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ABSTRACT

Among all natural polymers, bacterial cellulose and silk fibroin offer unlimited
opportunities for processing, functionalization, and biological integration. This thesis presents
the preparation and characterization of nanostructured materials based on bacterial cellulose
produced by Gluconacetobacter xylinus bacteria, as well as regenerated silk fibroin stemmed
from the cocoons of silkworms (Bombyx mori) for optical applications.

Firstly, dried bacterial cellulose membranes were utilized to prepare cellulose
nanocrystals (CNC). CNC were casted in the form of thick iridescent films whose color
originates in the periodic patterning of layers in a chiral nematic texture created by self-
assembly of rod crystallites. Once the CNC films were obtained, self-sustainable films were
coated with a low molecular weight nematic liquid crystal (LC), 4'-(hexyloxy)-4-
biphenylcarbonitrile (HOBC). The materials were obtained as free-standing iridescent films,
with chiral nematic structure that exhibited modulated optical properties, in response to external
stimulus, such as thermal gradient or relatively small electrical voltage. The scanning electron
microscopy (SEM) confirmed that the composite film structure comprises the multi-domain
Bragg reflectors. The relationship between the surface structure and thermo-responsive
properties of investigated HOBC coated with CNC film was examined using transmission
optical microscopy (TOM). Additionally, electrostatic force microscopy (EFM) measurement
was employed to prove the effect of external stimuli, in this case applied voltage, on the HOBC
liquid crystal coated with CNC film.

The second part of this thesis involves the design of luminescent iridescent films through
the combination of CNC suspension with tetraethoxysilane (TEOS) and ethanolic solutions of
Rhodamine 6G (Rh6G). These materials were obtained as freestanding composite films with
chiral nematic organization. The optical properties of such films can be tuned through changes
in the silicay/CNC proportion during the preparations. Photoluminescence measurements, as
function of the detection angle, were realized in order to investigate the influence of photonic
structure in the light emission of composite films. Our findings demonstrated that the photonic
structure of the film acts as an inner- filter, causing selective suppression of the light emitted
with a variation of the detection angle. This behavior was found to be dependent of the bandgap
position on the photonic structure of these materials.

Lastly, we designed structured organic-inorganic hybrids (OIH) based on silica and silk
fibroin. The materials were obtained as robust monoliths possessing different fibroin fractions.

The SEM images demonstrated in-situ self-assembly of fibroin nanofibers dispersed into the



IOH monoliths. Structural characterization of OIH monoliths was performed by Raman and
solid state NMR spectroscopies. Our findings demonstrated that precipitated fibroin presented
prevailing B-sheet conformation. Furthermore, we demonstrated that the fibroin nanofibers can
be used as biotemplates, acting as a sacrificial material to development porous silica monoliths.
The porous silica monoliths doped with rhodamine 6g (Rh6G) exhibited efficient RL action
with low threshold power excitation and narrowing linewidth. From the spectral behavior, it is
inferred that the RL operates in the diffusive regime in hierarchical macro—mesoporous
network. In addition, analysis of the emission spectra showed two gain mechanisms coupled,
specifically the random lasing and the stimulated Raman scattering, which suggest that
designed materials can also be promising for random Raman laser applications.

Keywords: bacterial cellulose, silk fibroin, cellulose nanocrystals, nematic liquid crystal,

silica, organic-inorganic hybrids, photonic devices and random lasers.



RESUMO

Entre os polimeros naturais, celulose bacteriana e fibroina da seda oferecem inumeras
oportunidades para funcionalizacao, processamento e integracao bioldgica. Esta tese apresenta
a preparacdo e caracterizacdo de novos materiais nanoestruturados para aplicacGes Opticas
utilizando celulose bacteriana produzida pela bactéria Gluconacetobacter xylinus, como
também em fibroina regenerada extraida de casulos do bicho da seda (Bombyx mori).

Primeiramente, membranas de celulose bacteriana secas foram utilizadas para a
preparacdo de nanocristais de celulose (NCC). Os nanocristais de celulose foram processados
na forma de filmes espessos e iridescentes nos quais a cor tem origem de padrdes periddicos de
camadas em uma estrutura nematica quiral criada pelo alto montagem dos bastdes cristalinos.
Uma vez obtido o filme de NCC, o mesmo foi revestido com um cristal liquido nematico de
baixo peso molecular, 4’- (hexiloxi) - 4 - bifenilcarbonitrila (HOBC). O material foi obtido
como um filme auto-suportado, iridescente, formado por uma estrutura nematic quiral e que
exibe moduladas propriedades em resposta a estimulos externos, tais como, gradiente de
temperatura e relativa pequena voltagem elétrica. Imagens de microscopia eletrénica de
varredura (MEV) confirmaram a estrutura do filme formada por maltiplos dominios refletores
de Bragg. A relacdo entre a estrutura da superficie e as propriedades de resposta térmica do
revestimento de HOBC no filme foram investigadas utilizando microscopia Optica de
transmissdo (TOM). Além disso, medidas de microscopia de forca eletrostatica foram
empregadas para provas o efeito do estimulo externo, neste caso da voltagem aplicada, no
revestimento de cristal liquido HOBC no filme.

