- oy L4 e o - -y
MIATTULAZATTATIVIDNANHUYDIBYNIAU s hfﬁﬂ Tusdu

UNMINYIUT  QrienIy

»
el iy - L J - L A bl
Inniiwui iidudunilwensiinnmundngasS gy innmaasumiiudina
= . =y o« - o«
Il lasindinaz Insnaainedes
- o o -
AULIMUINTAT PINIRINNTINGIAY
Unmsdnu 2551

- -f L4 - -
hﬂaﬂli"ﬂﬂthﬂi uuMIIMEIAY



PREPARATION AND CHARACTERIZATION OF SILK FiBROIN

NANOPARTICLES

Miss Kanjana Uthaichay

A Thesis Submitted in Partial Fulfillment of the Requirements
for the Degree of Master of Science Program in Petrochemistry and Polymer Science
Faculty of Science
Chulalongkorn University
Academic Year 2008
Copyright of Chulalongkorn University

011437



Thesis Title

By
Field of Study
Thesis Principal Advisor

PREPARATION AND CHARACTERIZATION OF SILK
FIBROIN NANOPARTICLES

Miss Kanjana Uthaichay

Petrochemistry and Polymer Science

Associate Professor Chuchaat Thammacharoen

Accepted by the Faculty of Science, Chulalongkorn University in Partial Fulfillment

of the Requirements for the Master’s Degree

.............. h WWDepmy Deaut for Administrative Affairs,

Acting Dean, The Faculty of Science

(Associate Professor Vimolvan Pimpan, Ph.D.)

THESIS COMMITTEE

..........................

...........................

(Associate Professor Sirirat Kokpol, Ph.D.)

.C- Tharmachasti- hesis Principal Advisor
(Associate Professor Chuchaat Thammacharoen)

............. ?ﬂﬂ,{}’@”?’?ﬁxtmm Member

(Associate Professor Jatuphorn Wootthikanokkhan, Ph.D.)



v

mayeu guioRIe: MawisuinzmsigaiiondnysiveseynminTudan I Tusdu
(PREPARATION AND CHARACTERIZATION OF SILK FIBROIN
NANOPARTICLES) 0. ffinu1inniinuinan: 1. 1@ s33me3gy, 74 vah,

msmioueymau Tudad Il Tussu Taviimaanazneuvesmsazawdan InTusdy
ludnharawdunis 1us umnea emuea uazloleInamuen Wudimsaioudi
Funeuiwg higaon Nideal¥anuieu runsamunulnssadraydogiiveseyninnu
Faf il lussuldded niozaodundd  wwannsglinveseymmnTuSad i Tusdud
wiouldasnaeuTaoldndesqanssmididnaseunvudeansie  1dhinsAnunileivdieg
o3 oueymau Tudar I Tussunilvinaidn ﬂ'l‘-ﬁ'inﬁt{mmmm’i'uunqmﬂuﬂuiﬁﬁ
I Tusdumsanaxiiniaa 90 §3 100 wilumms — msinseiida TuanaveudulyTnyv
Tusdu msazawdad Tusdu FadMTusduildy uazeymmnTudod W Tusduiimion
R 1aoldmniineioriieniiles i lulnsmlnInsalnll  nuhlnssadramAegiivessynin
wTuFad M Tusdui Inamsanazneuluammeainnudiundnnnonh - Tassadmie
piivessymmnTudad I Tusdui I8nnnanazneuluenuea  uazlelaInsmuea
uams it sensonIugu TnsaadamAsgiiveseymau Tudad I Tuseu 1édaedah
azmwaunid  eymnu Tudan I Tusdumumsobhunlssgnd 1 lumsiludsesiveynin

wluduld  winnsfnymuheymanTufusunianssaeiumzimeaguuoyniau u
Far 1 Tusdu14f




# # 4972217723: MAJOR PETROCHEMISTRY AND POLYMER SCIENCE
KEYWORD: SILK FIBROIN NANOPARTICLES / SECONDARY STRUCTURE /
PROTEIN / ATR FT-IR MICROSPECTROSCOPY

KANJANA UTHAICHAY: PREPARATION AND CHARACTERIZATION
OF SILK FIBROIN NANOPARTICLES. THESIS PRINCIPAL ADVISOR:
ASSOC. PROF. CHUCHAAT THAMMACHAROEN, 74 pp.

Silk fibroin nanoparticles were prepared by precipifafing silk fibroin solution in
organic solvents (methanol, ethanol, and ise-propanol). The secondary structure of
silk fibroin nanoparticles was controlled by organic solvent. The size and morphology
of the silk fibroin nanoparticles were characterized by scanning electron microscopy
(SEM). Silk fibroin nanoparticles were prepared. The results indicated that the silk
fibroin nanoparticles have spherical shape with particles sizes in the range 90-100 nm,
The molecular characteristics of single silk fiber, silk fibroin solution, silk fibroin
films, and silk fibroin nanoparticles were investigated by ATR FT-IR
microspectroscopy. The technique gives molecular information of native single silk
fiber without sample destruction. The results indicated that the secondary structure of
silk fibroin nanoparticles precipitated in methanol were rich in p-sheet structure
compared to those prepared from ethanol and ise-propanol. Silk fibroin nanoparticles
can apply for silver nanoparticles deposition. Silver nanoparticles are well dispersed
and well deposited on silk fibroin nanoparticles.

Field of student .Petrochemistry and Polymer Science Student’s signature. . €302, Uthubbey
Academic year ..2008 . Principal Advisor’s mgnatureg.:whmmm



vi
ACKNOWLEDGEMENTS

I would like to express my sincere gratitude to my thesis advisor, Associate
Professor Chuchaat Thammacharoen and Associate Professor Dr. Sanong Ekgasit
who always provide the useful guidance, suggestion, encouragement, understanding
as well as patiently practices my technical skill during the whole research.

I would like to thank Associate Professor Dr. Sirirat Kokpol, Associate
Professor Dr. Jatuphorn Wootthikanokkhan, Assistant Professor Dr. Warinthorn
Chavasiri, and Associate Professor \Pr. Sanong Ekgasit for usefully substantial

suggestions as the thesis committee.

The authors would like to acknowledge Mr. Wonchalerm Rungswang, and
Associate Professor Dr. Suwabun Chirachanchai for the morphological
characterization using transmission electron microscopy technique, Mr. Prateep
Meesilpa, Director of The Queen Sirikit Institute of Sericulture, Office of the
Permanent Secretary for Agriculture and Cooperatives, Ministry of Agriculture and
Cooperatives for silk fiber supply, and National Center of Excellence for Petroleum,
Petrochemicals and Advanced Materials, NCE-PPAM and The Commission on
Higher Education for partial financial support.

Finally, I would like to thank my wonderful parents and the endearing family for
their love, understanding, encouragement, and overwhelmingly support.




CONTENTS

Page

ABSTRACT (IN THAI)...........o5c0k. IR ..o iv
ABSTRACT (IN ENGLISHSSeteete S R I F i g . ...c.ooeenenecnrroneasons v
ACKNOWLEDGEMENT SIS 0E. ... ... e iae v o i vnnsnnaionsons vi
CONTENTS......... comssmemeeei...... 0. . ... .FOUOERITNIINEINE. o oo cvoennasonsane vii
LIST OF FIGURE S . ot et b .l M iianceas - tOMIIIN oo o000 vinos X
LIST OF TABLES i il e T i -« o000 5000 Xiv
LIST OF ABBREVIAROUNSE. S JUE. ... 8. 0 oRte e c08ha Pasorsesssossnnin XV
LIST OF SYMBOLS.............. Fl Lo R .. xvi
CHAPTER I INTROLDUCHON L. . L0008, R . Stk e evrarssvavessen 1
1.1 Silk fibroin... .. 485 .. caits St T Gl SRl + <+ ccovnseisoosons 1
1.1.1 Silk fbel atrgire. R - ... ST TR« oo s ssniisainsnns 1

1.1.2 Silk fibroinructiee= . = R . . T . ... o5 v eenranannss 2

1.1.2.1 Primary st st . - s siissnanssnns 3

1.1.2.2 Secondiiy-Siroltime. . il e . o v vxssnesesnns 3

LI Tertary s e s (G T eds v e v er e 3

1.1.2:4 Quaternary StCIUTE. ......covcressnnmassnssonse sbsnabonssesssar 3

1.1.3 Secondary structure of silk fibroin protein................cccovvvn 3

1.1.4 Chemical composition of silk fibroin protein...................... 6

1.2 Silk fibroin nEnofiarticles..........coooe Ml uniienriinsnieirisininniinea 7

1.3 Preparation of silk fibroin nanoparticles...........ccccoeiiiiiniienniinnn 7

1.4 Characterization of silk fibroin by ATR FT-IR microspectroscopy.... 8

1.5 The objectives of this resean®h..........ccoouvenrililibeesesesssensnsnsnnesd 9

L5 The 3Sabég Of thik reSbatCit J. .8 0. . 3d % -o-foovodo le b Tn oo o 8 9
CHAPTER II THEORETICAL BACKGROUND........ccccvuiimmiiarunincnnns 10

2.1 Fundamentals of SPeCtrOSCOPY.....uvvruruviirussssssnarerirasscsssssssenn 10




viii

Page
2.2 Attenuated Total Reflection Fourier Transform Infrared (ATR FT-
TR SDECAGHCORY .« oo svnisnsmvsssnmasevssisnmnaenis st ol sensssnaunymas suss 12
2.2.1 Principle of light reflection and refraction..................ccceneee 13
2.2.2 Internal Reflection Element (IRE)......cc...ccvvvvininininininnin 14
2.2.3 ATR spectral intensity and penetration depth...................... 14
CHAPTER Il EXPERIMENTAL SECTION... itisscassssvsnserersnserenseas 16
3.1 Materials 70 . L XE. ) BN s 16
3.2 Experimental section..................... ¥ e B - O oo v 16
3.2.1 Preparation of Bombyx mori silk fibroin solution.................. 17
3.2.2 Preparation of the silk fibroin films...........cooeriininrncnnnnnnn. 17
3.2.3 Preparation of the precipitating solution............. TP NE 17
3.2.4 Preparation of silk fibroin nanoparticles................coevvnvennnn 18
3.2.5 The deposition of silver nanoparticles on silk fibroin
nanoparticlegilt . . oo R - « Rl <+ -+ 55550050 nssase 18
3.2.4 Preparation of silk fibroin nanoparticles................ccccininne 18
3.3 Charcterization of silk fibroin nanoparticles................ccoevirvnennen. 19
3.3.1 ATRFT-IR MICTOSPECIOSCOPY ..vovssnsnsnssnnnassatiosbanssssnvesens 19
3.3. 1) INSHUMERE..... . oo i iaussassasnenssasnses goescasoses 19
3.3.1.2 Default Spectral Acquisition Parameter.................... 20
3.3.2 Scanning electron mMiCrOSCOPY ...cuvuerrreriirassenrerssnsesmasssmnss 21
3.3.3 Transmission electron MiCrOSCOPY ....vuvrvureriiaruensiiamssnsnnes 22
3.3.4 UV-Visible SPeCtiOSCOPY ..etesereeteorstorsssmuensassssatastossnthsnns 23
CHAPTER IV RESULTS AND DISCUSSION...... 550 ceessncerarsereesensds 25
4.1 The effect of concentration of NaCl in silk fibroin solution for
precipittion 10 ethano] ... crimmsnsaisasnssvarsivesanserinseisiniss 25

4.2 The effect of silk fibroin concentration on precipitation in organic
BOIVEREE. .. oot R R R SRR R e 27



4.3.2 Chemical information of silk fibroin nanoparticles precipitated

in organic solvents iR R R B . . ... covoveriinrarinnannone

4.4 The secondary structure analysis of silk fibroin by ATR FT-IR
Microspectros Ol — .« 5 - -~ - SOOI e aso s cosh0snansssnares
4.4.1 Comparison of virgin silk fiber and degummed silk fiber (silk
fibroin B berhaiiy . e s cuisisnainarin

4.4.2 Comparison of the silk fibroin fiber, the silk fibroin solution,
the silk films, and the silk fibroin nanoparticles.....................

