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ABSTRACT

Chitin is an important reinforcing component in load-bearing structures in many
organisms such as insects and crustaceans (i.e. shrimps, lobsters, crabs etc.). It is of
increasing interest for use in packaging materials as well as in biomedical applications.
Furthermore, biological materials may inspire the development of new man-made
material concepts. Chitin molecules are crystallized in extended chain conformations
to form nanoscale fibrils of about 3 nm in diameter. In the present study, novel
materials have been developed based on a new type of chitin nanofibers prepared
from the lobster exoskeleton. Improved understanding about effects of chitin from
crustaceans and chitin material preparation on structure is provided through Atomic
Force Microscopy (AFM) (paper 1&lIl), Scanning Transmission Electron Microscopy
(STEM) (paper | & 1), X-Ray Diffraction (XRD), Intrinsic Viscosity, solid state > C Nuclear
Magnetic Resonance (NMR) (paper 1l), Field Emission Scanning Electron Microscopy
(FE-SEM) (paper |, Il, lll, IV & V), Ultraviolet-Visible Spectrophotometry and Dynamic
Light Scattering (DLS) (paper IIl). The presence of protein was confirmed through
colorimetric method (paper | & Il). An interesting result from the thesis is the new
features of chitin nanofiber including small diameter, high molar mass or nanofiber
length, and high purity. The structure and composition of the nanofibers confirms this
(paper | & 1l). Furthermore, the structure and properties of the corresponding
materials confirm the uniqueness of the present nanofibers: chitin membrane (I & 11),

polymer matrix composites (ll1), and hydrogels (paper IV).

Improved mechanical properties compared with typical data from the literature were
confirmed for chitin nanofiber membranes in paper Il, chitin-chitosan polymer matrix
composites in paper lll, and chitin hydrogel in paper IV. Mechanical tests included
dynamic mechanical analysis and uniaxial tensile tests. Mechanical properties of chitin
hydrogels were evaluated based on rheological and compression properties (paper V).
The values were the highest reported for this kind of chitin material. Furthermore, the
relationships between materials structure and properties were analyzed. For

membranes and polymer matrix nanocomposites, the degree of dispersion is an



important parameter. For the hydrogels, the preparation procedure is very simple and

has interesting practical potential.

Chitin-binding characteristics of cuticular proteins are interesting for novel bio-inspired
material development. In the present work (paper V), chitin nanofibers with new
features including high surface area and low protein content were combined with
resilin-like protein possessing the chitin-binding characteristics. Hydrated chitin-resilin
nanocomposites with similar composition as in rubber-like insect cuticles were
prepared. The main objective was to improve understanding on the role of chitin-
binding domain on mechanical properties. Resilin is a rubber-like protein present in
insects. The exon | (comprising 18 N-terminal elastic repeat units) together with or
without the exon Il (a typical cuticular chitin-binding domain) from the resilin gene
CG15920 found in Drosophila melanogaster were cloned and the encoded proteins
were expressed as soluble products in Escherichia coli. Resilin-like protein with chitin-
binding domain (designated as ResChBD) adsorbed in significant amount to chitin
nanofiber surface and protein-bound cuticle-like soft nanocomposites were formed.
Although chitin binding was taking place only in proteins with chitin-binding domain,
the global mechanical behavior of the hydrated chitin-resilin nanocomposites was not

so sensitive to this chitin-resilin interaction.

In summary, chitin is an interesting material component with high potential as
mechanical reinforcement in a variety of nanomaterials. The present study reports the
genesis of novel chitin nanofibers and outlines the basic relationships between
structure and properties for materials based on chitin. Future work should be directed
towards both bio-inspired studies of the nanocomposite chitin structures in organisms,
as well as the industrial applications of chitin waste from the food industry. Chitin
nanofibers can strengthen the properties of materials, and provide optical

transparency as well as biological activities such as antimicrobial properties.

Keywords: Chitin  nanofibers, chitin  materials, membranes, hydrogels,

nanocomposites, mechanical properties, bioinspiration, lobster



SAMMANFATTNING

Kitin ar en viktig materialkomponent som forstarker lastbdarande strukturer i biologiska
organismer som t ex insekter och kraftdjur. Kitin ar intressant for anvandning i
forpackningsmaterial och i biomedicinska tillampningar. Dessutom kan biologiska
material inspirera utvecklingen av nya materialkoncept for syntetiska material. N-
acetylglucosamin kristalliserar i form av utstrackta kedjor och bildar fibriller pa
nanoskala, med en diameter pd cirka 3 nm. | den har studien har nya material
utvecklats baserade pa en ny typ av kitinfibriller framstéllda fran hummerskal. Studien
utvecklar forbattrad forstaelse for hur framstallning paverkar struktur hos saval fibriller
som kitinmaterial. Metoder som atomkraftsmikroskopi (AFM, artiklar 1 & II),
sveptransmissions-elektronmikroskopi (STEM, artikel | & 1l), rontgendiffraktion (XRD),

B ¢ kirnspinnresonans (NMR, artikel 1), filtemissions-

viskometri, fastfas
svepeletronmikroskopi (FE-SEM, artikel I, 11, Ill, IV & V), UV/Vis-spektrofotometri och
dynamisk ljusspridning (DLS, artikel 1l). Forekomst av protein bekraftades med hjalp av
kalorimetri (artikel | & Il). Ett intressant resultat fran studien ar egenskaperna hos de
nya nanofibrer som framstéllts: liten diameter, hog molekylvikt, hog renhet, vilka
kunde bekraftas genom analys av struktur och sammansattning (artiklar | & 11). Struktur

och egenskaper hos de material som framstalls fran dessa nanofibrer bekraftar ocksa

att de &r unika: kitinmembran (artikel | o 11), biokompositer (Ill) och hydrogeler (IV).

De mekaniska egenskaperna hos de framstdllda materialen ar béattre an de for
jamforbara kitinmaterial i litteraturen: membran (artikel 11), biokompositer (artikel Ill)
och hydrogeler (artikel 1V). Mekaniska provmetoder inkluderade dragprov och
dynamisk mekanisk analys. For hydrogeler méattes egenskaper i tryckbelastning samt
under oscillerande skjuvbelastning (reologi) (artikel 1V). Vardena var hogst for dessa
typer av kitinbaserade material. Sambanden mellan struktur och egenskaper
analyserades. Graden av dispergering ar betydelsefull for mekaniska egenskaper hos
biokompositer och membran. For hydrogeler ar framstallningsmetoden mycket enkel

och har potential fér industriellt bruk.



Strukturen hos kitin-nanofibriller, t.ex. deras hoga ytarea, gor dem intressanta for
adsorption av kitinbindande proteiner for att framstalla nanokompositer. Har var
malet 6kad forstaelse for vilken roll den kitinbindande domanen har fér de mekaniska
egenskaperna hos mjuka biokompositer. Resilin dr ett gummiliknande protein som
finns i insekter. Rekombinerat Drosophila melanogaster resilin uttrycktes i levande
bakterier med hjidlp av modern proteinteknik for att framstélla resilin-liknande
proteiner i gramskala. Polymeren kombinerades med kitin for att undersdka
bioinspirerade materialkoncept. Hydrerade kompositer fran kitin och resilin
framstalldes med liknande sammanséattning som i insektsstrukturer. Resilinet band
endast till kitin i den ena typen av polymerer som hade kitinbindande domaner. Trots
den skillnaden sa var de globala mekaniska egenskaperna okéansliga for vaxelverkan

mellan kitin och resilin.

Kitin @r en intressant komponent med potential som forstarkningsfas i ett brett
spektrum av nanomaterial. Studien rapporterar om framstallningen av nya nanofibrer
fran kitin, och diskuterar de grundldggande relationerna mellan struktur och
egenskaper i dessa material. Framtida arbete bor &gnas saval at studier av
nanokompositer fran kitin i biologiska organismer, som at tillampningen av
kitinmaterial som utgors av avfall fran livsmedelsindustrin. Nanofibrer fran kitin kan
forstarka de mekaniska egenskaperna hos material, men ocksa bidra med optisk

transparens och antimikrobiella egenskaper.

Nyckelord: kitinnanofibriller, kitinmaterial, mekaniska egenskaper, bioinspiration,

hummer
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1. INTRODUCTION

Evolutional success of organisms in nature depends strongly on efficient utilization of
materials. Development of new renewable, biodegradable and sustainable materials
has recently put more focus on natural resources as opposed to fossil-based resources.
Chitin is a biological component characterized by high affinity to metal ions, proteins
and polysaccharides, and possesses biological activities and high stiffness. The
potential of chitin materials is in various applications such as wound healing, anti-
microbial, tissue engineering, cosmetics, food, fertilizer, anti-tumour and drug delivery,
pulp and paper etc. (Austin and Brine 1977, Aiba et al. 1985, Muzzarelli 1988, Kurita
2006, Morganti and Morganti 2008).

Chitin nanofibers possess high mechanical potential and are comparable to many non-
renewable fossil-based materials such as Kevlar, glass, aramid, or asbestos fibers
because of the favourable crystal structure in terms of extended polymer chain
conformation. a-Chitin is available in high quantity as waste from crustacean shells in
the seafood industry and is isolated simply by conventional processes. The global
production of crustaceans was 6.5 million tons in 2012 according to the United Nation
Food and Agricultural Organization report (FAO, 2012). Chitin from crustaceans is
isolated in form of dissolved chitin or chitin nanocrystal, with different degree of
acetylation — chitosan or deacetylated chitin nanowhiskers. With reference to cellulose
materials, chitin in the form of nanowhiskers or dissolved chitin will often have lower
mechanical potential as compared to long chitin nanofibers, especially in network-
structured materials and polymer matrix composites. Chitin nanofibers are interesting
because of high surface area, high aspect ratio, and high stiffness of the chitin crystal
structure. Chitin nanofibers disintegrated from crustaceans have recently been
described (Ifuku et al. 2009, Ifuku et al. 2010). The major challenges with nanofiber
isolation are to control the hydrolysis and deacetylation reactions. In the recently
reported chitin nanofibers, isolation was performed by extraction of mineral using 2 M
HCl, then treatment with 2 M NaOH under elevated temperatures to remove protein

and with ethanol to remove pigments (Ifuku et al. 2010). Mechanical disintegration



techniques are based on procedures developed for cellulose nanofiber, for instance
high-pressure mechanical homogenization (Henriksson et al. 2007). However, detailed
analysis is required to address property potential, structural applications of chitin
nanofibers. In the present study, improved understanding on chitin nanofiber structure
and its mechanical potential is the major general objective. The following were the
specific objectives of this study. First, it was to understand how preparation conditions
(temperature, time, concentration) influence structure, and how structure influences
properties. For instance, how to isolate chitin with long fibril structure and preserve
the mechanical property potential. Preparation-structure and structure-property
relationships are studied in paper | and Il for chitin and for chitin nanofiber network
membranes. The second objective was to implement this understanding in the use of
chitin to control mechanical properties of materials; nanostructured membranes,
composites and hydrogels materials were developed in paper Il, lll and IV. In addition,
protein-chitin interaction for development of manmade bioinspired materials is not
well understood especially the role of chitin-binding domain to mechanical properties
(Fernandez and Ingber 2012). A more specific objective in this regard was to
understand chitin-binding properties of a resilin protein on bio-inspired and hydrated

nanostructured chitin nanocomposites, paper V.