A segunda parte desta tese envolve a preparacdo de filmes iridescente luminescentes
através da combinacdo da suspensdo de NCC com tetraetoxisilano (TEOS) e uma solucdo
etanolica de rodamina 6G (Rh6G). Estes materiais foram obtidos como filmes compdsitos auto
suportados com ordenacdo nematica quiral. As propriedades Opticas dos filmes foram
sintonizadas através de mudancas na proporcdo de silica/NCC na preparacdo. Medidas de
fotoluminescéncia em fungdo do angulo foram realizadas a fim de investigar a influéncia da
estrutura fotébnica com ordenacdo nematica quiral na emissdo de luz pelos filmes compositos.
Os resultados demonstraram que a estrutura foténica dos filmes atuam como um filtro interno
causando supressdo seletiva da luz emitida com a variacdo do angulo de deteccdo. Este
comportamento mostrou-se dependente da posi¢do da banda proibida destes materiais.

Por fim, nds preparamos hibridos organico - inorganicos (HOI) baseados em silica e

fibroina da seda. Os materiais foram obtidos em forma de monolitos robustos contt



diferentes concentracdes de fibroina. As imagens de MEV apresentam a precipitacdo de
nanofibras de fibroina dispersas dentro dos HOIs. A caracterizag&o estrutural das amostras foi
realizada por espectroscopia Raman e ressonancia magnética nuclear (RMN) do estado sélido.
Os resultados demonstraram que a fibroina precipitada apresenta preferencial conformacao
folha- B. NOs demonstramos ainda que as nanofibras de fibroina podem ser utilizadas como
moldes, atuando com um material de sacrificio para a producdo de monolitos de silica porosos.
Os monolitos de silica porosa dopados com rodamina 6G (Rh6G) exibiram eficiente acao laser
aleatdrio (LA), com baixo limiar laser e estreita largura de banda. A partir do comportamento
espectral, infere-se que o LA opera no regime difusivo na rede hierarquia formada por macro e
mesoporos. Além deste comportamento, através de analise do espectro de emissdo foi
observado o acoplamento de dois mecanismos, laser aleatério e espalhamento Raman
estimulado, o que sugere que o material obtido também pode ser promissor para aplicacbes em

laser aleatdério Raman.

Palavras-chaves: Celulose bacteriana, fibroina da seda, nanocristais de celulose, silica,

hibridos orgénicos-inorganicos, dispositivos fotonicos e lasers aleatorios.