443 Cnmparison of the single silk fibroin fiber and the silk fibroin

444Cnmpansun of silk fibroin nanoparuclm precipitated from
different onERniE S0l vETTE. ;o i et itk e oo ths csslh e cansssessvenvassans

4.5 The deposition of silver nanoparticles on silk fibroin
P U R s N e ———
4.5.1 TEM images of silver nanupuruclm and silver-deposited silk
fibroin nanopactichag . .. . o R . o oeencenssasnrasines

4.5.2 Comparison of silk fibroin nanoparticles and silver-deposited
silk fibroin BanOParticles........veiciiininnamsssiasesinibeciincens

CHAPTER V CONCLUSIONS.........ccotiaimemesrnnncsnesssaifarsssssssssnses

ix

33
37
37
43
45
50
55
61
63
68
70

74



LIST OF FIGURES

Figure

1.1
1.2
1.3
1.4
1.5
1.6

2.1

22
23

2.4

2.5

3.1
32

3.3
34
3
4.1

Propagation of a linearly polarized electromagnetic wave in the
direction of propagation. Electric (E) and magnetic (H) vectors are
always perpendicular to each other and to the direction of propagation.
Interactions Of ight With mattEr: . 2 0ol. - .. .. cofhe st stioteccsrsesnseosenses

Ray tracing under total intemal reflection............cocoevvnnernnnnnnnnnn..

Reflection and refraction of a plane wave at a dielectric interface based
on Snell’s law..........ccvuves O < -+ « o5+ s sn s svenusnsanssanssne
IRE configurations commonly used in ATR experimental setups: (a)
Single reflection variable-angle hemispherical crystal and (b) Multiple
reflection single-pass erystal..........cccooveveremimnrininiciiiinnnn,
The dialysis tubing of silk fibroin solution..................

ATR FT-IR microspectroscope: (A) Continupm™ infrared microscope
attached to the Nicolet 6700 FT-IR spectrometer, (B) the slide-on Ge
pIRE is fixed on the position of slide-on housing on the infrared
objective, and (C) Homemade slide-on Ge pIRE.................n
JEOL JSM-6480LV analytical scanning electron microscope............
Hitashi zero A H-7650 transmission electron microscope................
Toshiba USB4000 ocean optics portable UV-Visible spectrometer......
SEM images of silk fibroin particles at different concentrations of
NaCl: (a) 0 M, (b) 0.015 M, (¢) 0.05 M, and (d) 025 M.

.....................................................................................

L T - s

10
11

13

13

14
17

21
22

23

26



Figure

4.2

43

4.4

4.5

4.6

4.7

4.8

4.9

4.10

4.11

SEM images of silk fibroin particles at different silk fibroin
concentrations: (al) 16.6%, (a2) 25%, (a3) 50% v/v. Silk fibroin
solutions were precipitated in methanol, (bl) 16.6%, (b2) 25%, (b3)
50% v/v. Silk fibroin solutions were precipitated in ethanol, (cl)
16.6%, (c2) 25%, (c3) 50% w/v. Silk fibroin solutions were
precipitated in ISUEPROPANOLE. ... 5. . . . SecouoUPTII o aass s cocncassssiinnannns
Photograph of silk fibroin particles at different silk fibroin
concentrations: (a) silk fibroin particles precipitated in methanol, (b)
silk fibroin particles precipitated in ethanol, and (c) silk fibroin
particles precipitated in iso-propanol..............ccveiiiiiiiiieiininiinnnn
ATR FT-IR spectrum of single silk fibroin fiber acquired by the slide-

Derivative spectra of single silk fibroin fiber: (A) first-derivative and
(B) second-S€rivalive B ... i v, AL DR, ...
ATR FT-IR spectrum of silk fibroin nanoparticles precipitated in
methanol by the slide-on Ge HIRE ....iiiiitn. uiieniiiiiniicinencincsenins
ATR FT-IR spectrum of silk fibroin nanoparticles precipitated in
ethanol by the slide-on GeEpIRE. . e e ciirciccasiaai
ATR FT-IR spectrum of silk fibroin nanoparticles precipitated in iso-
propanol by the slide-on Ge HIRE ........ccoviiiiiimniiniiinniininennn
Comparison of ATR FT-IR spectra of silk: (A) sericin gum, (B) single
virgin silk fiber, and (C) single degummed silk fiber. The spectra were
acquired by the Ge slide-on IRE....... ...
ATR FT-IR spectra of a single silk fiber in the Amide I region
(bottom) with the corresponding second-derivative spectra (top): (A)
Virgin silk fiber and (B) Degummed silk fiber ..........ccccovvvininnnnnnn
Curve fitting of spectrum of single virgin silk fiber in the Amide I

xi

Page

28

29

31

33

34

34

35

37

40

41

42



Figure

4.13 Comparison of ATR FT-IR spectra of silk: (A) silk fibroin fiber, (B)
silk fibroin solution (before dialysis), (C) silk fibroin films, and (D)
silk fibroin nanoparticles. The spectra were acquired by the Ge slide-
on IRE. FT-IR spectra of water in Figure 4.13 (B) was added for

4.14 Normalized ATR FT-IR spectra of silk fibroin fiber at three different
s A T .., | ————

4.15 Normalized ATR FT-IR spectra of silk fibroin nanoparticles
precipitated in Ul FFE. .. R, BB N Wt o v v rensernssas
4.16 Normalized ATR FT-IR spectra of silk fibroin nanoparticles
precipitated inethanol.................c....oiinei R e
4.17 Normalized ATR FT-IR spectra of silk fibroin nanoparticles
precipitated iglSo-FRORENOL. . it o SR -« - -2 ol . B oo vociieninns
4.18 ATR FT-IR spectra of silk: (a) silk fibroin fiber, (b) silk fibroin
nanoparticles precipitated in methanol, (c) silk fibroin nanoparticles
precipitated in ethanol, and (d) silk fibroin nanoparticles precipitated
LT L . A —
4.19 Curve fitting of spectrum of silk fibroin nanoparticles in the Amide I

420 ATR FT-IR spectra of silk: (a) silk fibroin nanoparticles precipitated in
methanol, (b) silk fibroin nanoparticles precipitated in ethanol, and (c)
silk fibroin nanoparticles precipitated in iso-propanol.....................

4.21 Curve fitting of spectrum of silk fibroin nanoparticles precipitated with
methanol inthe Amide I region. .......coovevieiiniiiiiiiiiinibirsnnrsanesneee

4.22 Curve fitting of spectrum of silk fibroin nanoparticles precipitated with
ethanol in the Amide I region. .......occvieiiieiiiiiiiiinianierianainnan

423 Curve fitting of spectrum of silk fibroin nanoparticles prec:pnated with
iso-propanol in the Amide I region..........cooviviiiiiiiiiiiiiiiiiiiin

4.24 Curve fitting of spectrum of silk fibroin films in the Amide I region....

Xii

Page

45

47

48

49

50

52

53

53
54



Figure

4.25 Photograph of silver nanoparticles at different concentrations
deposited on silk fibroin nanoparticles: (a) 50 ppm, (b) 100 ppm, and

4.27 The UV-Visible absorption spectra of silver nanoparticles: (a) Silk
fibroin nanoparticles, (b) before silver nanoparticles were added, and
(c) after silver nanoparticles were added.................cccvviniinininnnnns
4.28 The calibration curve of UV-Visible absorption spectra of silver
nanoparticles: (a) 10.0 ppm, (b) 8.00 ppm, (c) 6.5 ppm, (d) 5.0 ppm,
(€) 3.5 ppm, () 2.5 ppm, (g) 1.5 ppm, (h) 0.5 ppm, and (i) 0.05 ppm....
4.29 Plot of intensity at absorption maxima against silver nanoparticles
concentratio® (ppil) JF. . .. esvssill .. LR B Tl e e
4.30 The UV-Visible absorption spectra released silver nanoparticles from
silk fibroin nanoparticles: (a) 50 ppm, (b) 100 ppm, and (c) 200 ppm...
431 TEM images of silk fibroin nanoparticles and silver nanoparticles
colloidal solution. . . .. o ... Hall -+ s e sisvamasnnnniass
432 TEM images of silk fibroin nanoparticles deposited with silver
nanoparticles: (a) and (b) deposited at 50 ppm; (c) and (d) deposited at
100 ppm; and (e) and (f) deposited at 200 ppm.........oceiuierinrnninrann
433 ATR FT-IR spectra of silk fibroin nanoparticles: (A) no deposition,
(B) silver-deposited at 50 ppm (C) silver-deposited at 100 ppm, and
(D) silver-deposited at 200 ppm, respectively.........ccoovvviiiirninianenns
4.34 Curve fitting of spectrum of silver-deposited at 50 ppm in the Amide I

S8

56
56

57

58

38

61

62

62

65

65

67



Xiv

LIST OF TABLES

Table Page
1.1 Amino acid composition of Bombyx mori fibroin...............cceeviuinnne 6
4.1 The particles size of silk fibroin particles at different concentration of

o O C—— . . LT A R e 26
42 The particles size of silk fibroin particles at different silk fibroin

CONCEDITAtIONS. .2 eor e aaamuiiifh- - .« £« <+ + < PN vamanmn n sz o se 553 13580550858 27
4.3 Peak assignments of single silk fibroin fiber.............ccccciiniiinninnn 32
4.4 Peak assignments of silk fibroin nanoparticles............cccocvvinininnnn 35

45 Peak assignments of single silk fiber and degummed single silk fiber... 39
46 The secondary structure of single virgin silk fiber and single

degummed gBK GbEF. . E. e, RO LR 42
4.7 The secondary structure analysis of silk fibroin fiber and silk fibroin

nanoparticles..... it...A........... e W W, TR 49
48 The secondary structure analysis of silk fibroin nanoparticles

precipitated with different organic solvents.........c...ccooiiiiiiiininnn 55
4.9 The silver nanoparticles concentration (The sample was twenty times

dilution with deionized WALET)..........eusmesieiieeeeieeieremsrenensasesrnenns 59
4.10 Weight of silver nanoparticles deposited on silk fibroin nanoparticles

(The sample was twenty times dilution with deionized water)............ 60

4.11 Weight of silver nanoparticles deposited on silk fibroin nanoparticles... 60
4.12 Weight of silver nanoparticles released from silk fibroin nanoparticles. 61
4.13 The secondary structure analysis of silver-deposited silk fibroin



Ala
ATR

FT-IR

Gly

KBr
kV
LiBr

MCT
MSEF
MSEvVF
MWCO

mg
mL
NaCl

=

ZnSe

LIST OF ABBREVIATIONS

: Alanine

: Attenuated total reflection

: Carbon

: Dalton

: Fourier transform infrared

: Germanium

: Glycine

: Internal reflection element

: Potassium bromide

: Kilovolt (10° V)

: Lithium bromide

: Molar

: Mercury-cadmium-telluride

: Mean square electric field

: Mean square evanescent field
: Molecular weight cut off

: Medium band

: Milligram (107 g)

- Milliliter (107 L)

: Sodium chloride

: Nanometer (107 m)

: Part per million

: Strong band

: Scanning electron microscopy
: Serine

: Transmission electron microscopy
: Volume

: Weight

: Weak band

: Zinc selenide

xv



“:':I:’h%':b:'-

2]

LIST OF SYMBOLS

: Kilo (10)

: Beta

: Alpha

: Micro (1 U")

: Absorption index of the sample
: Refractive index of the dense medium (IRE)
: Refractive index of the sample
: Light intensity

: Intensity of incident beam

: Intensity of reflected beam

: Intensity of scattered beam

: Intensity of transmitted beam

: Intensity of absorbed beam

: Angle of incidence

: Critical angle

: Absorbance

: Reflectance

: Concentration

: Absorption coefficient

: Wavenumber

: Film thickness

: Penetration depth

: Degree Celsius

: Wavelength

xvi



CHAPTER 1

INTRODUCTION

Silk fibers are the natural protein polymer. They are produced by the silkworm
so as to form cocoon. The main component of silk fibers consists of two proteins:
sericin and fibroin. The fibroin content is 66.5-73.5 wi%, and the sericin content is
26.5-33.5 wt% of the total silk fiber [1]. Fibroin is mainly long fibers, which are
coated with sericin. Silk fibers also contain minor amounts of impurities such as fats,
waxes, dyes, and mineral salts.