2. BACKGROUND INFORMATION

2.1. Chitin nanofibers

Chitin is predominantly a homopolymer of repeating B — (1 = 4) linked 2-acetamido-2-
deoxy-D-glucopyranose monomers (See Figure 2.1). It is widely available in nature as
load-bearing component in many organisms. There are different allomorphs of chitin
depending on species; a-chitin, B-chitin, and y-chitin (Rudall 1963). In a-chitin, the
polymer chains are arranged in antiparallel direction whereas in B-chitin, they are
parallel. Chitin chains in y-chitin alternate between parallel and antiparallel. a-Chitin is
the most abundant and stable form of chitin and shows better close packing of the
polymer chains. The main sources of a-chitin in nature include crustaceans, insects,
oysters, jellyfish, algae, fungi (mycelia), and cysts of Entomoea (Jang et al. 2004, Kurita
2006). The shells of shrimps, crabs, lobster, krill and prawns (under subphylum
crustacean) from residues of seafood account as the major source of commercially
available chitin today. Chitin is the main source of chitosan, which is the deacetylated
derivative of chitin. Chitosan with 70 % degree of acetylation forms a taxonomical
distinction between chitin and chitosan . At this degree of acetylation, deacetylated

chitin starts to dissolve in aqueous acidic solution.

CH3 f"3
CH, on CH, DH
=
CH3

Figure 2.1: Schematic diagram of chitin chemical structure.

The exoskeleton of crustaceans is a complex structure with about 20 % chitin, 30 %
protein and significant amount of calcium carbonate. Extractives such as fatty acids
and pigments are present in small amounts. The evolutional success of arthropods

relies on exoskeleton function and its well-organized hierarchical structure at macro-,
3



meso-, nano- and molecular scale, see Figure 2.2. Well-ordered layers of chitin and
protein form helicoidally twisted plywood structures (Giraud-Guille 1984, Bouligand et
al. 1985, Nikolov et al. 2010, Fabritius et al. 2011), resulting into tough, hard, strong
and stiff exoskeletons. Reinforcing chitin nanofibers are embedded in fine
proteinacious matrix (Blackwell and Weih 1980, Nikolov et al. 2010, Fabritius et al.
2011). Among biological polymers, the a-chitin crystal possesses the highest axial
modulus second only to cellulose. The axial modulus of the cellulose crystal is 138 GPa
(Sakurada, Nukushina, and Ito 1962) and the modulus of chitin crystal with diameters
ranging from 3 to 6 nm is 60 GPa (Ogawa et al. 2011). It is estimated to be about 18 to
20 chitin chains in extended conformation in a single chitin crystal (Blackwell and Weih

1980, Wainwright 1982).

Cuticle RVE of twisted plywood
normal without canals
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"\ icle without I O—" <
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caco '9@-5 :
‘s#— epicuticle 3 X)) 4
i spheres o
2 . &) P
<+ exocuticle cuticle
= E proteins
endocuticle S §
=
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/ PN
N-acetyl-glucosamine \m,‘ ~3 nm
composite cuticle molecules ("™ a-chitin chains chitin nanofibrils

Figure 2.2: Detailed hierarchical structure of the exoskeleton of lobster (Nikolov et al.
2010) (Copyright © 2010 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim.

Reproduce with permission).



2.2. Disintegration of chitin nanofibers from crustacean exoskeleton

The structural aspects of chitin nanofibers are analogous to cellulose nanofibers with
respect to potential for network formation and nanostructured assembly. The
challenge for chitin disintegration is the chitin—protein association through strong
interactions (Rudall 1963, Vincent and Wegst 2004) (as displayed in Figure 2.2) so that
isolation of chitin nanofibers leads to substantial degradation of the structure of chitin
microfibrils into chitin nanowhisker. The focus of this thesis was to isolate chitin
nanofibers with improved properties. Chitin nanofibers with long swirled structure
have recently been prepared from crustaceans such as crab shells (Ifuku et al. 2009,
Ifuku et al. 2010). Disintegration was by the introduction of high shearing forces at low
pH in the presence of acetic acid. The naturally-occurring chitin in crustaceans have at
least 5 % degree of deacetylation, which facilitates repulsion by electrostatic forces
due to protonation of the amino groups (Ifuku et al. 2009, Ifuku et al. 2010). Inorganic

|"

particles, protein and extractives were removed based on “classical” treatment
involving 8 % NaOH for removal of protein, 8 % HCI for extracting mineral particle, and
ethanol for pigments (Ifuku et al. 2010). Preparation conditions were 48 hrs
treatments first with HCI at room temperature, then NaOH at elevated temperature
(90 °C). However, mechanical potential was low (Modulus = 2.5 GPa, Strength = 44
MPa) (Ifuku and Saimoto 2012). In deacetylated chitin nanocrystals (Fan, Saito, and
Isogai 2010, Fan et al. 2012), the properties were achieved at higher temperature (90
°C) and NaOH concentration (30 %) conditions. Mechanical potential (Modulus of 5
GPa, Strength of 140 MPa) was improved but the surface properties were modified to
chitosan. To improve chitin property potential, the sub-objective was to understand
the effect of residual protein on chitin colloidal properties after extraction and
disintegration. Previous studies on chitin nanofibers have not reported the effect of
residual protein. For chitin extraction, even though high temperature or high
concentration of NaOH or HCl is good for protein removal, it is detrimental to chitin
structure due to hydrolysis or deacetylation mechanisms. During chitin extraction from
honeycomb bee corpses (Draczynski 2008), or extraction of chitin from shrimp shells

(Percot, Viton, and Domard 2003), room temperature was used for both NaOH and HCI
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treatments. Besides, treatment duration of 15 min and HCl concentration of 0.25 M
were optimized (Percot, Viton, and Domard 2003). Ratio of chemicals to crude chitin
powder was also optimized as 40 mL of HCl for 1 gram of crude chitin powder. These
conditions indicate fairly milder treatment compared to the conditions in chitin
disintegration (Fan, Saito, and lIsogai 2010, Ifuku et al. 2010, Fan et al. 2012).
Furthermore, several studies on chitin or cellulose solubility showed that chitin or
cellulose is dissolved in NaOH at lower temperature (Qi, Chang, and Zhang 2008,
Chang, Chen, and Zhang 2011, Abe et al. 2014). The significance is that, there is an
optimum condition based on temperature versus concentration whereby actually,
chitin is not hydrolyzed or deacetylated in concentrated NaOH and at the same time,
protein is removed. This phenomenon could be important if combined for protein

extraction in order to preserve native chitin property potentials.

2.3. Nanostructured membrane and composites based on chitin
nanofibers
The use of chitin in the form of chitin nanocrystals or dissolved chitin or chitosan does
not fully exploit the mechanical potential of native chitin, and this is one reason why
chitin nanofibers are of interest. Nanostructured chitin membranes based on chitin
nanofibers can be related to cellulose nanofiber membranes (nanopaper) or chitin
membranes based on electro-spun regenerated fibers (Austin and Brine 1977).
Processing techniques and the intrinsic structure of individualized nanofibers are the
main challenges in order to achieve good mechanical properties. Vacuum filtration was
employed for the preparation of cellulose based membranes (Henriksson et al. 2008,
Sehaqui et al. 2010) and is also used in the present study, as well as film casting. Chitin
nanofibers have potential for improved mechanical properties of composite films such
as chitosan in packaging (Fernandes et al. 2010) or medical textile (Shelma, Paul, and
Sharma 2008) due to good chemical compatibility. The main obstacles to achieve good
mechanical properties are agglomeration of chitin nanofibers or problems related to

the intrinsic structure of the nanofibers. Here, we address structure and colloidal



properties of chitin nanofibers in the context of the potential of resulting materials in

terms of mechanical properties.

2.4. Chitin hydrogels

The most common applications of chitin or chitosan is in the context of hydrogels
(often applications where the biological activity of deacetylated chitin is important
(Ladet, David, and Domard 2008)). However, there is not much data on mechanical
properties of chitin hydrogels based on chitin nanofibers. Nanofibers from chitin are
quite new, and it is fairly straightforward to isolate chitin nanocrystals by hydrolysis, or
use chitosan since it is readily soluble in acidic aqueous solvent. Intrinsic mechanical
properties of nanofibers and structure of the entangled network play important roles
for global mechanical properties of the hydrogel. High aspect ratio (ratio of nanofiber
length/diameter) or molecular weight is required for strong and stiff hydrogels.
Structural properties of chitin nanofibers were described in this study, and here
interest was to demonstrate their mechanical potential as compared to chitin
nanocrystals. Mechanical properties of chitin hydrogels typically range from multiples
of tens of Pascal. The modulus of chitosan hydrogels was in the range of 2.5 kPa at
~0.4 wt. % (Araki, Yamanaka, and Ohkawa 2012). Data for rheological properties for
dissolved chitin hydrogels produced through NaOH/Urea system and crosslinked with
epichlorohydrin were lower with storage modulus of 70 Pa at 1 wt. % chitin content
and 60 °C (Chang, Chen, and Zhang 2011). Compressive modulus of dissolved chitin
hydrogels was around 5 kPa based on estimates from the stress-strain data, and the
compressive strength was 22 kPa at 2 wt. % chitin content. Data for articular cartilage
repair hydrogels were in the range of 300 to 800 kPa (Spiller, Maher, and Lowman
2011). Chitin hydrogels from chitin nanowhiskers through heating of chitin in an
autoclave was reported (Nata et al. 2012), but no data on rheological or compressive
properties. In the recent work (Abe et al. 2014), preparation involved 30 % NaOH
treatment of B-chitin nanofibers and neutralization by ethanol. B-chitin nanofibers
were then converted to a-chitin nanofibers and form hydrogel, although no

compressive or rheological properties were reported.
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2.5. Hydrated chitin/protein nanocomposites based on recombinant
resilin —inspiration from insect structures.