LIST OF FIGURES

Figure 1. Chemical structure of cellulose. Inter and intramolecular hydrogen-bonding
network (‘adapted from (LIN; DUFRESNE, 20142)). .....cccoeiiiiieiieiecee e 20
Figure 2. a) Schematic of the unit cells for cellulose la. (triclinic, dashed line) and If
(monoclinic, solid line); b) Relative configuration of Io. with respect to 1B unit cell. (Adapted
from (MOON et al., 2011)) coooiveeieiicceee ettt e b e saeenneenee e 21
Figure 3. a) Transmission electron micrographs (TEM) of sugar beet CMF (adapted from
((DUFRESNE; CAVAILLE; VIGNON, 1997))); b) TEM hardwood CNF (adapted from
((SAITO et al., 2007))); c) Scanning electron micrographs (SEM) of wood CNC (adapted
from ((HANLEY et al., 1997))); and BC ribbons (adapted from ((IFUKU et al., 2007))). .....22
Figure 4. Hierarchical structure of cellulose; top image (from large unit to small unit):
cellulose nanocrystals (CNC), micro/nanofibrillated cellulose (MFC and NFC); bottom image
(from tiny unit to small unit), biosynthesis of bacterial cellulose (BC) ( adapted from (LIN;
DUFRESNE, 2014D)). .. .eiuiiiieiieeeieiesieste ettt ettt sa e saesaesae e aessesnessaenaaneans 23
Figure 5. Schematics of idealized cellulose fibers showing one of the suggested
configurations of the crystalline and amorphous regions, and cellulose nanocrystals after
sulfuric acid hydrolysis of the disordered regions, exhibiting the characteristic sulfate half
ester surface groups formed as a side reaction ( adapted from (DOMINGUES; GOMES;
REIS, 2014). ..ottt bbbttt bbb ettt bbb renre s 25
Figure 6. a) Shows the formation of a chiral nematic liquid crystal phase and its coexistence
with an isotropic phase in a CNC suspension of 5wt% (upper image) (GRAY, 2012). The
helical arrangement of CNC is illustrated schematically next to a scanning electron electron
microscopy image of an actual CNC helix (adapted from (GRAY, 2012)). b) Optical
microscope image (crossed polars) of the bulk CNC film (scale bar 40 um (GRAY, 2012)). c)
Characteristic regularly spaced lines in an aqueous suspension with 5 wt% CNC, observed in
transmission (adapted from (LAGERWALL et al., 2014))......ccccccveiiiiiiiceceeceee e 27
Figure 7. Selective reflection of circularly polarized light by a chiral nematic structure. The
rods represent the average orientation of the director, which lies perpendicular to the films and
rotates through the film ( Adapted from (GIESE et al., 2015)).......ccccviiiiniiiiiiinencneseseias 29
Figure 8. a) Dry chiral nematic CNC films in a polystyrene Petri dish. Polarization optical
micrograph at the center of the film. Correlation of optical and electron microscopy of the
different domains; b-d) Cross-sectional SEMs images correlated with the white circles show
areas b, c and d. ( Adapted from (STEINER; VIGNOLINI, 2014)) ...ccoevvivieieeeee e 30
Figure 9. a) Evaporating and self-assembly of CNCs with silica sol-gel precursor to yield an
iridescent composite, whose structural color depends on the silica loading. b) After removal of
the CNCs through calcination or acid hydrolysis mesoporous sol-gel derived films are
obtained that retain their intense structural colors. ¢) Transmittance spectra of the iridescent
composite. d) Transmittance spectra of mesoporous silica films. ( Adapted from
(SHOPSOWITZ €t al., 2010)). .oveiuieieirieieieiiesie sttt e e see st sbessesnennenneas 33
Figure 10. Synthetic route to new nanostructured materials with chiral nematic order. In the
presence of a suitable precursor, CNCs form a composite material. Removal of the template
leaves a mesoporous material which can be functionalized by infiltration of the pores or used
as a hard template. Alternatively, carbonization followed by removal of silica yields chiral
nematic mesoporous carbon ( Adapted from (GIESE et al., 2015)) ......ccooviiiniiineiiriiee 34



Figure 11. a) Bombyx mori (B. mori) silkworms together with two silk cocoons; b) Silk
cocoons (Images from http://inhabitat.com/the-silk-pavilion-mit-researchers-to-3d-print-a-
SHKWOIM-INSPIT@d-STIUCTUIE/). ... 36
Figure 12. a) SEM images of the morphologies of silkworm cocoons from Bombyx
mori;(Adapted from (ZHANG et al., 2013a)) b) Structure of Bombyx mori silk thread
(Adapted from ((PEREIRA; SILVA; DE ZEA BERMUDEZ, 2015))). ....coovvviveereeererene. 37
Figure 13. Illustration of antiparallel $-sheets, with the surface of one sheet projecting
entirely methyl groups of alanine residues and the other surface of the same sheet projecting
only hydrogen atoms of glycine residues. The intersheet distances alternate at5.5A and 3.7A
respectively ( Adapted from (KOH et al., 2015))......ccccoviiiiiiieiiiie e 39
Figure 14. Generating new materials from silks. Native silkworm silk on the right illustration
(Image from http://inhabitat.com/the-silk-pavilion-mit-researchers-to-3d-print-a-silkworm-
inspired-structure/). Regenerated silk fibroin on the left illustration (Adapt from (PREDA et
al., 2013) . The illustration above shows a range of materials can be generated from silks
through processing into hydrogels, films fibers, sponges, microspheres, particles and tubes.
The properties of these systems can be modified depending on the processing modes used and

then generated into functional devices and technology platforms. ..........cccccvveiiiic e, 42
Figure 15. Differential Scanning Calorimetry (DSC) obtained for HOBC. .........c..ccccceevenen. 50
Figure 16. HOBC Structure, crystal-nematic transition (TC-N) and nematic-isotropic

transition (TN-1) obtained DY DSC. ......c.ooiiiiiii e 50
Figure 17. Schematic diagram of the preparation method of the CNC/HOBC........................ 52