1.1 Silk fibroin

Silk fibroin composes of heavy chains (350 kDa) and light chains (25 kDa) [2].
Two components are linked by disulfide linkages. The heavy chains contain the Gly,
Ala, Ser, and Tyr residues [3]. The degree of crystallinity of silk fibroin fiber is
related to antiparallel p-sheet crystalline, which are aligned along the fiber axis.

1.1.1 Silk fibers structure

The silk fiber has two main components called fibroin and sericin. Fibroin is
mainly a long fiber and sericin is silk gum. The raw silk fiber consists of two fibroin
strands. Sericin acts as gum for adhesive the twin fibroin strands. Nanofibrils are
packed together to form the microfibrils and several microfibrils produce a single
fibroin strand. The structure of single silk fiber is shown in Figure 1.1.



- Micro fibrils

" Fibril bundle

Figure 1.1  Structure of the silk fiber [4].

1.1.2 Silk fibroin structure

Silk fibroin protein is classified to four levels of protein structure.

Primary Secondary Tertiary Quaternary
structure structure structure structure -

Figure 1.2  Four levels of protein structure [5].



1.1.2.1 Primary structure

Primary structure refers to amino acid sequence in the polypeptide
chains. The repeating units of silk fibroin are composed of poly glycine and alanine
blocks. Their sequences are -(Gly-Ala-Gly-Ala-Gly-Ser).,. The silk protein amino
acids in the sequence are non-polar side groups.

1.1.2.2 Secondary structure

Secondary structure is the initial arrangement of the linear polypeptide.
The common structure is the B-pleated sheet and a-helix structure.

1.1.2.3 Tertiary structure

Tertiary structure refers to three-dimensional arrangement of the
polypeptide chains, which many secondary structures are organized into multiple
domains. The domains are composed of the globular structure protein, which the B-
pleated sheet and a-helix structure are interacted via side group of non-polar amino
acid with van der Waals force,

1.1.2.4 Quaternary structure

Quaternary structure refers to the complex of the two or more
globular/tertiary structure proteins.

1.1.3 Secondary structure of silk fibroin protein

Silk fibroin consists of two phases: crystalline and non-crystalline regions. The
crystalline regions are formed by the repetitive sequences of hydrophobic blocks
((Gly-Ala-Gly-Ala-Gly-Ser).,) and identified as the fi-pleated sheet structure as shown
in Figure 1.3 [6]. The p-pleated sheet consists of the multiple B-strands, which refers
to a single continuous polypeptide backbone of amino acids. The B-strands structures
are shown in Figure 1.4. The multiple of adjacent B-strands are aligned along in the
same direction from N terminus or C terminus to the other and formed hydrogen bond



between each other, which is referred to parallel p-pleated sheet. The multiple of
adjacent P-strands are aligned along the opposite direction from N terminus or C
terminus to the other and form hydrogen bond between each other, which is referred
to antiparallel B-pleated sheet. The p-turn structure is found at turns of p-pleated sheet
structure, which composed of four consecutive residues. The B-turn structure is
classified to two types. Type I refers to the B-turn having side chain of amino acid is
the same direction and Type II refers to side chain of amino acid is opposite direction

as shown in Figure 1.5

(a) Antiparaliel B-pleated sheet (b) Parallei g-pleated sheet
N\Q < N H N, N,
Ha He cH; “cH, CH, CH,
o] N—H! Hﬂlﬁc{\ ﬂ:c\ \\ﬂqd: ‘:ng‘
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Figure 1.4 A single p-strand structure.
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Figure 1.5 The B-turn structure [7].

The non-crystalline regions are identified as the a-helical structure and the
random coil or amorphous structure is shown in Figure 1.6. The a-helical structure
refers to the polypeptide chain twists itself to spiraling and form intra-molecular
hydrogen bond.

(a) (b)

Figure 1.6 The secondary structure: (a) the a-helical structure and (b) random coil
structure [8].



1.1.4 Chemical composition of silk fibroin protein

The Bombyx mori silk fibroin protein consists of more than 16 amino acids. The
major amino acid components are glycine, alanine, and serine (3:2:1 molar ratio)
approximately 44.6%, 29.4%, and 12.1%, respectively [1, 9]. The normal amino acid

compositions of silk Bombyx mori fibroin are shown in Table 1.1.

Table 1.1  Amino acid composition of Bombyx meri fibroin [10].

Amino acid Compeosition (residues/1000 residues)
Glycine 446
Alanine 294

Serine 121
Tyrosine .7
Aspartic acid 13
Arginine 4.7
Histidine 1.4
Glutamic acid 10.2
Lysine 3.2
Valine 22
Leucine 53
Isoleucine 6.6
Phenylalanine 6.3
Proline 3.6

Threonine | 9.1

Methionine 1

Tryptophan 1.1
Cystein 2




1.2 Silk fibroin nanoparticles

Silk fibroin is the natural protein polymer as well as biomaterials. Silk
biomaterials are biocompatible for human tissues and harmlessness to human body.

Silk fibroin can regenerate to various forms such as powder, film, gel, and filament.

The size of silk fibroin nanoparticles are in the range of approximately 1-100
nm. They used in the field of life science such as useful additive for cosmetics, hair
care production, anti-UV skincare products, and used as matrices for drug delivery
system [6, 11]. In 2007, Wang et al. [12] prepared silk microspheres under mild
processing conditions for encapsulation and controlled release protein drug in active
forms. The microspheres were found to be small in size (less than 2 pm). Secondary
structure is a B-sheet structure. In 2003, Hino et al. [13] prepared silk microspheres by
spray-drying silk fibroin aqueous solution containing theophylline as a model drug
with a small amount of ethanol. The microspheres were found that they have the mean
particles sizes of 5 pm and the secondary structure changed to B-sheet structure.

1.3 Preparation of silk fibrein nanoparticles

In general, silk fibroin nanoparticles were produced by dividing silk fibers with
mechanical pulverization such as pin mill or jet mill or by spray-drying technique.
However, both techniques are not suitable for preparation of silk fibroin
nanoparticles, since silk fibers have high tensile strength. They are difficult to crush
by pulverization. Therefore, silk fiber must be treated with alkaline aqueous solution
until their tensile strength becomes approximately 0.05 gram/denier [14]. This
technique is not suitable because it contains three step processes. The crush and the
treatment takes very long time (1-4 hours) for silk fiber. Spray-drying technique is a
high temperature technique. High temperatures prohibit silk fibroin nanoparticles
getting used for protein drug delivery and secondary structures are difficult to control.
In 2002, Yeo et al. [15] prepared silk fibroin microspheres particles by spray-drying
silk fibroin aqueous solution. The microspheres were spherical in shape and the
particles size of 2 + 10 um. Secondary structure changed from random coil to p-sheet
structure during spray dry process. In 2000, Nam et al. [16] prepared regenerated silk
fibroin by freezing and lyophilizing silk fibroin solution. The freezing temperature



and the type of alcohol addition affected the morphological and secondary structure.
Secondary structure changed from random coil to f-sheet, when hydrophilic alcohol
was added to silk fibroin solution. Hydrophobic alcohol did not change the
conformation of silk fibroin into B-sheet structure as the silk fibroin remained in a
random coil conformation. Regenerated silk fibroins were lump-like or sheet-like
shape when added hydrophobic alcohol and they were fine powder in shape when
added hydrophilic alcohol. In 2005, Li et al. [17] prepared nanoscale silk particles
from silk fibroin fiber by three-steps pulverization techniques. The particles size of
the first and the second pulverized silk powders are approximately from 1-20 pm and
from 0.1-5 pm, respectively. The particles sizes of the third pulverization were less
than 100 nm and the particles are spherical.

In this research, a simple technique for the simplification of the preparation of
silk fibroin nanoparticles by precipitation was developed. This method can controlled
the secondary structure of silk nanoparticles depending on the type of organic
solvents. Silk fibroin solution was precipitated in organic solvent at room
temperature.

1.4 Characterization of silk fibroin by ATR FT-IR microspectroscopy

Fourier transform infrared (FT-IR) spectroscopy is a technique to characterize
molecular orientation and molecular vibration of protein such as silk fibroin [18]. This
technique is the measurement of the wavelength and intensity of the absorption of
infrared light interacting by functional groups of a sample [19]. FT-IR spectroscopy
can be analyzed in many modes such as transmission and reflection modes.
Attenuated total reflection (ATR) technique is one of reflection modes. ATR FT-IR
spectroscopy is the surface analysis and is a non-destructive technique. This technique
was used to investigate the secondary structure changes in silk fibroin during the
preparation of silk fibroin nanoparticles. The technique also provides molecular
characteristics of native single silk fiber without sample destruction.

In 2003, Shao et al. [20] induced silk fiber by UV/ozone irradiation and
elucidated the structural changes by means of FT-IR spectroscopy.



1.5 The objectives of this research

The objectives of this research are to simplify the preparation of silk fibroin
nanoparticles from silk fiber by precipitation method and to characterize the
molecular characteristics of silk fibroin nanoparticles by means of ATR FT-IR
microspectroscopy.

1.6 The scopes of this research

1. To prepare silk fibroin nanoparticles from silk fiber by precipitation method.

2. To study the molecular characteristics of silk fibroin nanoparticles by means
of ATR FT-IR microspectroscopy.

3. To study the morphology of silk fibroin nanoparticles by means of scanning
electron microscopy.

4. To study the deposition of silver nanoparticles on silk fibroin nanoparticles
by means of UV-Visible spectroscopy and transmission electron

microscopy.



CHAPTERII

THEORETICAL BACKGROUND

2.1 Fundamentals of spectroscopy

Infrared spectroscopy is the study of the interaction of infrared radiation with a
chemical substance. Light is an electromagnetic wave. It composes of electric wave
(electric vector (E)) and magnetic wave (magnetic vector (H)). The electric wave and
magnetic wave are perpendicular to each other and to the direction of propagation as
shown in Figure 2.1 [21].

A

Direction
of Propagation

Y

Figure 2.1 Propagation of a linearly polarized electromagnetic wave in the direction
of propagation. Electric (E) and magnetic (H) vectors are always
perpendicular to each other and to the direction of propagation.

Infrared spectroscopy gives spectral information of molecular structure and
chemical composition. It measures the infrared intensity versus wavenumber. When
infrared radiation passes through a sample, the frequencies of infrared radiation are
absorbed by chemical functional group of a sample in specific wavenumber and
leading the chemical bonds in molecule to vibrate. The position of wavenumber and
chemical structure are related to chemical functional group in a sample.

When electromagnetic radiation impinges on the matter, radiation of the incident
beam can be reflected, scattered, transmitted or absorbed by a sample depending on
the experimental situation. A schematic illustration for an interaction between light
and matter is illustrated in Figure 2.2 [21].
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Sample
Reflected Beam ([y)

Incident Beam (/) —————3| | ———P Transmitted Beam (I;)

Scattered Beam (/)

Figure 2.2 Interactions of light with matter.

The total amount of incident emergy is the sum of reflected, scattered,
transmitted, and absorbed light. This process can be expressed by the following
relationship [21]:

lo=h+ L+ I+ 1, (2.1)

where I, is the intensity of the incident radiation and I, /s, and It are the reflected, the
scattered, and the transmitted radiations, respectively. [ is the radiation absorbed by
matter. The intensity of each radiation depends on the intensity and wavelength of the
incident radiation, the optical properties of the specimen, the concentrations of
species, and the geometry of the experimental setup.