Resilin-chitin composite forms a rubber-like cuticle also known as “soft-cuticle” in most
insects including Anopheles gambie and Drosophila melanogaster. The main role of
resilin is to help insects meet high energy demand during flying, jumping, feeding or
sound generation at the expense of low metabolic activities, and as such achieve high
performance at low energy cost. Recombinant resilin was constructed from resilin
gene CG15290 discovered in the wings of Drosophila melanogaster (Ardell and
Andersen 2001). The full length recombinant resilin is constructed with three exons,
see schematic diagram Figure 2.3, where exon | expresses amino acid sequence for
elastic properties, exon Il expresses chitin-binding domain and exon Ill expresses
amino acid sequence responsible for energy storage (Qin et al. 2012). Exon | is coding
for a polypetide of 620 amino acids with 18 repeats at N-terminal domain
(GGRPSDSYGAPGGGN) and Exon Il for 11 repeats at C-terminal domain
(GYSGGRPGGQDLG). Between exon | and Il is the chitin-binding exon Il domain with 62
amino acid sequence.

Exon Il Exon Il
0 325 387 E05

N, AR 0 |

Chitin-binding domain m C-terminal elastic repeat units

!“| | M-terminal elastic repeat units N—

Figure 2.3. Schametic daigram of full-length resilin Drosophila melanogaster gene
construct (Reprinted by permission from Macmillan Publishers Ltd: [Nature
communications] (Qin et al. 2012), copyright (2012).

Resilin is a crosslinked supramolecular structure in nature. Identification of resilin is
through dityrosine crosslinks (Andersen 1964). Figure 2.4 presents a schematic
diagram for crosslinking of tyrosine residues to form dityrosine, which is characteristic
in network structure of resilin supramolecular polypeptide. Mechanical properties
depend on the crosslinking degree of tyrosine. Using chitin beads, the recombinant
resilin with chitin-binding domain confirmed chitin-binding properties (Qin et al. 2009).
The objective is to improve understanding on chitin-binding effect of resilin for

application in chitin based materials.
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Figure 2.4. Schematic diagram of resilin dityrosine crosslinking.



3. EXPERIMENTAL SECTION

This section is divided into three main parts according to the objectives of this thesis.
First part deals with chitin extraction and disintegration, the second part is on
preparation, structure, and mechanical properties of chitin nanofiber materials such as
nanostructured membranes, polymer matrix composites, and hydrogels. The third part
is devoted to hydrated chitin-resilin composites inspired by the insect cuticle. The
resilin protein is prepared in the form of recombinant resilin, where a major challenge

is to prepare sufficient amount of resilin for structure and property studies.

3.1. Disintegration of chitin nanofibers from crustacean exoskeleton,
(Paper 1, 11)
In paper |, chitin-protein composite nanofibers were disintegrated from the crude
chitin originated from crab shell powder bought from Sigma Aldrich (C7170, Germany)
according to the procedure reported by Ifuku et al. (2010). Chitin powder was treated
with 2 M HCI, 2M NaOH and ethanol to remove minerals, protein, and pigments,
respectively. Disintegration was achieved by passing the hydrocolloidal suspension (ca.
0.5 wt.%) five times through 400 and 200 pum chambers in a high pressure
homogenizer (M-110EH, Microfluidics Ind., Newton, MA, USA) at a pressure of 900

bars at room temperature (21 °C).

Some modification on the chitin disintegration protocol in paper | were made in paper
Il (schematic diagram Figure 3.1 (Mushi, Butchosa, Salajkova, et al. 2014)). Extraction
of minerals, pigments, and proteins from the exoskeleton was done in the following
order. Typically, 40 g lobster exoskeleton powder was first demineralized in 600 mL of
2 M HClI for 2 hrs. Subsequently, it was immersed in 300 mL of 96 % ethanol and stirred
overnight to remove the pigments. Finally, NaOH treatment was carried out to remove
protein. Two different NaOH concentrations (8 % and 20 %) were used and the
treatment duration was either 48 hours or 2 weeks. The samples were designated as
L8-48, L8-2W, L20-48, and L20-2W according the final deproteinization procedure. All

treatments were carried out at room temperature (23 °C) and washing was performed
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with deionized water between each step until neutral pH was reached. After NaOH
treatment, the exoskeleton powder was suspended in 1 L of 1 - 4 % acetic acid and
stirred overnight. The colloidal suspension (1 wt. %) was then blended at pH 3 using a
kitchen blender (VMO105E, USA) and passed 10 times through the Microfluidizer (M-
110EH, Microfluidics Ind., Newton, MA, USA) high pressure homogenizer. This included
first five passes through 400 and 200 um chambers at a pressure of 900 bars, and then

the five last passes through 200 and 100 um chambers at a pressure of 1600 bars.

Raw lobster
(Homarus Americanus)

Cleaning
Demine ralization
2M HCI

Depigmentation
96% efhalnof’ 12 hrs

[ | | |
DEPROTEINIZATION

L8-48 L8-2W L.20-48 L20-2W
8%NaOH48h8%NaOH2wks 20%NaOH48h 20%NaOH2wks

I | ]

[
Washing in 1-4% Acetic acid
12 hlr's

Mechanical disintegration
1-4% acetic acid (pH3)

Figure 3.1: Schematic diagram showing the extraction and disintegration steps for
the preparation of chitin nanofibers from raw lobsters (Mushi, Butchosa, Salajkova,

et al. 2014).

3.1.1. Chitin nanofiber structural characterization, (Paper |, 1)

3.1.1.1. Atomic force microscopy (AFM), (Paper |, Il)

Atomic force microscopy was performed on a mica substrate using Nanoscope llla
(Veeco Instruments, Santa Barbra, USA) at ambient conditions (23 °C and 50 % relative

humidity). AFM images were captured under tapping mode using RTESP silica
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cantilevers (Veeco) with a spring constant of 40 Nm™ and a tip radius of 8 nm
oscillating at their fundamental resonance frequencies between 200 and 400 kHz. The

heights of the chitin nanofibers were used for estimation of lateral dimensions.
3.1.1.2. Scanning transmission electron microscopy (STEM), (Paper I, 1)

STEM characterization was performed using the FE-SEM (S-4800 Hitachi, Japan)
equipped with transmission electron detector. Chitin nanofiber sample was deposited
on a carbon coated copper grid (Ultra-thin Carbon Type-A, Ted Pella) and stained with
uranyl acetate to elucidate the protein distribution and images were captured at 30

kv.
3.1.1.3. X-ray diffraction analysis, (Paper Il)

Chitin was analyzed by X-ray diffraction (XRD) with a Philips X’Pert Pro Diffractometer
(model PW 3040/60) using CuKa radiation (y = 1.5418 A), which was generated at 45
kV and 35 mA and monochromatized using a 20 um Ni filter. Diffractograms were
recorded at room temperature in the reflection mode in the range from 5° to 40° (26
angular range). The diffractograms were curve fitted using Peak Fit software to obtain

crystal size and crystallinity index.
3.1.1.4. Measurement of degree of acetylation, (Paper Il)

The degree of deacetylation (DA) was measured by Cross-Polarization/Magic Angle
Spinning B C-Nuclear Magnetic Resonance (CP/MAS 3 C-NMR) method as previously
reported (Butchosa et al. 2013) by taking the intensity of the resonance signal arising
from the carbon of the methyl group and divide it by the intensity of the resonance

signal corresponding to C-1 of the sugar ring.
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3.1.1.5. Ninhydrin-hydridantin protein test, (Paper |, II)

The residual protein content was determined according to the colorimetric method
reported previously (Shimahara 1988). The absorbance was measured at 564 nm using
a UV-Vis Spectrophotometer (CARY 50Bio). The reference solution was prepared by
using 0.5 mL of deionized water instead of the sample solution. The protein
concentration of the sample solution was calculated from a calibration curve using
bovine serum albumin with known concentration ranging from 0.1 to 0.85 mg/mL.
Thus, the protein content in the nanofibers can be calculated by the amount of protein

in the sample solution divided by the total weight of the starting nanofibers.

3.1.1.6. Intrinsic viscosity, (Paper I, ll)

The intrinsic viscosity was measured in order to estimate molar mass reduction to
control hydrolysis at different NaOH treatment conditions. Chitin was dissolved in
dimethyl acetamide with 8 % lithium chloride (DMAc/8 % LiCl) and data were reduced
according to the empirical expression in Eq 3.1 (Draczynski 2008), where M is viscosity
average molar mass. The intrinsic viscosity [n] was obtained from the time recorded to
pass through the capillary column (Ubbelhode -capillary viscometry) at room

temperature (23 °C).

[n] = 2.1 x 10~*M088 (3.1)

3.2. Preparation, structure and mechanical properties of chitin

nanofiber materials (Paper I, 11, lII, IV)

For paper lll, IV and V, a new type of low protein content chitin nanofibers developed
in the present thesis were used. Low protein content chitin nanofiber was
dinsintegrated from the exoskeleton of lobster after treatment in 20 wt. % NaOH
based on the procedure established in paper Il. Chitosan powder from shrimp (high
viscosity, Sigma, Germany) with a degree of acetylation of less than 15 % was used to

develop tough nanostructured chitin composites. Chitosan was dissolved in acetic acid
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(1.0 wt.%), and aggregates where removed by centrifugation (EBA 280, speed = 4000

rpm) at room temperature for 10 min.