Figure 18. a and b) POM images of iridescent film of CNC showing a fingerprint texture
characteristic of chiral nematic ordering; ¢ and d) POM image of CNC/HOBC displays
formation of spherulites of HOBC covering a larger area of the CNC surface.............cc.c...... 55
Figure 19. SEM images of CNC film: a) SEM image of film surface formed by aligned
nanocrystals cellulose; b) Side view of a cracked film showing the layered structure of the
nanocrystals and the rod-like morphology with the rods twisted in a left-handed orientation; c)
Image of fracture surface across the CNC film; d) Higher magnification side view of fracture
surface across the CNC film shows the stacked layers that result from the helical pitch of the
Chiral NEMALIC PRASE. ... 56
Figure 20. SEM images of CNC/ HOBC composite: a) Image of film surface of CNC covered
by the liquid crystal HOBC; b) Side view of a cracked film shows the layered structure of the
nanocrystals and the rod-like morphology with the rods twisting in a left-handed orientation;
¢) Image of cross section of fracture film (thickness 60.2 um); d) The magnification of the
side view of the fractured surface across film, shows the layered structure of the nanocrystals.

.................................................................................................................................................. 57
Figure 21. ATR-FTIR spectra: a) HOBC, b) CNC and c) CNC/HOBC. ..........cccocevirvrnnnnne 58
Figure 22. Emission spectra of neat HOBC and CNC/HOBC composite recorded at 298K,

under excitation @t 280MNIM. ........ooiiiiii s 59
Figure 23.Transmission spectra of the films CNC and CNC/ HOBC .........cccccceiiiiniiiniennnnn. 60

Figure 24. a) Specular reflectance of CNC/HOBC composite between 20 and 70 degree; b)
Variation of the peak position of the reflectance spectra as function of the cos 0 for

(08 [0 4 [ ] = 3SR 61
Figure 25. Transmission spectra as function of the temperature: a) HOBC; b) CNC/HOCB. 62
Figure 26. TOM micrographs of CNC/HOBC during heating taken at: (a) 30 °C (b) 47 °C, (c)
56 °C, (d) 60 °C and during cooling at: (e) 60°C (f) 55°C (g) 45°C (h) 30°C. (scale bar, 200



Figure 27. TM-AFM (3um x 3um) height (a) and phase (b) images of CNC and TM-AFM

height (a) and phase (b) images of CNC/HOBC film. ........cccocoiiiiiiiiieee e 64
Figure 28. a) AFM phase image (3um x 3um) and EFM phase images (3um x 3um) of
CNC/HOBC film obtained applying b) 0 V,c) 6 Vand d) -6 V.......ccccovvveiivniininniee e 65
Figure 29. Photograph of CNC/silica composites films with different amount of silica.
Viewing is normal to the film surface. ..........ccoooiiiiiiiiii 70
Figure 30.Photograph of CNC/silica doped with Rh6G composites films with different
amount of silica. Viewing is normal to the film surface...........c.cccoviiiiiiiiiiii 71
Figure 31. Specular reflectance SChEME. ........cccvv e 72
Figure 32. The modular experimental setup to measurements of photoluminescence spectra as
function of the angle (-90° <0 < 90°). ..viiiiii i 73
Figure 33. TG curves of composite films) CNC-Rh; b) CS1-Rh; ¢) CS2-Rh; d) CS3-CS4-Rh.
.................................................................................................................................................. 74
Figure 34. Polarized optical microscopy (POM) images with crossed polarizers: a) CS1-Rh
ANA D) CSA-RN. oottt nr e 75

Figure 35. a) Photograph of composite CS4-Rh; b) oblique sectional view of a fracture
surface across of composite CS4-Rh; c) and d) SEM images of its cross —section of CS4-Rh.

Figure 36. a) Transmission spectra of CNC, CS1, CS2, CS3 and CS4; b) Variation of the
peak position of the reflectance spectra as function of the cos 6 for CNC/silica composites. . 77
Figure 37. a) Transmission spectra of CNC, CS1-Rh, CS2-Rh, CS3-Rh and CS4-Rh; b)
Variation of the peak position of the reflectance spectra as function of the cos 6 for

CNC/silica composites doped With RNBG. .........cccooiiiiiiiiiii s 77
Figure 38. Figure S3. a) Specular reflectance of CS4 between 20 and 60 degree, b) Specular
reflectance of CS4-Rh between 15 and 60 degree. ........coveeieieiiieiisieeee e 78
Figure 39. Variation of the P of chiral nematic structure of composites with different silica
O10] o 0] 1T ] o FA TSRS PRT TP UPURPRPRON 80
Figure 40. Emission spectra of composite CNC/silica doped with Rh6G in front face
acquisition mode exXCited At 3ABNIM. .......ccoiiiiiiii s 81