Considering electromagnetic radiation impinges on a sample, a fraction of the
incident radiation was absorbed by a sample. In order to measure the region and
amount of light being absorbed by a sample, it is necessary to measure the ratio of
transmitted intensities (/1) and incident intensities (/g) of radiation. The transmittance
of a sample is obtained from these ratios. This relationship can be quantitatively
related to the chemical composition of a sample by the Beer-Lambert law as [16]:

I _ -AE) _ csv) 2.2)

5" ¢

where A(V) is the absorbance of a sample at a given wavenumber v, ¢; is the
concentration of the absorbing functional group, &(v) is the wavenumber-dependent
absorption coefficient, and [ is the film thickness for the infrared beam at a normal

incidence to the sample surface.
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2.2 Attenuated Total Reflection Fourier Transform Infrared (ATR FT- IR)
Spectroscopy

Attenuated Total Reflection Fourier Transform Infrared Spectroscopy is used for
analysis of surface of materials and is a non-destructive technique. It is a method of
internal reflection, which requires a medium called internal reflection element (IRE)
or the ATR crystal. The infrared radiation is directed into IRE, which high refractive
index with an angle that total internal reflections occur inside IRE. The light exits IRE
and passes through the spectrometer to the detector. At each reflection a part of the
light called the evanescent wave passes IRE interface and interacts with a sample
place in close contact with IRE. The infrared spectrum may be collected. The surface
of a sample is pressed into optical contact of IRE such as zinc selenide (ZnSe),
germanium (Ge), and diamond. The materials of IRE have an effect on the ATR
measurement because materials of different refractive index affect the depth of

penetration and the occurrence of anomalous dispersion [22].

When the electromagnetic radiation traveling within IRE made of a high
refractive index material impinges on the interface with a lower refractive material,
the angle of incidence larger than the critical angle. This critical angle (8.) is relative
to the refractive index as shown in equation 2.3 [23).

6. =sin"'(n, /n,). (2.3)

where n; is the refractive index of a sample and n; is the refractive index of IRE.
In ATR experiment, IRE is contacted with a sample as shown in Figure 2.3.
IRE is the infrared transparent material and has a refractive index n;. A sample is

infrared absorbing material and has a complex refractive index at frequency v can be
expressed by equation 2.4,

my(v) = my(v) + ik, (v) 2.4)
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where n; and k,(v) are the refractive index and absorption index of a sample,

respectively.
(3] - 4
“9 .
il
Incident Radiation _* : Reflected Radiation
n y ‘ -
m + ik
Sample

Figure 2.3 Ray tracing under total internal reflection.

2.2.1 Principle of light reflection and refraction

Refraction and reflection occur, when the electromagnetic radiation passes from
one medium to a sample, which different refractive index that has a difference in
propagation velocity through two media. If light propagates through an incident
medium with refractive index n; and enters a medium with refractive index n; (Figure

2.5), the light path will be changed and the extent of refraction is given by the

following relationship known as Snell’s law [21].
nmsing, = n,sina, (2.5)
where @, and @, are the angles of incidence and refraction, respectively.

Transmitted ray

T |

4

Ay
= \5'1 ; z Interface
Incident ray Reflected ray

Figure 2.4 Reflection and refraction of a plane wave at a dielectric interface based

on Snell’s law.
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2.2.2 Internal Reflection Element (IRE)

Internal reflection element (IRE) or the ATR crystall is a material of high
refractive index and is transparent throughout the mid-infrared region. IRE can divide
into two main types: single reflection type with a hemispherical IRE and multiple

reflection type with a trapezoidal IRE as shown in Figure 2.5.
1

0
o >
A
Sarhple o/ [__sampte
(a) Single Reflection (b) Multiple Reflection

Figure 2.5 IRE configurations commonly used in ATR experimental setups: (a)
Single reflection variable-angle hemispherical crystal and (b) Multiple
reflection single-pass crystal.

2.2.3 ATR spectral intensity and penetration depth

ATR FT-IR spectroscopy is a surface analysis technique. This technique based
on infrared radiation. In ATR configuration, the IRE is the infrared transparent
material. On the other hand, a sample is the infrared absorbing material and has a

complex refractive index at frequency v of n;{v) =n,(v)+ik,(v). When
electromagnetic radiation traveling within IRE impinges at the surface of a sample of
lower refractive index at an angle of incidence greater than the critical angle, the
evanescent field is generated at the IRE/sample interface. A sample is absorbing at the
coupled frequency. The intensity of the reflected radiation becomes smaller than that
of the incident radiation. The magnitude of the reflection loss is proportional to the
product between the evanescent field amplitude and the imaginary part of the complex
dielectric constant. The absorptance in the ATR configuration is related to reflectance
as shown in equation [24].

AB.v)=1-R(8,v) (2.6)
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where A4(0,v) and R(0,v) are the absorptance and reflectance, respectively. In
general, ATR absorbance can be expressed in terms of experimental conditions and
material characteristic as shown in equation [25].

A(0. )t
n, cos @

[ mokm(E:6.v))d: 2.7

where A(,v)is the absorptance, (Ef @, v)) is the mean square evanescent field
(MSEvF) at depth z in the absorbing medium, n,(v) and k,(v)are the refractive
index and the absorption index of a sample, and n, is the refractive index of the IRE.

The penetration depth is the distance from the interface of materials where the
evanescent field strength decays to 1/e (roughly 13%) of its value at the interface. The
penetration depth is given by the following equation [26]:

1
? 7 2mwm (sin® 6— (n, /n,)*)"

(2.8)

where @ is the angle of incidence, v is the frequency of the infrared radiation and n,,
n, are the refractive index of the IRE and a sample.



CHAPTER 111

EXPERIMENTAL SECTION

The general, silk fibroin nanoparticles were prepared by pulverizing natural silk
fibers with pulverizer or spray-drying silk fibroin solution with spray-dryer. In this
study, silk fibroin nanoparticles were prepared by precipitation of silk fibroin solution
in organic solvents. The molecular conformation of the silk fibroin fiber and silk
fibroin nanoparticles were studied by ATR FT-IR microspectroscopy. Particles size
and morphology of silk fibroin nanoparticles were analyzed by scanning electron
microscope (SEM). This chapter is divided into three sections: preparation methods of
the silk fibroin nanoparticles, characterization of silk fibroin nanoparticles, and the
application of silk fibroin nanoparticles as a substrate for silver nanopartilces. The
silver nanoparticles deposited silk fibroin nanoparticles were analyzed by UV-Visible
spectrometer and transmission electron microscope (TEM).

3.1 Materials

1. Degummed Bombyx mori silk fibers from Queen Sirikit Sericulture Regional
Office (Northern Part: Phrae Province)

2. Lithium bromide (LiBr) was purchased from Sigma-Aldrich
Laborchemikalien GmbH, Thailand.

3. Sodium chloride (NaCl) was purchased from Merck KGaA, Thailand.

4. Organic solvents (methanol, ethanol, and iso-propanol) were purchased from
Merck KGaA, Thailand.

5. Deionized water

6. Silver nanoparticles were freshly prepared by Sensor Research Unit
(Department of Chemistry, Faculty of Science, Chulalongkorn University,
Thailand) at the concentrations of 50, 100, and 200 ppm.
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3.2 Experimental section
3.2.1 Preparation of Bombyx mori silk fibroin solution

The degummed silk fiber, which were degummed by 0.02 M Na,CO; solution
was dissolved in aqueous solution of 9.3 M LiBr (5% wi/v) for 6 h at 40-60 °C. This
solution was filtered by a filter paper (Whatman® Schleicher & Schuell, No.1) to
remove a small amount of insoluble silk. The solution, then, was dialyzed in
deionized water by dialysis tubing cellulose membrane (MWCO 12,400) for 3 days at
room temperature for removing salts (LiBr). The final concentration of the silk fibroin
solution was approximately 1.5% w/v. This concentration was calculated by
weighting the residual solid of solution after drying at 60 °C.

Dialysis tubing

Deionized water

Magnetic bar

Figure 3.1 The dialysis tubing of silk fibroin solution.

3.2.2 Preparation of the silk fibroin films

The silk fibroin solution was dropped onto a glass slide plate as the substrate at
room temperature and then dried at 60 °C. After that the molecular conformation of
silk fibroin films was analyzed by ATR FT-IR microspectroscopy.

3.2.3 Preparation of the precipitating solution

The solution for precipitation of silk fibroin nanoparticles is called the
precipitating solution. The precipitating solution was prepared by adding the aqueous



solution of 0.5 M NaCl into silk fibroin solution. To study the effect of the
concentration of NaCl, we varied the final concentration of NaCl in silk fibroin
solution as follows: 0.00 M, 0.015 M, 0.05 M, and 0.25 M. 10 mL of each
concentration of the precipitating solution was dropped in 50 mL of methanol. The
silk fibroin nanoparticles, then, formed and suspended in methanol. Particles size and
morphology of these nanoparticles were characterized by SEM. The suitable
concentration of NaCl was also used in the next procedure to prepare silk fibroin

nanoparticles.

3.2.4 Preparation of silk fibroin nanoparticles

Silk fibroin nanoparticles were prepared by precipitation of the suitable
precipitating solution in organic solvents. To study the effect of the concentration of
the precipitating solution, we varied the volume ratio of the precipitating solution per
organic solvents as follows: 1:1, 1:3, and 1:5. 9 sets of the preparations obtained were
tested. 10 mL of the precipitating solution was dropped in 50, 30, and 10 mL of
methanol, ethanol, and iso-propanol, respectively at room temperature with stirring all
the time. The silk fibroin nanoparticles, then, formed and suspended in organic
solvents, the silk fibroin nanoparticles formed and suspended in organic solvents.
Particles size and morphology of these nanoparticles were characterized by SEM. The
molecular conformation of silk fibroin films was analyzed by ATR FT-IR
microspectroscopy.

3.2.5 The deposition of silver nanoparticles on silk fibroin nanoparticles

Silk fibroin nanoparticles suspended in methanol were washed five times with
deionized water to eliminate the organic solvent. 50, 100, and 200 ppm silver
nanoparticles colloidal solution were measured by UV-Visible spectrometer. 10 mL
of these were added into 5 mL of silk fibroin nanoparticles suspension (with silk
fibroin weight about 0.055 + 0.010 g). The mixture was shaken until the
homogeneous phase was attained and allowed to settle overnight at room temperature,
then silk fibroin nanoparticles were precipitated again. The concentrations of silver
nanoparticles in supernatant were measured by UV-Visible spectrometer. Before
collecting spectrum, the sample was twenty times diluted with deionized water. The
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molecular conformation of silk fibroin nanoparticles was analyzed by ATR FT-IR
microspectroscope. The morphology of silver nanoparticles deposited on silk fibroin
nanoparticles was characterized by TEM.

The release of silver nanoparticles was tested by adding 20 mL of the deionized
water into 0.055 £ 0.010 g of silver-deposited silk fibroin nanoparticles of 50 ppm,
100 ppm, and 200 ppm, respectively. The mixture was shaken until the homogeneous
phase was attained and allowed to settle overnight at room temperature, then silk
fibroin nanoparticles were precipitated again. The concentrations of silver
nanoparticles in supernatant were measured by UV-Visible spectrometer.

3.3 Characterization of silk fibroin nanoparticles
3.3.1 ATR FT-IR microspectroscopy

Molecular conformation of silk fibroin nanoparticles was acquired by the
Germanium (Ge) pIRE. All ATR spectra were collected by a Continupm™ infrared
microscope equipped with a mercury-cadmium-tellurium (MCT) detector that
attached to the Nicolet 6700 FT-IR Spectrometer. Ge puIRE was placed on the
objective microscope and the silk fibroin was placed on a glass slide and posiﬁone:d
on the microscope stage. For spectral acquisition of samples, the stage of microscope
was raised in order to bring sample contact a Ge pIRE. The ATR spectra of samples
were acquired in the reflection mode of infrared microscope. The information of
secondary structure of silk fibroin nanoparticles was acquired by curve fitting
analysis. The Amide I region between 1740-1580 cm™ was fitted with Gaussian and
Lorentzian functions. The peak position and peak area of the fitted peak were
identified and estimated to show the secondary structure information. The second-
derivative spectra were used as a parameter for curve fitting analysis in Amide I

region.
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3.3.1.1 Instrument

1. Nicolet 6700 FT-IR spectrometer equipped with a mercury
cadmium-telluride (MCT) detector.

2. Continupm™ infrared microscope with 15X Cassegrain
infrared objective and 10X glass objective.

3. Homemade slide-on Ge pIRE

33.1.2 Default Spectral Acquisition Parameter

Nicolet 6700 FT-IR Spectrometer

Instrumental Setup

Source Standard Globar™ Infrared Light Source
Detector MCT

Beam splitter Ge-coated KBr

Acquisition Parameters

Spectral resolution 4 cm™

Number of scans 128 scans

Spectral format Absorbance

Mid-infrared range  4000-650 cm™

Advanced Parameters
Zero filing none
Apodization Happ-Genzel

Phase correction Mertz

Continupm™ Infrared Microscope

Instrumental Setup

Detector MCT

Objective 15X Schwarzchild-Cassegrain
Aperture size 150 pm x 150 pm
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Figure 3.2 ATR FT-IR microspectroscope: (A) 'IE-:}ntinup.m-“"1 infrared microscope
attached to the Nicolet 6700 FT-IR spectrometer, (B) the slide-on Ge
uIRE is fixed on the position of slide-on housing on the infrared
objective, and (C) Homemade slide-on Ge pIRE.