3.2.1. Nanostructured chitin membrane, (Paper |, II, 1ll)

A suspension of ca. 0.07 wt. % nanofibers was mixed using Ultra Turrax mixer (IKA,
D125 Basic, USA) for 10 min to allow uniform dispersion and complete
disentanglement of the nanofiber aggregates. Thereafter, vacuum filtrated using a
filter funnel of ca. 7.2 cm in diameter and a 0.65 um pore size filter membrane (DVPP,
Millipore, U.S.A) to obtain a hydrogel membrane with ca. 90 % water content. For
paper |, solvent exchange was performed immediately after filtration. The hydrogel
was subjected to solvent exchange in acetone, ethanol, and methanol. For paper II,
nanostructured membranes were prepared from L8-48, L8-2W, L20-48, and L20-2W.
The nanostructured gels were dried in the drying stage of a Rapid Kéthen sheet former

(Germany) at 70 mbar and 93 °C for different durations.

3.2.2. Colloidal characterization of chitin — chitosan composites (Paper Il1)

3.2.2.1. Dynamic Light Scattering Analysis (DLS)

The zeta potential ({) and aggregate size of the chitin nanofiber hydrocolloid was
studied by dynamic light scattering using Zetasizer Nano, Model ZEN3600 (Malvern
Instruments Ltd, UK). The light source was operated at a wavelength of 633 nm. The
chitin nanofiber suspension was diluted to a concentration of 50 mg/L at pH 3 and
filled in a PMMA (Poly Methyl Methacrylate) cuvette and scanned three times at

ambient conditions (23 °C).

3.2.2.2. Quartz Crystal Microbalance (QCM)

A Quartz Crystal Microbalance Model QCM-E4 from Q-Sense AB (Vastra Frélunda,
Sweden) was used to study chitosan (paper Ill) and resilin (paper V) adsorption to a

chitin nanofiber model surface with a continuous flow of 100 puL/min (Marx 2003). The
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crystals were AT-cut quartz crystals with a 5 MHz resonance frequency and an active
surface of sputtered silica. These were rinsed with Milli-Q water, a mixture of ethanol
and Milli-Q water, dried in nitrogen, and then placed in an air plasma cleaner (Model
PDC 002, Harrick Scientific Corporation, NY, USA) under reduced air pressure for 120 s
and 30 W. A 1 g/L chitin nanofiber suspension was spin-coated on the cleaned crystals,
resulting in a fully covered chitin nanofiber surface. Such a model surface has not been
used previously in chitin nanofiber studies. The change in frequency can be used to
estimate the change in adsorbed mass according to the Sauerbrey model Eq 3.2

(Sauerbrey 1959).
m=_CXAf/n (3.2)

Where, m is the adsorbed mass including water per unit area (mg/mz), C, the
sensitivity constant = -0.177 (mg/(mz-Hz)), Af, the change in resonant frequency (Hz),

and n is the overtone number.

3.2.3. Preparation of nanostructured composites (Paper lll)

A colloidal suspension of ca. 1 wt. % chitin nanofiber and chitosan solution in about 4
% acetic acid was mixed under magnetic stirring for 12 hrs to allow uniform dispersion.
Casting was done on a round glass mold of @ = 72 cm covered with a Teflon film
surface. Drying was performed in an oven at 37 °C. Evaporation of water and acetic
acid resulted into a consolidated nanostructured composite film. The nanopaper route
was employed for the preparation of chitin membranes (Sehaqui et al. 2010, Mushi,

Butchosa, Zhou, et al. 2014).

3.2.4. Field emission scanning electron microscope (FE-SEM) (Paper |, 1, 1lI,

IV, V)

The topographical or cross-section morphology of chitin samples was characterized by

using Field Emission Scanning Electron Microscopy (Hitachi S-4800, Japan). The
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samples were conditioned in a desiccator overnight (12 hrs) to remove moisture and
then sputtered with a thin layer of gold/palladium using Agar HR sputter coater
(Cressington scientific instruments ltd, UK). FE-SEM images were captured from

secondary electrons at an acceleration voltage of 1.0 kV.

3.2.5. Porosity determination (Paper |, 11, lll)

Porosity was obtained from ratio of weight to bulk volume. Rectangular samples with
edge size ranging from 1 to 2 cm were accurately weighed. Bulk volume was measured
using Mercury Intrusion Porosimeter (Micrometrics, USA). The samples were placed in
a penetrometer chamber, air evacuated and thereafter filled with mercury at
atmospheric pressure (1 bar). The bulk volume was obtained from the difference
between volume of the penetrometer (ca. 3.616 cm’ in this case) with and without the

sample, and, bulk density from weight over volume.

Porosity is given from bulk density as shown in Eq 3.3 to 3.5, where porosity or void
content is represented by V,, and was deduced from Eq 3.3. Eq 3.4 is the theoretical
density, p., of void-free composite used in earlier work (Sehaqui, Zhou, and Berglund
2011b). Weight fraction, W, was related to volume fraction, V, based on Eq 3.5. The
subscripts stand for; v - voids, ¢ - void-free composite, f - chitin nanofiber, sample
refers to the real composite with voids and chitosan is the real matrix without voids.
The density of chitosan film was used as a true density of chitosan, pcpitosan. Density
of chitin nanofiber crystal, p¢, is 1.425 g/cm3 according to literature (Carlstrom 1957).

V, = 1 — Zeample (3.3)

1
Pc = Wy (-Wp) (3.4)
W Pchitosan

w
Vf = p_ff X psample (3-5)
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3.2.6. Uniaxial tensile test (Paper I, II, 111)

Uniaxial tensile tests were performed using Instron Universal Tensile Testing Machine
Model 5944 (UK) equipped with a 500 N load cell. The specimens were conditioned at
50 % relative humidity and 23 °C overnight. Width and length of samples were 5 and
40 mm, respectively. Thickness (about 50 - 70 um) was measured using micrometer
screww gauge thickness meter (Japan). Tensile tests were performed at a strain rate of
4 mm per min. Mechanical properties such as tensile modulus, E, tensile strength, o*,
tensile strain to failure, €* and work to fracture, U were estimated based on

conventional analysis of nominal stress-strain curves.

3.2.7. Dynamic mechanical thermal analysis (DMA) (Paper |, 111)

DMA was carried out using TA Instruments Model Q800. Rectangular samples were of
these dimensions: width = 5 mm, gauge length = 10 mm and thickness = 50 — 70 um.
Samples were conditioned to reduce moisture, then heated from 25 °C to 300 °C at the
rate of 3 °C/min and a frequency of 1 Hz. The dynamic mechanical properties reported

include storage modulus and tan & as a function of temperature.

3.2.8. Preparation of chitin hydrogels (Paper IV)

Hydrogels of different chitin concentrations were prepared by neutralization of acetic
acid in the chitin hydrocolloid. Neutralization was carried through either dialysis or

reaction with sodium hydroxide.

3.2.8.1. Neutralization by dialysis

The colloidal suspension was dialyzed in deionized water at ambient condition using
membrane with 12 kDa molecular weight cut-off until neutrality was reached. The
concentration was varied from 0.4 to 3.0 wt. % solid content. Chitin hydrogel in the
dialysis membrane was solvent exchanged to ethanol and then to deionized water. The

final concentration increased from 1.0 to 3.0 wt. %.
17



3.2.8.2. Neutralization by NaOH addition

The original concentration of the chitin colloidal suspension was 1.0 wt. %. Then, it was
diluted to concentrations of 0.4, 0.6, 0.8 wt. % and concentrated by evaporating water
at ambient condition until the concentration reached 2.0 wt. % chitin. NaOH (8 %) was
added on the surface of colloidal suspensions of chitin nanofibers in a beaker and

stored at ambient condition.

3.2.9. Structural characterization of chitin hydrogels (Paper IV)

The chitin nanofiber hydrogel was solvent exchanged to tert-butanol and then freeze-
dried to form chitin aerogels. Solvent exchange was first done in 50 % tert-
butanol/water twice during an interval of 2 hrs and then in 100 % tert-butanol at least

for 12 hrs overnight.

3.2.9.1. Pore size and size distribution measurement

Pore size and size distribution of the aerogel was measured using a TRI/Auto-
porosimetry version 2008-12 (TRI/Princeton, Princeton, USA). The sample was placed
in a chamber, vacuumed and then equilibrated in liquid hexadecane. Pore size
specification was according to the membrane cut-off pore size of 1.2 um, so that the
minimum pore size was 5 um and maximum 500 um. Data were obtained for different

concentrations of hydrogels as follows; 0.6, 0.8, 1.0 and 2.0 wt. %.

3.2.9.2. Morphological characterization of chitin aerogels

The morphology of chitin aerogels was characterized by using FE-SEM according to the

procedure which is already explained in section 3.3.1.
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3.2.10. Mechanical characterization of chitin hydrogels (Paper IV)

3.2.10.1. Rheological test

Chitin nanofiber hydrogel rheological test was performed using a flat parallel plate
configuration of a Rheometer (MCR 501; Anton Paar, Austria) with width of @ = 25 mm
and gap thickness of 1 mm. Dynamic rheological properties were measured in
frequency sweep mode over the range from 1 to 100 rad/sec at strain rate of 10 % and
ambient temperature (23 °C). A transducer detected the change in torque and
recorded storage modulus and tan delta. Two to three samples were measured for
each concentration (0.4, 0.6, 0.8, 1.0, 2.0 and 3.0 wt. %). Rheological characterization
for un-neutralized chitin sample with 0.8 wt. % chitin content at pH 3 was performed in
parallel plate configuration using Malvern Rheometer, Model Kinexus (Malvern

Instruments Ltd, UK).