Figure 41. Emission spectra of CNC film in front face acquisition mode excited at 345nm. .82
Figure 42. a) Emission spectra of CS4-Rh composite as function of the detection angle (0 ° to
-90°), excited at 348nm; b) Emission spectra of CS4-Rh composite as function of the
detection angle (0° to 90°), excited at 348nm; ¢) Variation of the Ao and linewidth of emission
bands of composite CS4-Rh as function of the detection angle (-90° <0 < 90°); d) Variation
of the maximum wavelength (Ao) of emission bands of composite BC-Rh as function of the
detection angle (-90° <0 < 90%). .ot e 84
Figure 43. a) Color diagram of reflection of CS4-Rh composite film as function of the
detection angle (0 <0 < 60°); b) Color diagram of emission color of CS4-Rh composite film

as function of the detection angle (0° < 0 < 90°), excited at 348NM .........cccovvriiiiiiiieniienienne 85
Figure 44. Emission spectra of CS4-Rh excited at 348 nm acquired at 20° and 90°.
Reflectance spectra acquired at 20° and 50°. .......ccveiveiieiiiiere e 85

Figure 45. Variation of the maximum emission wavelength for composite films CNC/silica
doped with Rh6G as function of the detection angle (-90° < 8 < 90°) a) CNC-Rh; b) CS1-Rh;
C) CS2-Rh; d) CS3-RN...c.iiiiiiiiieeiee ettt sttt ne e 85
Figure 46. a) Photograph of silica/fibroin hybrids monoliths. b) SEM image of the surface of
monolith SF3; ¢) SEM image of agglomerate of fibroin nanofibers on the surface of monolith
SF3; d) Image of the fracture of the monolith SF3............c.ccoo i 87



Figure 47. Thermogravimetric curves of silica/fibroin hybrid monoliths: a) SFO; b) SF1; c)

SF2; d) SF3ANU €) SFA. ..o e es 98
Figure 48. Raman spectra of silica/fibroin hybrid monoliths: a) SF1; b) SF2; ¢) SF3 and d)

R3] RSO SRPPTORPSUTPRSPRIN 100
Figure 49. 2°Si{*H} CP MAS spectra of silica/fibroin hybrid monoliths contained differents
fibroin concentrations: @) SF1; b SF3and d) SF4. ......cooiiiiiieeee s 101
Figure 50. 13C{1H} CP-MAS spectra of silica/fibroin hybrid monoliths containing differents
fibroin concentrations: @) SF1; b) SF3and C) SF4. .......cooi i 102
Figure 51. H spin echo MAS spectrum of SF4 silica/fibroin hybrid monoliths. ................. 103
Figure 52. FSLG *C{*H} CP HETCOR spectra of SF4 sample obtained with two contact
times 0.5 e 2.5ms. (vr=14kHz, V0=188.6MHZ, t1=55). .......ccccvmririiriieie e 105

Figure 53. A schematic illustration of the self-assembly of fibroin nanofibers inside the bulk
of silica composites materials and posterior calcination of fibroin nanofibers to form porous
(002 2V 1 oSSR S PP PR 106
Figure 54. a) Photograph of silica monoliths; b) SEM image of the porous surface of
monolith S3; ¢ and d) Images of fracture of S3, showing porous with diameter of hundreds of
nanometers inside the BUIK Of SHHCA. ......cooeiiiiiiic 107
Figure 55. a) Nitrogen adsorption/desorption isotherms; b) Pore size distribution; c) plot of
log(In(p)) versus log(6); d) Evolution of the specific surface area, pore diameter and surface
fractal dimension Of the SAMPIES. ........coviiiii s 108
Figure 56. a) Peak intensity vs. pumping energy per pulse showing the nonlinear behavior of
porous silica monoliths containing Rh6G; b) Full width half maximum (FWHM) linewidth vs.
pumping energy per pulse. The minimum linewidth was = 4 nm for pumping above the

L1 L1510 T ] o SRS 111
Figure 57. Spectral behavior of the S4 containing Rh6G as of pumping energy per pulse.
Minimum linewitdh observed is about 0.5 nm. The inset shows the yellow emission colour of
the sample S4 doped with Rh6G excited with irradiated with a laser ate 532nm. ................. 112



LIST OF TABLES

Table 1. Examples of CNCs isolated from different SOUICeS..........ccccoveevierceeneenieeienieseene 26
Table 2. Variation of the helicoidal pitch of composites films.........c.cccevevvevieviececieceee, 79
Table 3. Decay time values (Aexc= 330nm): CNC (Aem= 480nm) (t1); Dye-doped CNCl/silica
composites, Aem= 400nm (t1) and Aem= 560 nm (t2). Quantum yield values: CNC-Rh, Aexc=

528nm and Aem= 567nm; Dye-doped CNC/silica composites, Aexc= 528nm and Aem= 556nm.