3.3.2 Scanning electron microscopy

Particles size and morphology were characterized by SEM of JSM-6480LV
model at 15 kV of acceleration voltage as shown in Figure 3.3. For capturing the
image of samples, the colloidal solution containing nanoparticles was dried on a glass
slide. Samples were then sputter-coated by gold films. The samples were moved to

specimen chamber and then particles size and morphology of samples were analyzed.
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Figure 3.3 JEOL JSM-6480LV analytical scanning electron microscope.

3.33 Transmission electron microscopy

Particles size and morphology of silver nanoparticles deposited on silk fibroin
nanoparticles were characterized by TEM zero A H-7650 model at 100 kV of
acceleration voltage as shown in Figure 3.4. For capturing the images of samples,
samples were prepared by placing a drop of solution sample on a Formvar films on
copper grids. The samples were moved to specimen chamber and then the

morphology of samples was analyzed.

Figure 3.4 Hitashi zero A H-7650 analytical transmission electron microscope.
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33.4 UV-Visible spectroscopy

The deposition of silver nanoparticles on silk fibroin nanoparticles was analyzed
by UV-Visible spectrometer ocean optics portable model as shown in Figure 3.5.

Instrumental Setup

Model USB4000

Source Deuterium-Halogen light source DH 2000

Wavelength range  UV-Vis-NIR

Detector Toshiba TCDI304AP, 3648-clement linear
silicon CCD array

Grating 600 Line Blazed at 300 nm

Bandwidth 200-1100 nm

Spectral Acquisition Parameter
Software Ocean Optics Inc. Spectra Suit
Integration time 10 milliseconds

Scans to Average 128 scans

Box car width 10 nm
Spectral format Absorbance
Spectra range 250-800 nm

Figure 3.5 Toshiba USB4000 ocean optics portable UV-Visible spectrometer.
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The silver nanoparticles colloidal solutions of 50, 100, and 200 ppm were
twenty times dilution with deionized water. The last concentrations were 2.5, 5, and
10 ppm, respectively. The supernatant was twenty times diluted with deionized water.
After that UV spectra of the diluted silver nanoparticles colloidal solution and the
supernatant were collected. Before collecting spectra, the deionized water spectrum

was collected as blank sample.



CHAPTER 1V

RESULTS AND DISCUSSION

Silk fibroin nanoparticles were prepared by precipitation of silk fibroin solution
in methanol, ethanol, and iso-propanol. In this case, it is necessary to study the effects
of the concentration of NaCl and the precipitating solution. After that, the molecular
conformation of silk fibroin will be elucidated by ATR FT-IR microspectroscopy.
Particles size and morphology of silk fibroin nanoparticles will also be investigated by
SEM. The last section of the results and discussion will show the application of silk
fibroin nanoparticles for supporter of silver nanoparticles.

4.1 The effect of NaCl in silk fibroin solution for precipitation in methanol

The aqueous solution of 0.5 M NaCl was added into silk fibroin solution by
varying the final concentration of NaCl as follows: 0.00 M, 0.015 M, 0.05 M, and
0.25 M. After that, the solution was precipitated in methanol. The obtained silk
fibroin nanoparticles suspended in methanol. Particles size and morphology of silk
fibroin nanoparticles were characterized by SEM. |

Figure 4.1 shows SEM images of silk fibroin nanoparticles. It was found that at
0.00 M and 0.015 M of NaCl solution; silk fibroin solution did not precipitate to
particles as shown in Figure 4.1 (a and b), respectively. At 0.05 M and 0.25 M of
NaCl solution, silk fibroin solution precipitated to particles as shown in Figure 4.1 (c
and d), respectively. At the higher NaCl concentration, the number of sodium ions and
chloride ions were increased. The ions are solvated by water molecules—they are
hydrated ions. Therefore, the water was easily removed from silk fibroin molecules
when the concentration of NaCl increased [27-28]. At the lower NaCl concentration,
the water molecules still remained in silk fibroin molecule. Therefore, silk fibroin
solution did not precipitate to particles. At 0.25 M of NaCl solution, some the small
particles were aggregated to bigger particles as shown in Figure 4.1(d). The particles
size of silk fibroin particles at different final concentration of NaCl as shown in Table
4.1. The optimum of final concentration of NaCl in silk fibroin solution for
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precipitation in methanol was 0.05 M, which had the small particles sizes and the

particles did not aggregate.

Figure 4.1 SEM images of silk fibroin particles at different concentrations of NaCl:
(a) 0 M, (b) 0.015 M, (c) 0.05 M, and (d) 0.25 M.

Table 4.1  The particles size of silk fibroin particles at different concentration of

NaCl.
Final concentration (M) of NaCl Particles size (nm)
in precipitated solution
.U. -
0.015 -*
0.05 98.40 + 2.90
0.25 276.71 £ 0.03

* No precipitation




27

4.2 The effect of silk fibroin concentration on precipitation in organic solvents
To study the effect of the concentration of the precipitating solution, the volume
ratios of the precipitating solution per organic solvents (methanol, ethanol, and iso-
propanol) were varied as follows: 1:5, 1:3, and 1:1 (16.6%, 25%, and, 50% v/v,
respectively). A. total of mine sets of the preparations were tested. A 10 mL of the
precipitating solution was dropped into 50, 30, and 10 mL of methanol, ethanol, and
iso-propanol, respectively at room temperature with vigorous stirring. Silk fibroin
nanoparticles formed and suspended in organic solvents. Particles size and
morphology were characterized by SEM.

Table 4.2 The particles size of silk fibroin particles at different silk fibroin
concentrations.
Particles size (nm)
Concentration of silk fibroin ™5 20 5aedin | Precipitated in | Precipitated in
solution (% v/ Methanol Ethanol iso-Propanol
16.6 98.43 +2.92 92.73 +3.83 98.60 + 2.48
25 162.10 + 6.30 111.84 £ 490 139.69 + 6.62
50 ~1000 ~1000 ~1000

Table 4.2 shows the size of the silk fibroin particles obtained from
precipitation of silk fibroin solution in methanol, ethanol, and iso-propanol. For all
organic solvents, it was found that the particles size decreased with the decreasing silk
fibroin concentrations. At higher silk fibroin concentration, the particles aggregated.
The morphology of silk fibroin particles was different depending on the silk fibroin
concentration as shown in Figure 4.2 and their corresponding photographs shown in
Figure 4.3. According to the morphology, the volume of silk fibroin solution should
not be grater than 16.6% v/v because the more silk fibroin concentration was, more
particles aggregated.



Figure 4.2
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SEM images of silk fibroin particles at different silk fibroin
concentrations: (al) 16.6%, (a2) 25%, (a3) 50% v/v. Silk fibroin
solutions were precipitated in methanol, (bl) 16.6%, (b2) 25%, (b3)
50% v/v. Silk fibroin solutions were precipitated in ethanol, (cl)
16.6%, (c2) 25%, (c3) 50% v/v. Silk fibroin solutions were precipitated

in iso-propanol.
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50% viv 25% viv 16.6% viv

50% viv 25% viv 16.6% viv

Figure 4.3 Photograph of silk fibroin particles at different silk fibroin
concentrations: (a) silk fibroin particles precipitated in methanol, (b)
silk fibroin particles precipitated in ethanol, and (c) silk fibroin
particles precipitated in iso-propanol.
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SEM images of silk fibroin nanoparticles shown in Figure 4.2 indicated that the
particles sizes were increased with increasing the concentrations of silk fibroin
solution. The optimum volume ratio of the silk fibroin solution per organic solvents
was 16.6% v/v, because it contained the smallest particles sizes. The yield of silk

fibroin nanoparticles was calculated as follows:

weight of silk fibroin nanoparticles (g)x 100

% yield =
S 3N weight of silk fibroin fiber (g)

(4.1)

For example;

Silk fibroin concentration of 1.5% w/v was used in order to precipitate silk
fibroin nanoparticles in methanol. Silk fibroin nanoparticles were dried by vacuum
dry and the mass of silk fibroin nanoparticles was measured.

No. #1
Weight of silk fibroin fiber = 1.974 ¢
Weight of silk fibroin nanoparticles = 1.532 ¢
%yield = 1.532x100
1.974
=77.6
No. #2
Weight of silk fibroin fiber - 4030 g
Weight of silk fibroin nanoparticles = 4950 g
Yoyield T F 4950x100
4.030
=81.41

Average yield = 79.48%

The average yield of silk fibroin nanoparticles precipitated in methanol, ethanol
and iso-propanol were 79.48, 78.56, and 73.94%, respectively.

4.3 Chemical information of silk fibroin

The silk fibroin protein consists of more than 16 amino acids. The silk fibroin is
mainly composed of non-polar amino acids (glycine and alanine). The ATR FT-IR



31

technique for the molecular characterization of silk fibroin. The application of the
slide-on Ge pIRE for a single silk fibroin fiber and silk fibroin nanoparticles were
demonstrated and the results were shown in Figure 4.4-4.8.

4.3.1 Chemical information of silk fibroin fiber

Silk fibroin fiber was analyzed by ATR FT-IR microspectroscopy with the
homemade slide-on Ge pIRE. The ATR FT-IR spectra of single silk fibroin fiber are
shown in Figure 4.4. A sharp band centered at 3282 cm™ is N-H stretching vibration.
The absorption bands at 1624, 1514, and 1230 cm™ are associated with Amide I,
Amide II, and Amide III vibrations, respectively. The absorption bands of Amide I
vibration mode consist of two components including the C=0 stretching vibration and
small contribution from N-H scissoring vibration. The absorption bands of Amide II
vibration mode consist of two components including the N-H wagging vibration and
C-N stretching vibration. The absorption bands of Amide [II vibration mode consist
of two components including the N-H twisting vibration plus C-N stretching vibration
and the contribution from O=C-N bending vibration.
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Figure 44 ATR FT-IR spectrum of single silk fibroin fiber acquired by the slide-on
Ge pIRE.
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The absorption bands centered at 2973 and 2931 cm™ are the C-H stretching
vibrations while the bands centered at 1445 and 1407 cm™' are the C-H deformation
vibrations. The weak band at 1696 cm™ is assigned to be the antiparallel p-sheet
structure [24]. The absorption bands at 998 and 976 cm™ attributed to the Gly-Ala
sequences, respectively. The IR peak assignments are summarized in Table 4.3.

Table 4.3  Peak assignments of single silk fibroin fiber [18, 29-37].

Wavenumber (cm™) | Current work Peak Assignments
3385-3160 3282 Symmetric N-H stretching
3100-3070 (w) 3078 Overtone of Amide II
2975-2950 (m, s) 2973 Asymmetric C-H stretching of CH;
2940-2915 (m, s) 2931 Asymmetric C-H stretching of CHa
1698-1690 (w) 1696 Antiparallel p-sheet
1695-1610 (s) 1624 Amide I
C=0 stretching and a small contribution
from N-H bending (scissoring)
1575-1480 (s) 1514 Amide Il
N-H bending (wagging) plus C-N
stretching
1480-1440 (m) 1445 C-H bending (scissoring) of CH;
1410-1350 (m, s) 1407 C-H bending (wagging) of CH;
1305-1200 (w, m) 1262,1230 Amide III
N-H bending (twisting) plus C-N stretching
and the contribution from O=C-N bending
1175-1165 (s) 1166 O-H bending of phenolic residue in Tyr
1100-1050 (m) 1069 C-N stretching of RCH;-NH;, R,CH-NH,
1060-900 (w, m) 998, 976

C-C skeletal of Gly-Ala sequences

The first- and the second-derivative spectra of silk fibroin fiber are shown in

Figure 4.5. The first- and the second-derivative spectra show distinct weak bands at
1696, 998 and 976 cm™ of both the first- and the second-derivative spectra. The weak
band at 1696 cm™ is assigned to be the antiparallel B-sheet structure and the weak
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bands at 998 and 976 cm™ are assigned to be Gly-Ala sequences, which are the
character of silk fibroin.
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Figure 4.5 Derivative spectra of single silk fibroin fiber: (A) first-derivative and
(B) second-derivative.