3.2.10.2. Compression test

The mechanical properties of the hydrogel under compression mode were measured
using a Universal Testing Machine Instron Model 5944 equipped with a 50 N load cell.
Circular specimens were prepared. Diameter was 25 mm and thickness ranged
between 5 — 15 mm. The stress—strain curves of the hydrogels were recorded at room
temperature at the strain rate of 10 % / min. Measurements were done for at least
two specimens at each solid content. Compressive modulus, strength and strain were
measured. Compressive modulus (E) was determined as slope in the initial elastic
region. Yield stress was calculated as stress value corresponding to the intersection of

the tangent between the elastic region and the initial plastic deformation plateau.
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3.3. Bio-inspired and hydrated chitin-resilin nanocomposite (Paper V)

3.3.1. Protein expression and purification

The two resilin genes, one with 975 base pairs coding for the first exon elastic repeats
and the other with 1200 base pairs coding for the first exon and the second exon, were
kindly provided by S. Lapidot and O. Shoseyov from the Hebrew University of
Jerusalem, Israel. According to the method reported previoulsy by Qin et al. (2009),
the genes were amplified using polymerase chain reaction (PCR) method and cloned
using the restriction sites Ncol and Notl into the pHis-parallel-3 vector, which contains
an N-terminal Hisg-tag to facilitate purification of the expressed protein on Ni-NTA
column and a cleavage site to enable the removal of the Hisg-tag when desired. E. coli
BL21DE3 cells were used as the host organism for production of the recombinant
proteins in LB-medium (yeast extract 24 g/L; tryptone 12 g/L; glycerol 4 mL/L; 10x PBS
100 mL/L). Cultures (5 L) of E. coli BL21DE3 cells transformed with the plasmids and
positive colonies were grown in LB-medium in baffled flaskes at 37 °C and 230 rpm in
the presence of 0.1 g/L ampicillin for ResChBD and 0.05 g/L kanamycin for Res. Protein
expression was induced at an ODgy of ~1.5 by adding IPTG (Isopropyl B-D-1-
thiogalactopyranoside) to a final concentration of 0.5 mM. After further incubation at
30 °C overnight, approximately 10 g of wet cells per liter culture were harvested by
centrifugation at 17700 g and 4 °C for 1 hr (Model: Beckman). The cell pellets were

stored at —80 °C.

The cell pellets recovered from 5 L culutres were thawed and resuspended in 1x PBS
buffer (pH 7.4) at 4 °C overnight. After disruptioin in a French Press (70 bar), the crude
cell extract was separated from cell debris by centrifugation at 17700 g and 4 °C for 1
hr. The supernatant was further centrifuged at 75600 g and 4 °C for 2 hrs and used for
protein purification by immobilized metal affinity chromatography (IMAC). The protein
sample was mixed with 20 mL Ni-charged SepharoseTM 6 Fast Flow Resin (GE
healthcare, Uppsala, Sweden) overnight at 4 °C. The resins were then packed in a
column that was mounted on a AKTA fast protein liquid chromatography (FPLC) system

(GE healthcare). After washing the column with 1x PBS buffer containing 0 and 30 mM
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imidazole, the proteins were then eluted using 500 mM imidizole. The fractions were
combined and diluted 10 times with 0.1x PBS buffer, and further purified on a 5 mL
HiTrap Q FF ion exchange column (GE healthcare). Before the sample was loaded, it
was dialyzed against 20 mM Tris-HCI buffer at pH 8 and the column was equlibrated
with 10 column volumes (CV) of buffer A (20 mM Tris-HCI; pH 8). After the protein
sample was appiced to the column, it was washed with 5 CV of the same buffer.
Proteins were then eluted with a linear gradient of 10 CV of buffer B (20 mM Tris-HCl;
1 M NaCl; pH 8). The target protein was eluted at around 0.24 M NaCl. Appropriate

fractions were collected and dialyzed against 0.1x PBS buffer at pH 7.4.

To remove Hisg-tag, the protein concentration was adjusted to 1.5 — 2 mg/mL in 50
mM tris-HCl at pH 8.08. DDT (Dichlorodiphenyltrichloroethane) and EDTA
(Ethylenediaminetetraacetic acid) were added to a final concentration of 1 and 0.5
mM, respectively. The tobacco etch virus (TEV) protease were then added and the
weight ratio between TEV enzyme and the protein was 1:50. The enzymatic cleavage
reaction was carried out at room temperature over night. The mixture was dialyzed in
0.1x PBS buffer to remove EDTA and DDT. Subsequently, it was passed through the Ni
Sepharose 6 Fast Flow column and the flow through containing proteins without Hisg-

tag were collected and used in the later studies.

To check the purity of the proteins, SDS-PAGE analysis was done using precast 10 %
Bis-Tris gels (Invitrogen) and 1X Tris-Glycine buffter (25 mM Tris, 192 mM glycine, 0.1
% SDS, pH 8.3). Gels were ran in the Novex MiniCell (Invitrogen) at 160 V. The protein
mass standard used was either the SeeBlue Plus 2 prestained standard (Invitrogen) or
the PageRuler Plus prestained protein ladder (Thermo Scientific). Gels were stained

with Coomassie blue.
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3.3.2. Determination of recombinant resilin chitin-binding properties (Paper

V)

3.3.2.1. Measurement by centrifugation technique

ResChBD and Res solution were examined for chitin, cellulose and xylan binding in
suspension by centrifugation. A ml of chitin nanofibers suspension with concentration
of 1 mg/mL was washed by 0.1x PBS , and mixed with different amounts of resilin
solution to a total volume of 1 mL and gently shaken for at least 2 hrs at room
temperature. Chitin was isolated as pellets from the supernatant by centrifugation at
12300 g for 5 min and washed with 0.1x PBS several times. Concentration of protein
in the supernatant (unbound proteins) was measured by Bradford method. The same

procedure was repeated for cellulose and xylan.

3.3.2.2. Measurement by quartz crystal microbalance (see section 3.2.2.2)

3.3.3. Preparation of hydrated chitin/resilin nanocomposites (Paper V)

A colloidal suspension with ca. 1 wt. % solid content of chitin nanofiber in 0.1x PBS
buffer and a purified resilin solution in 0.1x PBS buffer were gently pipette-mixed and
left under magnetic stirring for at least 2 hrs. Rut (lI) and Ammonium persulfate (APS)
were added to have the concentration of 50 uM and 10 mM, respectively, during
photo crosslinking. Casting was done on a Teflon mold. Drying was performed at room
temperature in the dark. Photo crosslinking was done at the concentration of resilin

above 100 mg/L by exposing the sample to 600 Watts white light source.

3.3.4. Mechanical characterization (Paper V)

Tensile test was performed using Instron Universal Tensile Testing Machine equipped
with 10 N load cell. The specimens were equilibrated in water at room temperature for

at least 2 hours. Samples were prepared in strips of 5 — 8 mm long, width of 3 —4 mm
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and thickness of 90 — 100 um. Tensile tests were performed at a strain rate of 5

mm/min to obtain tensile modulus, tensile strength, and tensile strain to failure.
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4. RESULTS AND DISCUSSION

4.1. Disintegration of chitin nanofibers from crustacean exoskeleton

Chitin nanocrystals or regenerated chitin dominates the literature on chitin materials.
In this thesis, two types of chitin structures were developed and studied based on
extraction conditions, namely, chitin composite nanofibers with substantial protein
content and smaller diameter, low protein content chitin nanofibers. Chitin composite
nanofibers were prepared by treatment with 8 % NaOH. The resulting hydrocolloidal
suspension of chitin nanofibers and water was subjected to mild mechanical
treatment, by passing five times through a high-pressure homogenizer using 400 and
200 pum chambers at a pressure of 900 bars. The strong chitin-protein binding and to
some extent, association, was preserved as observed from FTIR and STEM results in
paper l. In the next disintegration protocol published in paper Il, the aim was to
preserve chemical and structural properties of chitin nanofibers in the biological
organism, and at the same time remove some of the strongly bound protein. The
procedure is shown in the schematic diagram Figure 3.1. The initial material was raw
lobster (Figure 4.1 (a)). The chitin colloid is presented in Figure 4.1 (b). The HCI
treatment was fairly mild with respect to duration of treatment, temperature,
concentration and ratio of acid to crude chitin (Percot, Viton, and Domard 2003,
Draczynski 2008). The NaOH treatment removes the proteins, and was varied (see
Figure 3.1). The best sequence of treatments was found to be demineralization,
depigmentation and deproteinization. Washing overnight with acetic acid increased
discoloration of the crude chitin colloid. The best condition for isolation of low protein
content chitin nanofibers was observed using 20 % NaOH treatment and ambient

conditions.
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Figure 4.1. The photographical images showing (a) raw lobster, and (b) chitin

nanofiber hydrocolloid.

Another difference between the second protocol (paper Il) and the first protocol
(paper 1), apart from milder treatment, was that in the second protocol the original
material was raw lobster, not commercial crude chitin powder. The commercial crude
chitin powder in paper | is already chemically pre-treated, so the original features of
the native chitin structure are lost to certain extent. The purity of the crude chitin
powder in protocol | was confirmed from calcium mineral residual content by thermo-
gravimetric analysis (data not shown). NaOH treatment in the first protocol was milder
(8 %) and yielded larger diameter chitin-protein composite aggregates. In the second
protocol, the low protein chitin nanofibers were liberated by 20 % NaOH mild chemical
treatment to extract mineral particles, proteins and pigments. In the mechanical
disintegration stage, stronger mechanical forces were applied compared with in the
first protocol. The chitin/water suspension was passed through chambers 400 and 200
pm five times, as in the first protocol. Then 200 and 100 um chambers were used for

an additional five times.

4.2. Chitin nanofiber structure

Here, a more detail structural information of the chitin nanofibers was reported. The
structure of the individualized composite nanofibers and low protein chitin nanofibers
were studied by AFM and STEM, see Figure 4.2. Nanofiber lengths of more than 1 um

were apparent. Figure 4.2 (a, b) is AFM and STEM images of the composite nanofiber
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structure. The diameter of the composite nanofibers and corresponding aggregates
ranged from 20 to 30 nm and 30 to 150 nm, respectively. The STEM image in Figure 4.2
(b) gives an impression of nanofiber scale and agglomerate characteristics. There are
multiple chitin nanocrystals, apparent as lighter entities inside each nanofiber in the
STEM image. They are bonded together by material more difficult to penetrate by the
electrons, apparent as darker regions. These proteins were stained with uranyl
acetate. The rod-like geometry of the light chitin indicates that the chitin-protein
nanofibers have chitin nanocrystals as building blocks, perhaps resulting from the
chemical treatment history. From transmission electron images of the exoskeleton, the
size of chitin protein-bound nanofiber aggregates may approximately be in the order
of 50 - 300 nm in diameter (Raabe, Sachs, and Romano 2005, Raabe et al. 2006). Thus,

it was concluded that most of the strongly bound protein was retained to chitin in the

first protocol with isolation at 8 % NaOH.

Figure 4.2. Chitin composite nanofibers and chitin nanofibers (a) AFM image of
composite nanofiber (b) STEM image of composite nanofibers (c) AFM image of

individualized chitin nanofibers (d) STEM image of individualized chitin nanofibers.