.................................................................................................................................................. 83
Table 4. Heat ramp used to calcinate the fibroin fraction in the silica/fibroin hybrids
monoliths. Heat temperature, heating rate and the time that the samples were kept in the
matching temperature are PreSENLEU. ........ocuevuirirerirereeeeee et 94
Table 5. Samples composition and degradation temperature of fibroina (Tonset) determined
DY thermogravimetriC CUNVES. .......c.evuiriieieieieeste ettt sb e s 99
Table 6. Physico-chemical properties of calcinated samples..........ccceceveeveeienieneecieceee, 109

Tabela 7. Values of energy thresholds and slope efficiency of silica monoliths................... 111



LIST OF ABBREVIATIONS

AFM- Atomic Force Microscopy
8CB - 4-Cyano-4'octylbiphenyl
BC - Bacterial cellulose

BET- Brunauer, Emmett, Teller

CNC - Cellulose nanocrystal

DP- Degree of polymerization

DSC- Differential scanning calorimetry

EFM - Electrostatic force microscopy

EPE- Excitation pulse energy

HOBC- 4’-(hexyloxy)-4-biphenyl carbonitrile
IOH- Inorganic organic hybrids

LCs - Liquid crystals

MFC - Microfibrillated cellulose

NFC - Nanofibrillated cellulose

Mw - Molecular weight

NMR - Nuclear magnetic resonance spectroscopy

PLA - Poly(l-lactic acid)

PL- Photoluminescence

POM- Polarized optical microscopy

RL- Random laser

Rh6G- Rhodamine 6G

SF- Silk Fibroin

SEM - Scanning electron microscopy
TOM - Transmission optical microscopy
TEOS - Tetraethylorthosilicate

TEM - Transmission electron microscopy
TG- Thermogravimetric

UV - Ultraviolet



CONTENTS

L INTRODUGCTION ..ottt ettt st st et b e b e s be e sae e sateebeesbe e sbeesatesasesane 19
1.0, CRITUIOSE. ...ttt sttt bbb e bt 19
1.1 1. NANOCEIUIOSES. ...ttt 21
1.1.2. CellUlOSE NANOCTYSLALS. ....cviiueeriitieeete sttt ettt ettt e te st e st e steere e besreess e besssessesreesseseeessensens 24
1.1.3 Self-assembly and organization of cellulose NnanoCrystals. ...........coceveverieeeineninenccceeee 26
1.1.4. Cellulose nanocrystals as templates for the chemical synthesis of inorganic materials.............. 32
1.2, SHK FIDIOIN. <ottt 35
1.2.1 Primary Structure of SilK fiDroin. .......ccooeeoieii e e 37
1.2.2. Secondary structure of SiK fIDrOIN. ........ccoviiiiieee e 38
1.2.3. Extraction and processing of SilK fIDFOIN. .........ccooveiiiiiinininseee e 40
2. OBJIECTIVES ...ttt ettt st st sttt e st e s aeesatesabe e be e beesaeesaeesnteenteeteens 45
PART I. MULTIFUNCTIONAL MATERIALS BASED ON CELLULOSE NANOCRYSTALS.

............................................................................................................................................................... 46
3. Optical platform based on cellulose nanocrystals (CNC) — 4-(hexyloxy)-4-biphenylcarbonitrile
(HOBC) bi-phase nematic liquid crystal films..........ccoveeiiieiiiicceceeee e 47
3L INEFOTUCTION. .ttt ettt b ettt b ettt st e bt enes 47
3.2. Materials and MELNOUS. .........ceieirieiriere bbbttt 49
BL2. 1 IMIBLETTAIS. ...t 49
3.2.2. Preparation of cellulose nanocrystals (CNC). .....ocuieeeiiiieiereeeeie et 51
3.2.3. Preparation of the composite fillM. ......c.oouveeiiiie e e 52
3.2.4. Characterization of CNC and CNC/HOBC fillMS..........ccoveireiniinicieeeeeeseeeseeseeeseeeens 52
3.3 RESUILS @NT TISCUSSTONS .......evviiiiiieiiiteinieete ettt 54
3.3.1- Morphological CharaCterization. ............ccecererierisieesee ettt sre e see e 54
3.3.2- Structural CharaCteriZation. ............cccurerieiriiinieirietee ettt 57
3.3.3- Optical CharaCteriZation. ..........ccooieierereeriereeere ettt st sb et este st esaesae e e e 59
3L, CONCIUSTONS ...ttt b st b e bbbt et ea e bbb s e s e e e e eneenes 66
4. Cellulose based photonic materials displaying modulated photoluminescence......................... 67
4.1, INEFOTUCTION ...ttt b ettt ettt b et 67
4.2. Materials and MELNOUS. .........ccoviiriiiriiire e 69
4.2.1-Preparation of bacterial cellulose Membranes: ..........ccooeveeoerenerereeee e 69
4.2.2-Preparation of cellulose nanocrystals (CNC):......ccooieiiiieiere e 69
4.2.3-Preparation of nanocrystalline CNC-silica composite films. ........cccccveveviiveveneece e, 70