4.3.2 Chemical information of silk fibroin nanoparticles precipitated in

organic solvents

The ATR FT-IR spectra of silk fibroin nanoparticles precipitated in methanol,
ethanol, and iso-propanol are shown in Figures 4.6, 4.7, and 4.8, respectively. The IR
peak assignments of silk fibroin nanoparticles precipitated in methanol, ethanol, and
iso-propanol are summarized in Table 4.4.
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Figure 46 ATR FT-IR spectrum of silk fibroin nanoparticles precipitated in
methanol by the slide-on Ge pIRE.
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Figure 4.7 ATR FT-IR spectrum of silk fibroin nanoparticles precipitated in ethanol
by the slide-on Ge pIRE.
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Table 44  Peak assignments of silk fibroin nanoparticles [18, 29-37].

Current Work
Wavenumber | Methanol | Ethanol iso- Peak Assignments -
(cm™) Propanol

3385-3160 3278 3279 3280 | Symmeiric N-H stretching

3100-3070 3072 3073 3076 | Overtone of Amide II

2975-2950 2975 2972 2972 | Asymmetric C-H stretching
of CH;

2940-2915 2931 2935 2931 | Asymmetric C-H stretching
of CH;

1698-1690 1697 1697 1697 | Antiparallel B-sheet

1695-1610 1621 1620 1621 | Amide I C=0 stretching and
a small contribution from
N-H bending (scissoring)
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Table 4.4 (continued) Peak assignments of silk fibroin nanoparticles [18, 29-37].
Current Work
Wavenumber | Methanol | Ethanol iso- Peak Assignments
(em™) Propanol

1575-1480 1514 1515 1514 Amide [ N-H bending
(wagging) plus C-N
stretching

1480-1440 1444 1444 1444 C-H bending (scissoring) of
CH;

1410-1350 1407 1408 1408 C-H bending (wagging) of
CH;

1305-1200 1260,1229 | 1261,1230 | 1262,1230 | Amide III N-H bending
(twisting) plus C-N
stretching and the
contribution from O=C-N
bending

1175-1165 1166 1166 1167 0O-H bending of phenolic
residue in Tyr )

1100-1050 1066 1065 1066 C-N stretching of RCH,-
NH;, R;CH-NH;

1060-900 998,975 | 997,976 | 998,976 | C-C skeletal of Gly-Ala
sequences
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44 The secondary structure analysis of silk fibroin by ATR FT-IR

microspectroscopy

4.4.1 Comparison of virgin silk fiber and degummed silk fiber (silk
fibroin fiber)

Figure 4.9 shows the spectra of sericin gum, single virgin silk fiber and single
degummed silk fiber. Each observed spectrum shows the different peak shape and
peak positions. The IR peak assignments are summarized in Table 4.5.
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Figure 4.9 Comparison of ATR FT-IR spectra of silk: (A) sericin gum, (B) single
virgin silk fiber, and (C) single degummed silk fiber. The spectra were
acquired by the Ge slide-on IRE.

Sericin gum is mainly made of serine and threonine (polar amino acid), which
can absorb the water molecules. Silk fibroin fiber is mainly composed of glycine and
alanine (non-polar amino acid). The surface of silk fibroin fiber was coated with
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sericin gum. This fiber was called virgin silk fiber and silk fibroin fiber was called
degummed silk fiber. The spectra of single virgin silk fiber are similar to that of the
spectra of sericin gum. As shown in Figure 4.9, the N-H stretching bands of sericin
gum and single virgin silk fiber are broader than that of single degummed silk fiber.
This broad band is due to the water molecules absorbed in molecular structure of
sericin gum and single virgin silk fiber. As shown in Figure 4.9 (C), the weak band at
1696 cm™ is assigned to the antiparallel B-sheet structure. This peak did not appear in
the spectrum of single virgin silk fiber. It is noticed that the observed spectra of single
virgin silk fiber and single degummed silk fiber in Amide I region are significantly
different. The Amide I band of single degummed silk fiber is sharper than that of
single virgin silk fiber because of the increasing of the crystalline structure. As shown
in Figure 4.9 (B), the weak band at 1398 cm™ is assigned to O-H bending vibration of
serine amino acid. This peak did not appear in the spectrum of single degummed silk
fiber because serine content in degummed silk fiber is only 12.1%. Single virgin silk
fiber is the mainly composed of serine amino acid (approximately 31.97%), which has
strongly polar side group (hydroxyl). The weak absorption band at 998 and 976 cm”
are assigned to the Gly-Ala sequences. On the other hand, these peaks did not appear
in single virgin silk fiber because glycine and alanine content of virgin silk fiber are
approximately 12.7% and 5.51%, respectively. Single degummed silk fiber which is
the mainly composed of non-polar amino acids such as glycine and alanine are
approximately 44.6% and 29.4%, respectively. The single Amide III band of virgin
silk fiber at 1240 cm™ is assigned to unordered structure. Contrarily speaking, the
Amide III band centered at 1230 cm™ of degummed silk fiber showed a weak
shoulder at 1262 cm™. These are assigned to the crystalline structure [15].
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Table 4.5  Peak assignments of single silk fiber and degummed single silk fiber [18,
29-37].
Current Work
Wavenumber Silk fiber | Degummed Peak Assignments
(cm™) silk fiber
3385-3160 3271 3282 Symmetric N-H stretching
1698-1690 (w) . 1696 | Antiparallel B-sheet
1695-1610 (s) 1618 1624 | Amide I
C=0 stretching and a small
contribution from N-H bending
(scissoring)
1575-1480 (s) 1514 1514 Amide 11
N-H bending (wagging) plus
C-N stretching
1480-1440 (m) L 1445 | C-H bending (scissoring) of CH,
1440-1260 (m, s) 1398 - In plane of O-H bending
1410-1350 (m, s) - 1407 C-H bending (wagging) of CH;
1305-1200 1240 1262, 1230 | Amide III
(w, m) N-H bending (twisting) plus C-N
stretching and the contribution
from O=C-N bending
1175-1165 (s) 1166 1166 | O-H bending of phenolic residue
in Tyr
1100-1050 (m) ; 1069 | C-N stretching of RCH,-NH;,
R;CH-NH;
1090-1000 (s) 1067 - C-OH stretching
1060-900 (w, m) . 998,976 | C-C skeletal of Gly-Ala sequences

The information of secondary structure of virgin silk fiber and degummed silk
fiber were acquired by curve fitting analysis. The second-derivative spectra of virgin
silk fiber and degummed silk fiber are shown in Figure 4.10 and the peak positions
from the second-derivative spectra were used as parameter for curve fitting analysis in
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Amide I region. The peak positions of the second-derivative spectra were choosing

for curve fitting analysis.
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Figure 4.10 ATR FT-IR spectra of a single silk fiber in the Amide I region (bottom)

with the corresponding second-derivative spectra (top): (A) Virgin silk

fiber and (B) Degummed silk fiber.

Figures 4.11 and 4.12 show the curve fitting of single virgin silk fiber and single
degummed silk fiber in Amide I region. The Amide I region in the spectra of virgin
silk fiber and degummed silk fiber were fitted with Gaussian and Lorentzian functions
to explain the secondary structure. The Amide I region are contributed from the C=0
stretching vibration and N-H bending vibration mode in hydrogen-bonding pattern.
The centers of the absorption bands are shown in Table 4.6. The proportion of each of
the absorption bands was calculated as the percentage of a peak area. According to the
fitted results, degummed silk fiber has more B-sheet structure than virgin silk fiber. In
addition, virgin silk fiber has more random coil structure than degummed silk fiber.
These results indicated that the secondary structure of degummed silk fiber had more
crystalline structure than that of virgin silk fiber. The characteristic of the aggregated
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f-strand was appeared after the curve fitting of virgin silk fiber. The aggregated fi-
strand has strong interchain interaction from polar side chains. The main components
of virgin silk fiber are serine amino acid, which have strongly polar side group
(hydroxyl). Therefore, the hydroxyl group form strong hydrogen bonded with other
polar side groups or amide groups in polypeptide backbones. In addition, the water
molecules absorbed in molecular structure of virgin silk fiber, so hydrogen bond
occurred between hydroxyl groups of serine with the water molecules, which cause
the secondary structure changed to the aggregated B-strand.
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Figure 4.11 Curve fitting of spectrum of single virgin silk fiber in the Amide I

region.
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Figure 4.12 Curve fitting of spectrum of single degummed silk fiber in the Amide I

region.

Table 4.6 The secondary structure of single virgin silk fiber and single degummed

silk fiber [38-41].
Current Work
Peak positions Virgin Degummed Peak Assignments
(cm™) silk fiber | silk fiber

1703-1697 1697 1698 Intermolecular H-bonds of anti-
parallel B-sheet (caused by the
strong transition dipole coupling)

1696-1671 1680 1679 B-turn

1662-1656 1662 1657 a-helix

1655-1638 1646 1640 Random coil

1637-1628 1632 - Intramolecular H-bonds of anti-
parallel B-sheet

1627-1622 - 1622 Intermolecular H-bonds of anti-
parallel B-sheet

1621-1616 1617 - Aggregate B-strand
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4.4.2 Comparison of the silk fibroin fiber, the silk fibroin solution, the silk
films, and the silk fibroin nanoparticles

Figure 4.13 shows the spectra of silk fibroin fiber, silk fibroin solution (before
dialysis), silk fibroin films, and silk fibroin nanoparticles. Each observed spectrum
shows different peak shape and peak positions. The spectra of silk fibroin fiber are
shown in Figure 4.13 (A), the absorption bands at 1624, 1514, and 1230 cm™ are
assigned to Amide I, Amide II, and Amide III vibrations, respectively. These spectra
indicated the characteristic of protein structure in silk fibroin. The weak band at 1696
cm” assigned to the antiparallel B-sheet structure indicated the most secondary
structure of silk fibroin fiber representing crystalline structure.

The spectrum of silk fibroin solution is shown in Figure 4.13 (B) which is
similar to the spectra of the water. The N-H stretching band of silk fibroin solution is
broader than those of other spectra because the large amount of the water in silk
fibroin solution. Since the LiBr remains in the structure of silk fibroin solution, this
salt may be the cause of water molecules absorbed in the structure. The weak band at
1549 cm™ indicated presence of silk protein in the solution.

The spectrum of silk fibroin films are shown in Figure 4.13 (C). From the
spectra, it was found that the N-H stretching band at 3285 cm™' is broader than that of
silk fibroin fiber and silk fibroin nanoparticles. This broad band is due to the large
amount of the water molecules absorbed in molecular structure of silk fibroin films.
The Amide I band at 1640 cm™ and the single Amide Il band at 1234 cm™ are
broaden, which are attributed to the random coil structure [3, 37]. The weak band in
range of 1698-1690 cm™ did not appear in the spectra of silk fibroin films. This
indicates that most of the secondary structure of silk fibroin films is in the form of
amorphous structure.

The spectrum of the silk fibroin nanoparticles are shown in Figure 4.13 (D). Silk
fibroin nanoparticles were precipitated in the organic solvent, which organic solvent
can diffuse into silk fibroin structure. The organic solvent attracted water from silk
fibroin molecule and induced the rearrangement of polypeptide chains of silk fibroin.
Therefore, the N-H stretching band of silk fibroin nanoparticles is sharper than those
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of silk fibroin films. The Amide I band of the spectrum of silk fibroin films at 1640
cm” was red-shifted to 1621 cm™ comparing with silk fibroin nanoparticles because
of the increasing of crystalline structure in the structure of silk fibroin nanoparticles.
The weak band at 1697 cm™ and the Amide I band at 1621 cm™ are associated with
crystalline structure.
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Figure 4.13 Comparison of ATR FT-IR spectra of silk: (A) silk fibroin fiber, (B) silk
fibroin solution (before dialysis), (C) silk fibroin films, and (D) silk
fibroin nanoparticles. The spectra were acquired by the Ge slide-on IRE.
FT-IR spectra of water in Figure 4.13 (B) was added for comparison.
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4.43 Comparison of the single silk fibroin fiber and the silk fibroin

nanoparticles

The ATR FT-IR spectra of single silk fibroin fiber and silk fibroin nanoparticles
precipitated in methanol, ethanol, and iso-propanol are shown in Figure 4.14, 4.15,
4.16, and 4.17, respectively. The spectra were collected at three different positions to
ensure the reproducibility of the homemade slide-on Ge pIRE. The observed spectra
show that the tripple-collected spectra are identical as shown in the inset of Figure
4.14,4.15,4.16,and 4.17.

