicone elastomer-coated polylactide nanofiber yarn was
successfully prepared using the electrospinning system, twisting process, and coating
(Chapter 2). Both the mechanical and thermodynamic properties of the polylactide
nanofiber yarn were dramatically improved with increasing the width of nanofiber sheets
as well as twisting number, due to the decreased voids and the increased internal friction
within nanofiber yarn. The cross-sectioned SEM image of nanofiber yarn showed the
complete infiltration of the silicone elastomer, indicating the biphasic bulk morphology.
In addition, the higher rate in their shape memory behavior was observed for nanofiber
yarn prepared by increasing slid width and twisting number.

Furthermore, I introduced a new type of shape memory polymer, silicone
elastomer-coated polycaprolactone nanofiber yarn (Chapter 3). The coating process with
silicone elastomer has greatly improved the thermomechanical properties of the as-spun
polycaprolactone nanofiber yarn. In addition, annealing of the silicone elastomer-coated
nanofiber yarn has contributed to the increase in the crystalline level of polycaprolactone,
thereby resulting in the improvement of the toughness and elongation at break. The
experimental results I achieved have a high probability of broadening the applications of
the silicone elastomer-coated polycaprolactone nanofiber yarn, such as aerospace industry,
biomedical devices, and smart textiles.

I have prepared individually dispersed DWNTs in an aqueous solution using
MAP as dispersing agent and then examined the optical sensitivity of MAP-dispersed
DWNT suspension with regard to the metal ion (Fe**) using various optical tools (Chapter
4.1). With increasing dispersion state of the MAP-dispersed DWNT suspension, the
intensified absorption and luminescence peaks indicated that the DWNTs were
individually isolated in an aqueous solution. In comparison with SDBS-dispersed DWNT
suspension, the red shift in the absorption and luminescent peaks for the MAP-dispersed
DWNT suspension can be explained in terms of both the altered band-gap and the
dielectric screening effect. The addition of the FeCls solution to MAP-dispersed DWNT

supernatant created the formation of coordinative bond between the DOPA of MAP and
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Fe*" ion. From XPS spectra, we observed a transition from O-C to O-Fe bond, indicating
the formation of DOPA-Fe*" coordinative bonds, upon adding the FeCls solution to MAP
dispersed DWNT supernatant. The optical depression in the ferric chloride added MAP
dispersed DWNT supernatant was verified by the disappearance of luminescence peaks
and relative changes in the RBM intensities due to the formation of DOPA-Fe** bonds.
The UV-Vis-NIR spectra also showed the loss of van Hove singularities with the
broadened absorption peaks on the addition of FeCls solution. Both the depression of the
BWF line and RBM peak at 160 cm™! associated with metallic outer tubes indicated that
the circumferentially coated MAP-Fe*" complex on the outer tubes largely altered the
resonance condition of the outer tubes. We also observed the sensitive change in the
optical properties of DWNTs when adding the FeCls solution to MAP dispersed DWNT
supernatant from the Raman, UV-Vis-NIR and PL studies. However, when the amount of
FeCls solution reached 50ul, the optical activities of DWNTs were completely depressed,
indicating that DOPA groups in MAP were fully saturated with ca. 9.3wt% and ca.
3766.7mol% of Fe** ions.

I successfully modified the PVDF nanofiber yarn by coating with MAP-inspired
DWNT suspension and then verified the large improvements of physical performance via
the formation of metal absorbed complex and VUV irradiation (Chapter 4.2). I confirmed
that MAP-dispersed DWNT solution was infiltrated into the nano-sized voids created by
intersected nanofibers from the clear observation of the DWNT-derived Raman peaks
(e.g., G-, D-band and RBM), and luminescence of MAP. Moreover, the formation of Fe**
absorbed complex was verified using a 785nm laser line by observing the RBM and
luminescence changes of DWNTs. The mechanical properties of PVDF yarn was
significantly enhanced by coating with MAP-dispersed DWNT suspension. Furthermore,
Fe’" absorbed MAP-DWNT coating contributed to the remarkable improvement of
tensile toughness (ca. 61.1 %) as compared with that of uncoated nanofiber yarn. This
enhancement is due to the formation of coordinative bonding between Fe** and MAP. I
also observed the large improvement in the electrical conductivity by coating with MAP-
dispersed DWNT suspension because DWNTs and Fe** played large role in improving
electric conductivity of nanofiber yarn. Furthermore, VUV treatment induced 13-fold
enhancement in the electric conductivity. Consequently, it is confirmed that the infiltrated
DWNTs within nanofiber yarn acted as both a strong reinforcing filler and electrical
conductor and also the formation of metal absorbed complex and VUV treatment
contributed to the large improvement in the mechanical and electrical properties of the
coated nanofiber yarn.

Finally, I prepared mechanically strong, electrically conductive and
biocompatible carbon nanotube-based aerogel via the judicious combination of ssDNA
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and MAP (Chapter 4.3). In order to opto-chemically confirm the coacervation and
gelation process, Raman/fluorescence and UV-Vis-NIR spectra were measured.
MAP/ssDNA/DWNT coacervate exhibited different chemical state compared to ssDNA-
or MAP-dispersed DWNTs, and DWNTs were in good dispersion state. Surface charge,
diameter and stability in an aqueous phase of coacervate were verified using the dynamic
light scattering measurement. MAP/ssDNA/DWNT coacervate emulsion was easily
converted to aerogel via the concentrating process and the subsequent freeze drying
process. I clearly observed that DWNTs acted as cross-linker in a coacervate state. The
MAP/ssDNA/DWNT aerogel was mechanically stable and electrically conductive,
indicating that DWNTs acted as good reinforcing filler. It is envisaged that
MAP/ssDNA/DWNTs coacervate can be used in various biological and medical areas,
where optical activity, mechanical strength, electrical conductivity, and biological

activities are critically required.
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