4.2.4- Preparation of nanocrystalline CNC-silica composite doped with broad band emitters



4.2.5. Characterization of CNC and composite films.........c.coevieviiiiieccece e 71

4.2- RESUILS AN QISCUSSIONS .....cvieeieuieiieiieieete ettt st sttt ettt sbe st sbe st et e nte e et eneeneenes 73
O o o] 1D (] 3 LSS 87
PART Il. MULTIFUNCTIONAL MATERIALS USING SILK FIBROIN AS A
BIOTEMPLATE. ...ttt ettt b st a e e s esa e s ass e s e s ese s ese st esessesessenessenesens 89
5. Silk fibroin as a biotemplate for hierarchical porous silica monoliths for random laser
APPHCATIONS ...ttt b bbb bttt b e bbb b bt e e neens 90
T80 1140 T L1 T 1 (oo SRS 90
5.2. Materials and MELNOUS. .....cc.oivirieieieieiesee ettt sttt enes 92
5.2.1- Extraction Of SilK FIDrOIN ..o 92
5.2.2-Preparation of organic-inorganic hybrids monoliths based on silica and fibroin. ....................... 93
5.2.2-Preparation of porous silica MONOIITNS.........ccooerieiiiiie s 93
5.2.3-Preparation of porous monoliths of silica containing RhGG. ............cccccevveievenieceneeee e 94
5.2.4-Characterization 0f MAterialS. ...........ccoiiiriiiieiee e 94
5.3. RESUILS aN0 QISCUSSIONS .....evireereenienieiieiieiesie st sttt ettt st st ste s e e seesessesbestensensensenseneeneenes 95
5.3.1. Characterization of organic-inorganic hybrid monoliths based on silica and fibroin. ................ 96
5.3.2. Characterization of porous Silica MONOIITNS..........ccccovririiirinice e 107
5.3.3. Characterization of the random laser action in the silica monoliths containing Rhég. ............. 110
5.3, CONCIUSIONS ...ttt ettt sttt et ettt et e st e be st e st e te s e e e st eneeseeseesesbestensensenseneeneesens 113
6. GENERAL CONCLUSION. ...oiiiieietsteeseese ettt sttt ss s s sesaesessesessens 114

REFERENGCES ... 148



Organization of the thesis

In light of recent studies, cellulose nanocrystals extracted from bacterial cellulose and
regenerated silk fibroin from silkworm cocoons are attractive alternatives to design
multifunctional materials, reason why this is the focus of such thesis.

Therefore, this study is divided into four chapters. The first chapter is devoted to
introduce cellulose nanocrystals and silk fibroins, their preparation, properties and recent
applications. Subsequently to the introductory section, the preparation of multifunctional
materials based on cellulose nanocrystal is presented on second and third chapter.

Further, the second chapter presents the preparation of free-standing CNC films coated
with low molecular weight nematic liquid crystal (LC), 4'-(hexyloxy)-4-biphenylcarbonitrile
(HOBC), which integrate iridescence, conductive and thermal response. Such composite films
were morphologically characterized by the SEM and POM, and optically by electron
spectroscopy. Emphasis is given to the characterization of morphological and optical properties
of the composite in function of the temperature. Additionally, the conductive response brush
surface was evaluated using electrostatic force microscopy (EFM) measurements.

Afterwards, the third chapter encompasses the preparation and characterization of
iridescent luminescent films based on dye-doped CNC/silica composites. Such composite films
were morphologically characterized through SEM and POM, and optically by electron
spectroscopy. In this section, the focus is given to the investigation of the influence of photonic
structure of films on light emission from dye-doped CNC/HOBC composites, using
luminescence spectroscopy measurements in function of the detection angle.

Finally, in the last chapter, the synthesis of organic inorganic hybrids monoliths based
on silica and silk fibroin is described. The hybrids monoliths were morphologically
characterized by SEM and structural characterized by Raman, and solid state RMN
spectroscopies. Additionally, the chapter also describes the preparation of porous silica
monoliths using the fibroin nanofibers as a biotemplate. The silica monoliths were
morphologically characterized by SEM and their porous structure were characterized via
nitrogen adsorption experiments. Moreover, the random laser action of silica monoliths was

investigated.
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1. INTRODUCTION