0.6

Absorbance

1 2 1 ot L L 1 = i 1

4000 3500 3000 1500 1000
Wavenumber (cm ')

Figure 4.14 Normalized ATR FT-IR specira of silk fibroin fiber.
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Figure 4.15 Normalized ATR FT-IR spectra of silk fibroin nanoparticles
precipitated in methanol.
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Figure4.16 Normalized ATR FT-IR spectra of silk fibroin nanoparticles
precipitated in ethanol.
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Figure 4.17 Normalized ATR FT-IR spectra of silk fibroin nanoparticles
precipitated in iso-propanol.

The change of the secondary structure of silk fibroin nanoparticles was induced
by precipitation of silk fibroin solution in organic solvents. The observed spectra of
silk fibroin fiber and silk fibroin nanoparticles were compared in Figure 4.18. The
spectra were normalized by N-H stretching band as shown in the inset A of Figure
4.18. The N-H stretching band of silk fibroin nanoparticles is broader than that of silk
fibroin fiber. This broad band is due to the water molecules absorbed in molecular
structure of silk fibroin nanoparticles. The organic solvent can diffuse into silk fibroin
structure; the organic solvent attracts the water molecules from silk fibroin molecules
and induces polypeptide chain rearrangement. The water molecules remain in
molecular structure of silk fibroin nanoparticles. The inset B of Figure 4.18 shows the
normalization of Amide I band. The different peak shape and peak positions in Amide
I region (1623 cm™ in silk fibroin fiber and 1621, 1620, 1621 cm™ in silk fibroin
nanoparticles precipitated in methanol, ethanol and ise-propanol, respectively.) reveal
the change of the secondary structure in silk fibroin nanoparticles. For silk fibroin
nanoparticles, all the absorption bands of Amide I bands are sharper than that of silk
fibroin fiber. The Amide I bands of silk fibroin nanoparticles were red-shifted
comparing with silk fibroin fiber because of the increasing of crystalline structure in
the structure of silk fibroin nanoparticles. For silk fibroin nanoparticles, the peak
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shifts of the Amide | band were similar to those of silk fibroin films treated by
methanol [38]. The different peak shape in Amide I region implied the change of the
secondary structure. So, the secondary structure of silk fibroin fiber and silk fibroin
nanoparticles investigated further by mathematical curve fitting method in Amide |

region.
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Figure 4.18 ATR FT-IR spectra of silk: (a) silk fibroin fiber, (b) silk fibroin
nanoparticles precipitated in methanol, (¢) silk fibroin nanoparticles
precipitated in ethanol, and (d) silk fibroin nanoparticles precipitated in
iso-propanol.

Figure 4.12 and 4.19, respectively, show the curve fitting of silk fibroin fiber
and silk fibroin nanoparticles precipitated in methanol in Amide I region. The Amide
I region in the spectra of silk fibroin fiber and silk fibroin nanoparticles were fitted
with Gaussian and Lorentzian functions. The centers of the absorption band are
shown in Table 4.7. According to the results, silk fibroin nanoparticles have smaller
amount of a-helix and random coil structure than that of silk fibroin fiber while
having greater amount of p-turn and p-sheet (1622 cm™) structure more than that of
silk fibroin fiber. These indicated that the secondary structure of silk fibroin
nanoparticles have more crystalline structure than that of silk fibroin fiber.
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Figure 4.19  Curve fitting of spectrum of silk fibroin nanoparticles in the Amide 1

region.

Table 4.7 The secondary structure analysis of silk fibroin fiber and silk fibroin

nanoparticles [38-41].
Current Work
Peak positions | Silk fibroin | Silk fibroin Peak Assignments
(cm™) fiber nanoparticles
1703-1697 1698 1698 Intermolecular H-bonds of anti-
paralle]l B-sheet (caused by the
strong transition dipole
coupling)
1696-1671 1679 1680 B-turn
1662-1656 1657 1659 a-helix
1655-1638 1640 1644 Random coil
1637-1622 1622 1622 Intermolecular H-bonds of anti-
parallel p-sheet
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4.4.4 Comparison of silk fibroin nanoparticles precipitated from different

organic solvents

The organic solvents are well known as the crystallization reagent for silk
fibroin molecules. The organic solvent types affected the secondary structure of silk
fibroin. The observed spectra of silk fibroin nanoparticles precipitated in methanol,
ethanol, and iso-propanol were compared in Figure 4.20. The observed spectrum
shows different peak shape in Amide [ region. The spectra were normalized by Amide
I band as shown in the inset of Figure 4.20. The Amide I band of silk fibroin
nanoparticles precipitated in methanol is the sharpest and the Amide I band of silk
fibroin nanoparticles precipitated in iso-propanol is the broadest. The different peak
shape in Amide I region implied the change of the secondary structure. Therefore, the
investigation of the secondary structure of silk fibroin nanoparticles by mathematical
curve fitting method in Amide I region was performed.
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Figure 420  ATR FT-IR spectra of silk: (a) silk fibroin nanoparticles precipitated in
methanol, (b) silk fibroin nanoparticles precipitated in ethanol, and (c)

silk fibroin nanoparticles precipitated in iso-propanol.
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Figure 4.21, 4.22, and 4.23, respectively, show the curve fitting of silk fibroin
nanoparticles precipitated in methanol, silk fibroin nanoparticles precipitated in
ethanol, and silk fibroin nanoparticles precipitated in iso-propanol in Amide I region.
The Amide | region in the spectra of silk fibroin were fitted with Gaussian and
Lorentzian functions. The centers of the absorption band are shown in Table 4.8.
According to the results, silk fibroin nanoparticles precipitated in methanol were rich
in the B-sheet (1622 cm™) structure. These indicated that the secondary structure of
silk fibroin nanoparticles precipitated in methanol consisted of the crystalline
structure more than that of silk fibroin nanoparticles precipitated in ethanol and iso-
propanol. Silk fibroin nanoparticles precipitated in iso-propanol were rich in the
random coil structure. These results indicated that the secondary structure of silk
fibroin nanoparticles precipitated in iso-propanol consisted of the amorphous structure
more than that of silk fibroin nanoparticles precipitated in methanol and ethanol. The
observed curve fitting of silk fibroin fiber (Figure 4.12) and silk fibroin nanoparticles
precipitated in three types of organic solvents (Figure 4.21, 4.22, and 4.23) were
compared. The peak area contents of the a-helix, random coil, and B-sheet (1622 cm’
") structure were changed. Considering silk fibroin nanoparticles, the contents of the
a-helix and random coil structure are less than that of silk fibroin fiber while the
contents of the B-turn and B-sheet (1622 em™) structure is more than that of silk
fibroin fiber. These come from the fact that the organic solvent induced the secondary
changes of the molecular chains of silk fibroin from the random coil and a-helix to the
B-turn and B-sheet structure.

Since the organic solvent can diffuse into silk fibroin structure, the organic
solvent attracts the water molecules from silk fibroin molecules due to their polar
character and induces the rearrangement of the molecular chains of silk fibroin from
the random coil and a-helix to the P-sheet structure. After that the hydrophobic
polypeptide chains were rearranged, the molecular conformations change to
crystalline structure.

Silk fibroin nanoparticles precipitated in methanol have the highest B-sheet
structure. Methanol is more polar than ethanol and iso-propanol. Therefore, methanol
can attract water molecules from silk fibroin molecules. Then the hydrophobic
polypeptide chains are induced to rearrange into closely packed form, and the
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crystallization occurs [16, 42, 43]. The main components of crystalline region are
composed of hydrophobic amino acids such as glycine and alanine. The sequence in
this region is -(Gly-Ala-Gly-Ala-Gly-Ser)-,. The amino acids in the sequence have
non-polar side groups. Therefore, the molecular chain can be closely packed.

From Figure 4.13 (C and D), the Amide I band of silk fibroin films is broader
than that of silk fibroin nanoparticles. The Amide I band of silk fibroin nanoparticles
were red-shifted to 1621 em™' comparing to that of silk fibroin films (Figure 4.24).
The different peak shape and peak positions in Amide I region implied the change of
the secondary structure. In order to understand these difference; the investigation of
the secondary structure of silk fibroin by mathematical curve fitting method in Amide
I region was performed.
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Figure 421  Curve fitting of spectrum of silk fibroin nanoparticles precipitated with
methanol in the Amide | region.
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Figure 4.22  Curve fitting of spectrum of silk fibroin nanoparticles precipitated with
ethanol in the Amide I region.
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Figure 423  Curve fitting of spectrum of silk fibroin nanoparticles precipitated with
iso-propanol in the Amide I region.
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Figure 424  Curve fitting of spectrum of silk fibroin films in the Amide I region.

The observed curve fitting of silk fibroin nanoparticles precipitated in three
types of organic solvents and silk fibroin films were compared. The area contents of
the B-turn, a-helix, random coil, and -sheet structure were changed. Considering silk
fibroin films, the contents of the a-helix and random coil structure are greater than
that of silk fibroin nanoparticles while the contents of the p-turn and B-sheet (1628
cm’™) structure is lesser than that of silk fibroin nanoparticles. These results indicated
that the secondary structure of silk fibroin nanoparticles have more crystalline
structure than that of silk fibroin films. These come from the fact that the organic
solvent induced secondary structure changes in the molecular chains of silk fibroin
from the random coil and a-helix to the B-sheet structure. The characteristic of the
aggregated strand was appeared after the curve fitting of silk fibroin films. The water
molecules absorbed in molecular structure of silk fibroin films prevents the
hydrophobic polypeptide chains to rearrange into closely packed form. Therefore, the
secondary structure changed to the aggregated strand.
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Table 4.8 The secondary structure analysis of silk fibroin nanoparticles
precipitated with different organic solvents [38-41].

Silk fibroin nanoparticles
Peak Silk precipitated in Peak Assignments
positions | fibroin | Methanol | Ethanol iso-
(cm™) films Propanol
1703-1697 - 1698 1698 1699 Intermolecular H-
bonds of anti-parallel
f-sheet (caused by
| the strong transition
dipole coupling)
1696-1671 | 1685 1680 1679 1681 p-turn
1662-1656 | 1662 1659 | 1660 1662 a-helix
1655-1638 | 1644 1643 1645 1646 Random coil
1637-1622 | 1628 1622 | 1622 1622 Intermolecular H-
bonds of anti-parallel
p-sheet
1615-1605 | 1613 - - - Aggregated strand

4.5 The deposition of silver nanoparticles on silk fibroin nanoparticles

Silver nanoparticles were deposited on silk fibroin nanoparticles. The deposition
of silver nanoparticles was analyzed by UV-Visible spectrometer and TEM. The
absorption spectra of silver nanoparticles before and after depositing on the silk
fibroin nanoparticles monitored by UV-Visible spectrometer are shown in Figure 4.26
and their corresponding photographs shown in Figure 4.25.
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Figure 4.25 Photograph of silver nanoparticles at different concentrations deposited
on silk fibroin nanoparticles: (a) S0 ppm, (b) 100 ppm, and (c) 200
ppm.

Silver nanoparticles colloidal solutions have absorption maxima (Ama) at 400
nm. The silver nanoparticles were spherical shape and the mean diameter of particles
was about 10 nm as shown in Figure 4.26.

Figure 426  TEM images of silver nanoparticles colloidal solution.