For the second extraction protocol, structural properties of chitin nanofiber were
improved in terms of length and width “aspect ratio” (see AFM and STEM images in
Figure 4.2 (c, d)). AFM results in paper Il see Figure 4.3, showed the distribution of
chitin nanofiber length and width at different treatment conditions. Larger diameter
composite nanofiber (12.4 % protein content) and finer diameter chitin nanofibers (4.7

% protein content) were prepared.
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Figure 4.3: Histograms showing length (a, c) and width (b, d) distribution of 300 chitin
nanofibers each isolated from lobster exoskeleton: (a, b) L8-48 ((8 % NaOH

deproteinization for 48 h) and (c, d) L20-2W (20 % deproteinization for 2 weeks).

Table 4.1 presents a summary of length and width of chitin nanofibers from lobster,
based on AFM images (not presented) and XRD data (not shown). At high NaOH
concentration (20%), which was the best treatment condition for isolation, the length
ranged from 200 to 2000 nm (refer to Figure 4.3 (c)). The L20-2W sample treated for
the longest time showed homogeneous width distribution; see histogram Figure 4.3
(d). Chitin crystal structure from XRD was deduced at (110) and (020) crystallographic
plane. Chitin fibril width deduced from AFM i.e. 3 nm was lower compared to the size
obtained from XRD i.e. between 4.0 and 5.6 nm. The length of individualized fibrils in
STEM and AFM images Figure 4.2 (c, d) were almost identical. The nanofiber width

from STEM in Figure 4.2 (d) was similar to the fibril width from AFM. The crystal size
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along plane (110) closely corresponds to the nanofiber width from AFM and STEM. This
suggests that the nanofibers are indeed microfibrils, and that only one crystallite is
present “per cross-section”. Structural distribution with respect to length and width of
nanofibers were related to the amount of residual protein. The decrease in protein
content was correlated with a larger fraction of small diameter fibril bundles and much
shorter fibrils. The structural properties of chitin nanofibers presented in the AFM and
STEM images were unique. Structurally, close similarity is observed with B-chitin
nanofibers from squid; diameter ranged from 3 to 4 nm and lengths were in the

micron-scale (Fan et al, 2008, 2012).

Table 4.1: Lateral dimensions (width and length) of chitin nanofibers by AFM and
XRD.

Sample Protein AFM XRD C.l
0,
label  Content (%)
(%) Length (nm) Height(nm) Crystal size
(nm)
| | 1/ d d d/d D D
n w W n n w W n (110) (020)

L8-48 12,4(3,5) 966.2 14109 1.46 3539 111 40 51 88.6
L8-2W  6,0(4,3) 1166.9 1526.3 1.31 3,1 3,4 1.09 41 56 89.2
L20-48 7,1(6,4) 905.7 12404 1.37 3,4 3,8 1.12 46 54 89.7
L20-2W 4,7 (3,5) 696.9 1024.6 1.47 3,4 3,6 1.06 41 438 89.1

Note: | »— Number average length, ! w— Weight average length, d »- Number average
diameter, d w— Weight average diameter, IW/ I,, and dw d,, - stand for polydispersity or

heterogeneity, d(110) - crystal size along plane (110), d (0200— Crystal diameter along
plane (200), and C.I — Crystallinity Index.

Table 4.2 summarizes chemical characteristics of chitin nanofiber structures (L8-48, L8-
2W, L20-48, L20-2W). Different nanofiber structures showed the same degree of

acetylation, 86 %, as determined by solid-state B

C NMR, regardless of NaOH
concentration or amount of protein removed. This is similar to results for a-chitin from
crab shells by solid-state B C NMR 89.8 % (Van de Velde and Kiekens 2004). The value

of acetylation depends on species and measurement technique. Degree of acetylation
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of chitin from the fungus Aspergillus niger is 80 % as determined from analysis of
acetic acid hydrolysate by high-performance liquid chromatography (Wu et al. 2005).
In similar materials, Fan, Saito, and Isogai (2008) and Ifuku et al. (2010) reported
degree of acetylation of around 96 and 93 %, respectively, for crab shell chitin
determined by elemental analysis. In our first protocol, chitin degree of acetylation
was estimated around 95 % by FTIR (as ratio of peaks at Ajgss/Asaso) (Khan, Peh, and
Ch’ng 2002). Certainly, the degree of acetylation was largely preserved and most of the

strongly bound protein was removed based on this protocol.

Fibril length and degree of acetylation of the low protein content nanofibers were
higher than reported for deacetylated nanowhiskers of the same diameter from crab

shellsi.e. 3 -4 nm & 73 %, respectively (Fan, Saito, and Isogai 2010, Fan et al. 2012).

Chitin molar mass is reported and indicated small reduction due to hydrolysis. Some
molar mass reduction can be expected, most likely from nanofiber fracture during
mechanical homogenization. At very small values for residual protein (4.7 %), the value
of intrinsic viscosity corresponds to ca. 540 kDa molar mass of chitin. The results are in
the range of viscosity average molar mass of chitin from honeybee corpses, measured
in DMAc/5 % LiCl, after treatment in 1 M NaOH at 80 °C for different times between

1.5 to 2.5 days (Draczynski 2008). The values reported were between 420 and 740 kDa.

Table 4.2: Chemical properties of chitin nanofibers including degree of acetylation,
protein content, intrinsic viscosity.

Samples Degree of Protein Intrinsic Viscosity average
acetylation content viscosity molecular weight,
(%) (%) (dL/g) M, (kDa)

L8-48 86 12.4 (3.5) 33.3(6.7) 810

L8-2W 86 6.0 (4.3) 26.5 (5.6) 630

L20-48 87 7.1(6.4) 29.7 (5.8) 750

L20-2W 86 4.7 (3.5) 23.4 (7.5) 540
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4.3. Characteristics of nanostructured chitin membranes

4.3.1. Structural properties

Chitin membranes were developed from composite nanofibers and low protein chitin
nanofibers. In paper |, higher porosity was introduced through solvent exchange in
methanol, ethanol, and acetone due to the low dielectric constant of the solvents. The
aim was to compare mechanical potential with non-woven chitin membranes from
regenerated chitin. The latter requires more energy consuming electro-spinning
process. Larger pore size range (22-58 %) was achieved with the present method
(protocol 1). The specific surface area (SSA) of porous membrane in water was ca. 22
mz/g compared with porous membrane solvent exchanged in ethanol i.e. 87 mz/g. FE-
SEM images in Figure 4.4 present microstructural features of porous chitin
membranes. FE-SEM images (Figure 4.4) confirmed a chitin network formation with
individual nanofibers distributed random-in-the-plane in swirled conformation. Figure
4.4 (a, b) present large nanofiber bundles from protocol, whereas, the structure in
Figure 4.4 (c, d) has large fraction of individualized, small diameter chitin nanofibers
from protocol Il. Chitin in Figure 4.4 (a) was prepared from the first protocol and Figure
4.4 (b), from the second protocol in paper Il by 8 %NaOH treatment. The reason for the
presence of some large nanofiber bundles in Figure 4.4(a, b) is that the NaOH
treatment conditions were too mild with lower concentration (8 % rather than 20 %)

and shorter treatment time (48 hrs rather than 2 weeks).
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Figure 4.4: SEM images of chitin membranes from chitin nanofibers at 2 um and 1 um
scale bars: (a) Composite nanofibers (8 % NaOH treated first protocol), (b) Composite
nanofibers L8-48 (8 % NaOH treated second protocol), (c, d) L20-2W (20 % NaOH, 2

weeks, second protocol).

4.3.2. Mechanical properties

4.3.2.1. Uniaxial tensile properties

The uniaxial stress-strain behaviour in tension of chitin membranes from chitin
composite nanofibers and low protein chitin nanofibers are presented in Figure 4.5(a,
b). For the chitin membranes from chitin composite nanofibers, the behaviour is non-
linear and show some limited plasticity, perhaps by nanofiber slippage. For the
membrane from low protein chitin membrane, the extent of plastic deformation is
substantially higher. The stress-strain behavior is characterized by a linear region, then

a plastic yielding knee, followed by strain hardening at constant stress-strain slope.
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Figure 4.5: Tensile stress-strain curves of porous chitin membranes, (a) composite
nanofiber of porous chitin membrane from different porosities by solvent exchange,

(b) chitin membrane treated at different conditions as indicated in parenthesis.

The tensile properties are summarized in Table 4.3. The tensile modulus, strength, and
strain to failure of porous membranes were 8.2 GPa, 77 MPa and 1.4 %, respectively,
at 22 % porosity. From low protein chitin nanofibers, the tensile modulus, strength,
and strain to failure were 7.3 GPa, 153 MPa and 8.0 %, respectively, and porosity was
16 %. Compared with membranes from higher protein content and larger diameter
“composite nanofibers”, the tensile properties were improved. In particular, strain to
failure (8 %) and work to fracture (8.3 MJm™) were higher. It seems that lack of

premature failure leads to increased ultimate tensile strength (153 MPa).
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Table 4.3: Tensile properties of chitin nanostructured membranes.

Parameters Chitin membrane properties

NaOH treatment condition 8%-48 hrs  8%-2wks 20%-48 hrs 20 %-2 wks

Density (g/cm3) 1.18 1.09 1.10 1.21
Porosity (%) 17 24 23 16
Tensile modulus (GPa) 7.8 (0.3) 7.9 (0.5) 8.3(0.8) 7.3(0.4)
Tensile strength (MPa) 107 (8.9) 140 (7.6) 141 (7.7) 153 (10.6)
Yield strength (MPa) 72 (5.0) 74 (5.5) 73 (1.3) 70 (1.6)
Tensile strain to failure (%) 3.9(0.9) 5.7 (1.1) 5.7 (0.4) 8.0 (1.0)
“Plastic modulus” (GPa)* 1.1 (0.6) 1.9 (0.7) 1.4(0.2) 1.4 (0.1)
Work to fracture (MJ/m3) 1.9 (0.6) 5.8 (0.5) 6.1 (0.8) 8.3(0.2)

Note: *“Plastic modulus” is simply the slope of the plastic deformation region.