Commonly, natural materials provide a convincing template to reinterpretation and, in
some cases, simplification of modern manufacturing, while rendering them sustainability and
green. Biopolymers, produced and modified by living organisms are the pillars of self-assembly
on structurally hierarchical micro and nanoscale systems, which occur naturally, such as chitin
of butterfly wings, beetles exoskeletons, keratin in peacock feathers (PENNISI, 2013;
WEAVER et al.,, 2012; YANG et al., 2013), and so forth. From the material science
perspective, biopolymers can be a versatile source to design structured inorganic or
inorganic/organic materials in the laboratory. The interest in the direct use and re-engineering
of natural polymers as platforms for the development of technology materials has been growing
in recent years. The challenge using these materials is to identify, among the options available,
materials that present adequate properties to interface with current technology. In addition, such
materials should be widely available and have competitive costs in the world market. Thus, in
this thesis, there is an interest in the opportunities offered by bacterial cellulose produced
through the Gluconacetobacter xylinus bacteria and silk fibroin extracted from Bombyx mori

silkworm cocoons biopolymers as platforms for technological applications.
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6. GENERAL CONCLUSION.

The main goal of this PhD research was to exploit the self-assembly properties of
cellulose nanocrystals (CNC) extracted from bacterial cellulose produced by Acetobacter
xylinum bacteria, as well as, regenerated silk fibroin (SF) stemmed from the cocoons of the
silkworm (Bombyx mori) in order to prepare nanostructured materials for optical applications.
In this context, different multifunctional materials were prepared.

Initially, a composite structure formed from two different liquid crystal forming
materials, a low molecular weight 4’-(hexyloxy)-4-biphenylcarbonitrile (HOBC) and cellulose
nanocrystals (CNC), was prepared. The HOBC was applied on a CNC film by simple painting.
In this case, HOBC liquid crystal was used as a functional compound to promote new properties
of the CNC films. The new material here proposed was obtained as a free-standing iridescent
film, with chiral nematic structure. The films exhibited modulated optical properties, in
response to thermal gradient or relatively small electrical voltage, in addition to liquid crystal
properties of the CNC films. Further, the HOBC coating did not change the morphological and
optical properties of the cellulose nanocrystal film. It is noteworthy that, for this record,
cellulose nanocrystals iridescent films with thermochromic or conductive properties have not
been reported in the literature yet. This work presented a new platform for utilization of CNC
film, which opens the possibility of applications for this material in the field of thermo- and
electro optical devices.

Moreover, still in the field of optical applications of CNC, the preparation of iridescent
luminescent composite films by combining tetraethoxysilane (TEOS) to a CNC suspension and
to ethanolic solutions of a broad band emitter (Rhodamine 6G (Rh6G)) was demonstrated. The
composites were obtained as free-standing films with chiral nematic organization. The
morphological and optical characterization demonstrated that the insertion of silica in the
composites implies in the control of optical film properties, as well as in the improvement in
the quality of the photoluminescence material. The cellulose based photonic materials also
displayed modulated photoluminescence with detecting angle. This behavior suggests that the
photonic structure with chiral nematic ordering has a strong effect in the emission spectra. In
addition, it was demonstrated that this effect is tuned with the stop band position of composite
films. Taken the advantages of the luminescence and chiral nematic ordering integration of the
CNC films, some examples have been reported in the literature. However, in all of them, their
focus was given to the modulating spontaneous emission through circularly polarized excitation
of the samples. In this thesis, it is suggested a novel strategy to modulate the emission of
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luminescent species exploring the inner filter effect of the periodic structure of films. Thus, it
holds that this multifunctional material can be attractive to develop new optical devices with
potential for various applications, such as, sensors, lasers or tunable filters.

Finally, multifunctional organic inorganic hybrids based on silica and silk fibroin were
developed. Although there are several reports on the literature that present design silica/fibroin
hybrids materials, this was the first time the preparation of robust monoliths containing until
15.8 wt% of fibroin was demonstrated. In addition, it was exhibited that these unique materials
are formed by 3D network silica gel reinforced by the interpenetrated fibroin nanofibers with
preferential crystalline B-sheet conformation, which can lead to an improve of the robustness
and the hardness of monoliths when compared with silica xerogel. Likewise, considering the
biocompatible property of these materials, the combination of silica and silk leads to very
promising and versatile materials with foreseen application in a variety of domains, including
bone regeneration. However, it was also possible to demonstrate that the fibroin nanofibers can
be used as biotemplates, acting as a sacrificial material to develop porous silica monoliths.
These porous monoliths demonstrated efficient RL action, operating in a diffusive regime in
hierarchical macro—mesoporous network. In addition, when higher values of EPE are inserted,
the emission spectra obtained present the stimulated emission and stimulated Raman scattering
mechanisms coupled. These results suggest that designed materials can be promising for new
applications of the RL phenomenon, such as specklefree laser imaging and random Raman

laser.
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