The absorbance was not significantly changed in the position of the absorption
maxima, which observed from normalization absorption spectra as shown in the inset
of Figure 4.27 (A, B, and C). The absorbance of silver nanoparticles deposited on the
silk fibroin nanoparticles increased with increasing the concentration of silver
nanoparticles. From these results, silver nanoparticles could deposit on silk fibroin
nanoparticles, which observed from the decreasing absorption spectra of silver
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nanoparticles colloidal solution after silver nanoparticles were added into silk fibroin
nanoparticles.

0.40

A: 2.5 ppm silver nanoparticles
0.30

Absorbance

0.00
0.80
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300 400 500 500
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Figure 427 The UV-Visible absorption spectra of silver nanoparticles: (a) silk
fibroin nanoparticles, (b) before silver nanoparticles were added, and
(c) after silver nanoparticles were added.

The weights of silver nanoparticles deposited on silk fibroin nanoparticles are
calculated from the UV-Visible absorption spectra. From Figure 4.28, the plotting of
intensity at absorption maxima against silver nanoparticles concentrations are shown
in Figure 4.29.
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Wavelength (nm)

Figure 428 The calibration curve of UV-Visible absorption spectra of silver

nanoparticles: (a) 10.0 ppm, (b) 8.00 ppm, (c) 6.5 ppm, (d) 5.0 ppm,
(e) 3.5 ppm, (f) 2.5 ppm, (g) 1.5 ppm, (h) 0.5 ppm, and (i) 0.05 ppm.

14

0 2 4 6 ] 10 12
Silver nanoparticles concentration (ppm)

Figure 429  Plot of intensity at absorption maxima against silver nanoparticles
concentrations (ppm).

The equation 4.2 was calculated from the plot of intensity at absorption maxima
against silver nanoparticles concentrations, which was used to calculate the
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concentration of silver nanoparticles added into silk fibroin nanoparticle. The silver
nanoparticles concentrations are shown in Table 4.9.

Y=0.1255X+ 0.0022 (4.2)

Table 49 The silver nanoparticles concentration (The sample was twenty times

dilution with deionized water).
Silver Absorbance of silver nanoparticles Silver nanoparticles
nanoparticles (Y) concentration (X)

colloidal Before | Remain in | Deposited | Before | Remain | Deposited
solution adding | supernatant | onsilk | adding in on silk

(ppm) solution

2.50 0.308 0.184 0.124 2.436 1.448 0.970
5.00 0.643 _ 0.381 0.262 5.105 3.018 2.070
10.00 1.259 0.738 0.521 10.010 5.862 4.133

10 mL of 50, 100, and 200 ppm silver nanoparticles colloidal solution were
added into silk fibroin nanoparticles suspension (0.055 £ 0.010 g). The weight of
silver nanoparticles deposited on silk fibroin nanoparticles can be calculated as
follows:

weight(ug) = silver concentration (ppm)x volume of silver solution (mL) (4.3)

Volume of silver nanoparticles solution=10.00 mL
For example:

At 2.5 ppm silver nanoparticles colloidal solution, they were deposited on silk
fibroin nanoparticles 0.970 ppm. The weight of silver nanoparticles calculated as
follows:

weight (pg) = 0.970x10.00
=970

Weight of silver nanoparticles deposited on silk fibroin nanoparticles were
calculated from equation 4.2 was shown in Table 4.10 and Table 4.11. From this
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result, the weight of silver nanoparticles deposited on silk fibroin nanoparticles
increased with increasing the concentration of silver nanoparticles. These results
indicated that the system occurred at equilibrium of silver nanoparticles between solid
phase and liquid phase, which confirmed by soaking silver-deposited silk fibroin
nanoparticles in deionized water.

Table 4.10 Weight of silver nanoparticles deposited on silk fibroin nanoparticles
(The sample was twenty times dilution with deionized water).

Silver nanoparticles Weight (pg)of silver Weight (jug) of silver
colloidal solution nanoparticles deposited on nanoparticles deposited on
(ppm) silk fibroin nanoparticles | silk fibroin nanoparticles
0.055 ¢ 1.00g
2.50 9.70 176.36
5.00 20.70 376.36
10.00 41.33 751.45

Table 4.11 Weight of silver nanoparticles deposited on silk fibroin nanoparticles.

Silver nanoparticles Deposition of silver
colloidal solution (ppm) nanoparticles (ug) /
silk nanoparticles 1.00 g
50 3527.27
100 7527.27
200 15029.09

The equilibrium of silver nanoparticles was tested by adding 20 mL of the
deionized water into 0.055 g of silver-deposited silk fibroin nanoparticles of 50 ppm,
100 ppm, and 200 ppm, respectively. After that silver-deposited silk fibroin
nanoparticles were released. The UV-visible spectra of the deionized water were
measured. The concentrations of silver nanopartilces were then calculated from the

calibration curve. The absorption spectra of released silver nanoparticles from silk
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fibroin nanoparticles are shown in Figure 4.30 and the amount of silver nanoparticles
released from silk fibroin nanoparticles are shown in Table 4.12.

1.20

300 ' MO . 500 ' 600
Wavelength (nm)

Figure 430 The UV-Visible absorption spectra released silver nanoparticles from
silk fibroin nanoparticles: (a) 50 ppm, (b) 100 ppm, and (c) 200 ppm.

Table 4.12  Weight of silver nanoparticles released from silk fibroin nanoparticles.

Silver nanoparticles Weight (ug) of silver nanoparticles
colloidal solution (ppm) | release / silk fibroin nanoparticles 1.00 g
50 457.20
100 1036.69
200 2021.85

4.5.1 TEM images of silver nanoparticles and silver-deposited silk fibroin
nanoparticles.

TEM images of silk fibroin nanoparticles, silver nanoparticles, and silver-
deposited silk fibroin nanoparticles as shown in Figure 4.31 and 4.32, respectively.
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Figure 4.31 TEM images of silk fibroin nanoparticles and silver nanoparticles

colloidal solution.

200 nm

Figure 432 TEM images of silk fibroin nanoparticles deposited with silver
nanoparticles: (a) and (b) deposited at 50 ppm; (c) and (d) deposited at
100 ppm; and (e) and (f) deposited at 200 ppm.
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From these results, it is concluded that silver nanoparticles are well dispersed
and well deposited on silk fibroin nanoparticles. The deposition of 200 ppm silver
nanoparticles on the silk fibroin nanoparticles is more than those of 100 ppm and 50
ppm silver nanoparticles, respectively. The deposition of silver nanoparticles on silk
fibroin nanoparticles decreased with decreasing the concentration of silver
nanoparticles, which were also in a good agreement with the results UV-Visible
absorption spectra.

4.5.2 Comparison of silk fibroin nanoparticles and silver-deposited silk
fibroin nanoparticles.

Figure 4.33 shows ATR FT-IR spectra of silver-deposited silk fibroin
nanoparticles. The speetrum of silk fibroin nanoparticles are shown in Figure 4.33
(A). The absorption bands of Amide I, Amide II, and Amide III vibrations indicated
the characteristic of silk fibroin protein structure. The spectra of silver-deposited silk
fibroin nanoparticles are shown in Figure 4.33 (B, C, and D). Each observed spectrum
shows the absorption bands at 1749 em™. It is assigned to the C=0 group, which is
only weakly hydrogen bond [44]. These absorption bands did not appear in the
spectrum of silk fibroin nanoparticles. It is pessible that during silver nanoparticles
are filled into silk fibroin nanoparticles, silver nanoparticles deposit on silk and insert
between the B-sheet structures of silk fibroin structure. So, hydrogen bond is weak.
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Figure 433 ATR FT-IR spectra of silk fibroin nanoparticles: (A) no silver-

deposition, (B) silver-deposited at 50 ppm (C) silver-deposited at 100

ppm, and (D) silver-deposited at 200 ppm, respectively.

Figure 4.21, 4.34, 4.35, and 4.36 show the curve fitting of silk fibroin
nanoparticles and silver-deposited silk fibroin nanoparticles in Amide I region. The
information of secondary structure of silk fibroin nanoparticles were resolved by
curve fitting analysis. The Amide I region between 1740-1580 cm™ was fitted with
Gaussian and Lorentzian functions. The centers of the absorption band are shown in
Table 4.13.
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Figure 434 Curve fitting of spectrum of silver-deposited at 50 ppm in the Amide I

region.

Figure 435 Curve fitting of spectrum of silver-deposited at 100 ppm in the Amide
I region.



Figure 436  Curve fitting of spectrum of silver-deposited at 200 ppm in the Amide

I region.

Table 4.13 The secondary structure analysis of silver-deposited silk fibroin

nanoparticles [38-41].
Peak positions (cm™) of silk fibroin nanoparticles
No Deposited | Deposited | Deposited ook Assipnenesits
deposition at at at
50 ppm 100 ppm | 200 ppm
1698 1699 1699 1698 | Intermolecular H-bonds of
anti-parallel f-sheet (caused
by the strong transition dipole
coupling)
1680 1681 1680 1682 | p-turn
1659 1659 1662 1662 | a-helix
1644 1643 1646 1645 Random coil
1622 1622 1622 1622 Intermolecular H-bonds of
anti-parallel B-sheet
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Figure 437 The proposed mechanism of silver nanoparticles inserted into the silk
fibroin structures.

The observed curve fitting of silk fibroin nanoparticles and silver-deposited silk
fibroin nanoparticles (50, 100, and 200 ppm) are compared. The area contents of the
a-helix, random coil, and B-sheet (1622 cm™) structure were changed. Consider
silver-deposited silk fibroin nanoparticles, the contents of the a-helix and random coil
structures are more than that of silk fibroin nanoparticles while the contents of the -
turn and B-sheet (1622 cm™) structure are less than that of silk fibroin nanoparticles.
These results indicated that the content of crystalline structure of silk fibroin was
reduced and amorphous structure of silk fibroin was increased after silver
nanoparticles were added. These may come from the possibility that silver
nanoparticles can be inserted into the silk fibroin structures. The proposed mechanism
of silver nanoparticles inserted into the silk fibroin structures is shown in Figure 4.37.
Therefore, deposited silver nanoparticles prevent the hydrophobic polypeptide chains

to rearrange into closely packed form.



CHAPTER V

CONCLUSIONS

Silk fibroin nanoparticles were simply prepared by precipitating silk fibroin
solution in organic solvents (methanol, ethanol, and iso-propanol) at room
temperature. The optimal final concentration of NaCl in silk fibroin solution for
precipitating solution is 0.05 M. The optimum volume ratio of the silk fibroin solution
per organic solvents was 16.6% v/v. From SEM images, silk fibroin nanoparticles
have spherical shape and particles sizes of silk fibroin nanoparticles precipitated in
methanol, ethanol, and ise-propanol on the average of 98.43 £ 2.9, 92.73 + 3.8, and
98.60 + 2.4 nm, respectively.

The molecular characteristics of single silk fiber, silk fibroin solution, silk
fibroin films, and silk fibroin nanoparticles were investigated by means of ATR FT-
IR microspectroscopy. This technique elucidates the secondary structure changes in
silk fibroin during the preparation of silk fibroin nanoparticles and gives the
molecular characteristics of native single silk fiber without sample destruction and
short time analysis. From the studies of silk fibroin nanoparticles, it is concluded that
the secondary structure of silk fibroin nanoparticles precipitated in methanol were rich
in f-sheet structure, while silk fibroin nanoparticles precipitated in iso-propanol were
rich in random coil structure. The secondary structures of silk fibroin films (untreated
with organic solvent) have random coil structure. Therefore, the secondary structure
of silk fibroin was controlled by organic solvent. From the studies of single silk fiber,
it is concluded that the secondary structure of degummed silk fiber has crystalline
structure more than that of virgin silk fiber.

For the deposition of silver nanoparticles on silk fibroin nanoparticles, silver
nanoparticles can disperse and deposit on silk fibroin nanoparticles, which observed
from TEM images. UV-Visible spectroscopy indicated that silver nanoparticles could
deposit on silk fibroin nanoparticles, which observed from the decreasing absorption
spectra of silver nanoparticles colloidal solution after silver nanoparticles are added
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into the solution of silk fibroin nanoparticles. From the ATR FT-IR
microspectroscopy, silver nanoparticles could be inserted between the PB-sheet
structures of silk fibroin structure. The crystalline structure of silk fibroin is reduced
after silver nanoparticles deposition.
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