Tensile strengths of films based on larger diameter chitin nanofibers in literature (Ifuku
and Saimoto 2012) were lower than data from low protein chitin membrane. The
intrinsic properties of the present chitin nanofibers were better than in composite
nanofibers, due to low protein content, smaller diameter and better preserved chitin
molar mass and fibril length. The best mechanical properties in previous study were
from deacetylated chitin nanowhiskers/nanofibers (Fan et al. 2012, Ifuku et al. 2013),
where the strongly bound protein was completely removed. Higher content of protein
was associated with lower degree of nanofiber dispersion, larger agglomerates and

lower strain to failure.

4.3.2.2. Dynamic mechanical properties

Dynamic mechanical behaviour of porous chitin membrane as a function of
temperature based on composite nanofibers were studied (Figure 4.6). Composite
nanofibers were investigated as a function of porosity as alternative replacement for
regenerated chitin membranes. The storage modulus from low protein chitin
nanofibers is presented in chitin-chitosan nanostructured composite study discussed in

coming sections; the thermo-mechanical relaxation behavior was similar to the
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membrane from composite nanofibers at 22 % porosity (protein content had less
influence). Figure 4.6 (a) presents storage modulus and Figure 4.6 (b) tan delta as a
function of temperature. Storage modulus was maintained at a fairly constant level
over a wide range of temperatures. The reason for this is high intrinsic modulus of
chitin nanofibers due to extended chain conformation of chitin macromolecule.
Simultaneously, two tan delta relaxation regions appear around 150 °C and 240 °C (see
Figure 4.6 (b)). There is also a broad relaxation transition between 30 °C and 200 °C
with gradual decrease in storage modulus. Predominantly, the temperature relaxation
between 130 °C and 200 °C was attributed to the local relaxation of -1, 4 — N — Acetyl

glycosamine polymer chain (Ogura et al. 1980).
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Figure 4.6: DMA properties of nanopaper membranes with different porosities based
on chitin-protein composite nanofibers, (a) storage modulus, (b) tan delta, as a

function of temperature.

4.4. Chitin/chitosan nanocomposites and hydrogels from low protein
chitin nanofibers

4.4.1. Nanocomposite of chitin and chitosan

Chitosan is of interest as bio-based packaging films (Cha and Chinnan 2004). Chitin
nanofiber was therefore used as reinforcement to improve mechanical properties of
chitosan based films in paper lll. The importance of good colloidal dispersion and

chemical compatibility for achieving good dispersion and high toughness is addressed.
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4.4.1.1. Chitin nanofiber colloid in chitosan solution

Table 4.4 presents the zeta potential and aggregate size data for chitin nanofiber
suspension at different concentrations of chitosan. The zeta potential of the chitin-
chitosan mixture (+58 to +65) was higher than that for pure chitin or pure chitosan
(+45) along. The data compares with zeta potential data for stable TEMPO-oxidized
cellulose nanofiber hydrocolloids (from -39 to -52 mV) (Fall et al. 2011, Fall 2013, Fall
et al. 2013). In order to have a stable colloidal suspension, the threshold estimates is
either <-30 or >+30 indicating stability of the chitin-chitosan colloids. Figure 4.7 (a) is
pure chitin hydrocolloid and pure chitosan solution, and in Figure 4.7 (b) the
chitin/chitosan colloidal mixtures. Apparently, chitin average aggregate size decreased

from 634 nm to 165 nm with addition of chitosan during mechanical mixing.

Table 4.4: Zeta potential (mV) and nominal chitin aggregate size (nm) of chitin
nanofiber hydrocolloids in chitosan solution with composition expressed as weight
fraction. The dry content was 0.005 wt. %. The hydrocolloid contains about 4 %

acetic acid, and measurements were done at pH 3.

Chitin content (wt. %) 100 70 30 10 0
Zeta Potential (mV) +45 +65 +64 +58 +45
Average particle size (nm) 670 295 190 220 220
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Figure 4.7: Nominal aggregate size distribution by Dynamic Light Scattering (DLS); (a)

Chitin and chitosan, (b) chitin nanofiber/chitosan mixture colloidal dispersion.

Figure 4.8 presents QCM results of chitin nanofiber and chitosan mixtures at pH 3. This
information was useful in order to understand chitin-chitosan interaction at molecular
level. A spin-coated chitin nanofiber model surface was exposed to a chitosan solution
(100 mg/L) in acetic acid for 30 min, but no change was observed in the baseline after
washing. The conclusion was that no chitosan was adsorbed on chitin nanofiber
surface. The presence of electrostatic charge repulsion phenomenon between chitosan
and chitin nanofiber surface at pH 3 is perhaps the reason for that. This was an
important observation, because it was possible to understand the main mechanism
governing chitin-chitosan interaction that, it does not only based on chemical
compatibility or adsorption as the case of cellulose and hydroxyl ethyl cellulose

(Sehaqui, Zhou, and Berglund 2011b) but also from charge phenomena.

Improved understanding of chitin-chitosan colloidal behavior by DLS and QCM was
significant for network formation and good mechanical performance of the

nanostructured composite.
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Figure 4.8: QCM curve for characterization of chitosan adsorption on spin-coated

chitin nanofiber model surface exposed to a chitosan solution at pH 3.

4.4.1.2. Uniaxial tensile properties of chitin-chitosan nanocomposites

In previous studies, chitin-chitosan composites were developed based on different
concepts. The main objective was to improve mechanical properties. There is
deacetylated chitin based membrane, where nanofibers/nanowhiskers were such that
the core-shell part is chitin and the surface is chitosan (Fan, Saito, and Isogai 2010, Fan
et al. 2012, Ifuku et al. 2013). In these materials, no matrix in the common meaning is
present, but the material is a swirled nanofiber network with random-in-the-plane
nanofiber orientation and some porosity. There are also nanocomposites based on
chitin nanowhiskers reinforcement in chitosan matrix (Sriupayo et al. 2005, Shelma,
Paul, and Sharma 2008). The purpose of chitin reinforcement is usually to improve
chitosan film mechanical properties. High strength in the range of 140 — 157 MPa was
achieved in the former case. With chitosan-rich nanofiber surface, high colloidal
stability and better nanofiber distribution was possible due to charge phenomena. Low
content of chitin (i.e. 20 %) were observed in chitosan based nanostructured
composites reinforced with chitin nanowhiskers, and this led to low mechanical

property improvement (Sriupayo et al. 2005, Shelma, Paul, and Sharma 2008). The

37



main reason for this could be low aspect ratio of chitin whiskers (~50) and/or presence
of agglomerates at high chitin content. Improvement of strength from 50 MPa at 0 %
(pure chitosan film) to 120 MPa at 60 % nanofiber content was observed with cellulose
nanofibers as reinforcing component, and where high nanofiber content was also
possible (Fernandes et al. 2010). However, strain to failure was reduced with nanofiber

content; corresponding reduction was from 27 % to 2 % at 60 % cellulose content.

In the present chitin-chitosan nanocomposite concept, one novelty is in the chitin
structure. In addition, the mechanical behaviour of the materials is analysed more
closely than in previous studies. The aim was to improve chitosan based films
toughness as well as strength. A simple film casting procedure where the liquid phase
was evaporated to form the nanostructured composite film. The highest volume
fraction of chitin reached was 56 %. Figure 4.9 (a) presents an SEM image of the upper
surface of a porous neat chitin nanofiber membrane. Figure 4.9 (b) is the surface of the
nanostructured chitin-chitosan matrix composite at a chitin volume fraction of 56 %

showing chitosan matrix well distributed on the surface on chitin membrane.

hitin/Chitosan - %, -~
(Composite) ._

Figure 4.9: SEM topographical view of, (a) 84 vol. % porous neat chitin membrane,

and (b) 56 vol. % chitin/chitosan nanocomposite (also porous).

Table 4.5 summarizes the mechanical properties of the nanostructured composite
materials. The vyield strength, strength and modulus increased significantly, in

particular yield strength increased from 32 MPa to 51 MPa at V; = 8 % due to the load-
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carrying capability (stiffness) of the nanofiber network “synergistic effect”. Toughness
(35 MJm™ at 8 % chitin volume fraction) and strength (141 MPa at 56 % chitin volume
fraction) of the composite film was substantially higher than neat chitosan (Shelma,
Paul, and Sharma 2008, Fernandes et al. 2010), and strength in particular was in the
range of chitin membrane based on deacetylated chitin nanofibers (Fan et al. 2012,

Ifuku et al. 2013).

Table 4.5: Tensile properties of nanostructured composites and reference materials
(Nanostructured neat chitin membrane and neat chitosan film; 84 % means neat

chitin membrane with 16 % porosity, 0 % means neat chitosan).

Chitin volume fraction, V¢(%) 0 8 22 56 84
Tensile modulus (GPa) 2(0.2) 3(0.6) 4(0.2) 5(0.7) 7(0.4)
Tensile strength (MPa) 52(5) 98(3) 114(3) 141(3) 153(11)
Yield strength, (MPa) 32(1) 51(3) 53 (2) 63(4) 70(2)
Tensile strain, (%) 42(2) 46(4) 24(5) 11(1) 8(1)
Work to fracture, (MIm™) 16(0.2)  35(2) 22(3) 12(0.2) 8(0.2)

4.4.1.3. Deformation mechanism

Figure 4.10 presents the stress-strain curve of the nanostructured chitin membrane,
composites with V¢ =8 %, 22 %, 56 %, as well as the neat chitosan films. The behaviour
is analogous to cellulose nanofiber composites in hydroxyethyl cellulose ductile matrix
(Sehaqui, Zhou, and Berglund 2011b). The composite with 8 % chitin content showed
unique toughness (which is the area under stress-strain curve), and higher strain to
failure (i.e. 46 % strain) than the neat chitosan film (i.e. 42 % strain). There was initial
strain softening, followed by strain hardening associated with chitin nanofiber network

re-orientation. FE-SEM in Figure 4.11 (a, b, c, d) presents elaborative microstructural
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features of the membrane with respect to nanofiber orientation during mechanical
testing. Chitin nanofibers were observed as fine protrusions on the fractured surface
(fractured plane and cross-section). Two plastic deformation regions were apparent for
composite with 8 % and 22 % chitin volume fraction. For the V; = 22 % composition,
strain to failure decreased compared with V; = 8 % because of higher level of stress.
Possibly, the small diameter of the nanofibers makes the fiber-matrix debonding
mechanism (important in micro-composites) irrelevant. If debonding occurs, the
debond crack will be at the scale of 10 nm, and such a crack may not grow very easily.
In a previous study of cellulose nanofibers in hydroxyethyl cellulose matrix, the second
plateau was assigned to plastic deformation in matrix-rich regions between nanofiber-
rich lamellae (Sehaqui, Zhou, and Berglund 2011b). One may speculate that failure is
associated with growth of nanoscale voids, and that this process is delayed to higher

strains due to the presence of the chitin nanofiber network.
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Figure 4.10: Uniaxial tensile stress-strain curves of nanostructured composites and

reference materials.
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Figure 4.11: (a & b) FE-SEM topographical image of the V; = 8 % chitin composite
surface: (a) at 0 % strain (b) film surface close to the fracture plane at 45 % strain-to-
failure. (c & d) Fractured cross-section FE-SEM micrographs: (c) V; = 84 % chitin, (d) V;
= 8 % chitin. The arrow indicates loading direction and major fibril orientation

direction after deformation.

4.4.1.4. Dynamic mechanical properties

Figure 4.12 (a) indicates a gradual decrease of storage modulus with chitin volume
fraction and temperature. This is expected since chitin macromolecular structure
forms an extended conformation of a-chitin chain, so that molecular mobility (free
dangling chains) is constrained. Analogous mechanical behavior was observed for
chitin membrane based on chitin composite nanofibers (paper 1). For chitosan film,
mechanical softening was observed around 141 °C. At about 219 °C, the chitosan
modulus starts to increase, and this was attributed to thermo-oxidative degradation.
This temperature region was associated to the elimination of acetamide and amine
groups (Kim et al. 1994). From Figure 4.12 (b), chitosan shows major mechanical
relaxation around 188 and 283 °C. The 188 °C peak is probably associated with T,. This
was slightly higher than reported in previous study by Ogura et al. (1980), the

difference was attributed to moisture content, molecular weight or compositional
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differences between chitosan. In the composites, suppression of chitosan transitions

reflects an impact of chitin network on mechanical property enhancement.
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Figure 4.12: DMA properties of nanostructured chitin composites (56 %, 8 % chitin by
volume), neat chitin membrane (84 % chitin by volume) and neat chitosan (0 wt. %
chitin) (a) Storage modulus versus temperature and, (b) Tan delta versus

temperature.

4.4.2. Chitin hydrogels

Chitin nanofiber hydrogels are interesting since such materials have not received much
attention in the research literature. The chitin nanofibers developed in paper Il are
unique in terms of small diameter, low protein content (high chitin purity), and well-
preserved molar mass as well as degree of surface acetylation on the fibril surface. For

this reason, it is interesting to explore if these nanofibers can be used in hydrogels.

4.4.2.1. Rheological properties of chitin hydrogel

Chitin hydrogels were prepared through neutralization of the positively charged chitin

surface by dialysis or by addition of NaOH drop on chitin suspension.

Rheological data confirmed the formation of freestanding hydrogels from chitin
nanofibers (Figure 4.13 (a, b)), with elastic properties dominating over viscous
properties for most compositions (storage modulus higher than loss modulus), see
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Figure 4.14 (a-c). The lowest concentration was at 0.4 wt. % chitin content. Figure 4.14
(d) shows the reference un-neutralized chitin sample (0.8 wt. %) at pH 3. A non-linear
behavior analogous to pseudo-plastic phenomena was observed indicating fluid
flowing properties over the range of tested shear rate and strain. The hydrogels
showed dependence on chitin networks for gel formation. SEM micrographs Figure
4.15 (a-d) indicate more chitin entanglements with concentration. The hydrogels
produced through dialysis was much stiffer for the same chitin concentration; G’ = 2.6
kPa versus 2.0 kPa at 1.0 wt. % by NaOH neutralization. The hydrogels formed through
NaOH neutralization showed higher loss modulus than storage modulus for the
concentration between 0.4 - 0.8 wt. %, indicating less structured material where
viscous properties are more prominent than elastic. By visual inspection, these gels
were soft but freestanding. Since the storage modulus was linear with shear rate, then
higher loss modulus may be due to uncontrolled diffusion of water or hydroxyl ions in
real time or presence of NaAc salt.
(a) Dialysis

neutralization
v

Water ~B

Chitin colloid ——— r
Acetic acid wﬂg % e ‘
Clip ——— | S ]
Dialysis Dialysis
membrane

bucket

Deprotonation
CH,COO + — = —4CH,COOH *

NH,* NH,

(b) NaOH
neutralization

=500

Deprotonation
CH,CO0 - + —+ NaOH — =7 +H,0+NaAc}

NH;* NH,

Chitin colloid,

Figure 4.13: Schematic diagram of hydrogel preparation; (a) Dialysis neutralization,

(b) NaOH neutralization.
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The rheological data of chitin hydrogels based on chitin nanofibers (87 % degree of
acetylation, 315 umol/g surface charge, ~250 aspect ratio, uncrosslinked) by dialysis or
NaOH neutralization are presented here for the first time (see Figure 4.14 (a-c)).
Analogous to the present chitin hydrogels are cellulose hydrogels based on TEMPO-
oxidized cellulose nanofibers prepared by HCl neutralization. Higher stiffness was
achieved at much lower concentration (~20 kPa at 0.8 wt. %) (Saito et al. 2011), and
that was perhaps due to higher surface charge (1500 umol/g), high intrinsic modulus
and high purity of small diameter nanofibers (aspect ratio=~200). A linear dependence
of storage modulus against shear rate or concentration was attributed to stable
hydrogels (Saito et al. 2011). The importance of the present chitin data is specifically
on the uniqueness of property potential that the current chitin nanofiber structures
could offer including aspect ratio, which enhanced the ability to form networks in the
hydrated environment through physical entanglements, and surface charge, which was
related to good dispersion and colloidal stability. The hydrogels were formed through
self-aggregation mechanism simply by deprotonating. Although TEMPO-oxidized
cellulose hydrogels show higher storage modulus at lower concentration (~20 kPa at
0.8 wt. %) (Saito et al. 2011), the present materials demonstrate that also chitin
hydrogels have potential in terms of facile network forming properties at sufficiently
low concentration and good mechanical properties. The highest value of storage
modulus achieved was G’=13 kPa at 3.0 wt. % by dialysis neutralization. This value is
higher than most data reported for pure chitin hydrogels (either crosslinked or
blended) known to the authors. The storage modulus of cellulose hydrogels from
TEMPO-oxidized cellulose nanofibers by addition of trivalent element Fe®* was even
higher (G’=31 kPa at 1.27 wt. % cellulose content) (Dong et al. 2013), which could be

another way of improving chitin hydrogel mechanical properties in the future.
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Figure 4.14: Rheological properties; (a) Dialysis neutralization, (b) NaOH
neutralization, (c) Chitin concentration versus G’ (d) Rheological behavior of un-

neutralized chitin with 0.8 wt. % chitin content at pH 3 as negative control.

4.4.2.2. Structural characterization of chitin hydrogel

To give a more detailed understanding of the hydrogel network structure, chitin
aerogels were produced. The SEM micrographs (Figure 4.15) show a nanofiber chitin
network of chitin hydrogel freeze-dried in ter-butanol. Most of the original hydrogel
structure is preserved through this method according to previous works (Saito et al.
2011, Sehaqui, Zhou, and Berglund 2011a). Individual chitin nanofibers with long
swirled structure were apparent in the network. Many pores ranged below 1 micron in
size. Visual inspection of the images indicates a gradual increase in pore size with

decreasing chitin concentration.
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Figure 4.15: SEM micrographs of the longitudinal cross-section of chitin aerogels; (a)

0.6, (b) 0.8, (c) 1.0 and, (d) 2.0 wt. % chitin content.

Data from auto-porosimetry are presented in Figure 4.16 (a, b). Hexadecane was first
adsorbed to small pores below 5 um to equilibrate the sample in the adsorption cycle,
and was not desorbed in subsequent measurements. In Figure 4.16 (a), the region with
pore sizes less than 5 um is indicated in extract A, and constitutes around 60 % of the
total pore volume for the sample with 2 wt. % chitin content. Data of the plot in Figure
4.16 (b) present the volume of hexadecane retained per milligram of chitin after
desorption during the first cycle. A large number of small pores are observed for
aerogels with high chitin concentration. It is likely that large fractions of pores at high
chitin concentration are in nanometer scale. A substantial fraction of pores in aerogels
prepared from cellulose nanofibers by solvent exchange in tert-butanol ranged in

nanometer scale (10 - 16 nm) (Sehaqui, Zhou, and Berglund 2011a).

High stiffness combined with small and well-distributed chitin networks make this
material suitable for biomedical application such as tissue engineering. For example, in
tissue engineering, data for chitin polymer-hyaluronic-gelatin scaffolds was in the

range of 139 — 166 um (Hariraksapitak and Supaphol 2010).
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Figure 4.16: Data of chitin aerogels from adsorption/desorption cycle by auto-
porosimetry; (a) Cumulative pore volume (%); Extract A is the region with pore sizes
less than 5 um. (b) Volume of hexadecane adsorbed in pores below 5 um in size. The

unit is in mm® of hexadecane/mg of chitin.

4.4.2.3. Compression properties

Figure 4.17 is the compressive stress-strain data for chitin hydrogels. The compression
stress - strain curves consist of an initial linear region followed by a steep stress
increase above 40 % compressive strain. This region is characterized by strain
hardening. Collapsing nanofibers may be touching, thus increasing stiffness. Hydraulic
effects from the liquid may also be important. Strain hardening increased gradually
with chitin concentration. The hydrogels deformed to a maximum compressive strain
of 80 % at which point the compressive strength was maximum. Uniaxial compressive
properties data are summarized in Table 4.6. Linear increase of compressive strength
and modulus is observed with chitin concentration as shown in Figure 4.17 (b, c). Data
of the present chitin hydrogels were compared with hydrogels from biopolymers
reported in the literature, see Table 4.6. The present compressive modulus is much
higher than for bacteria pellicle hydrogels (7 kPa modulus at ~2 wt. %), gelatin (160 kPa
at 15 wt. %) (Nakayama et al. 2004) or dissolved chitin (less than 5 kPa at 2 wt. %)
(Chang, Chen, and Zhang 2011). The compressive properties may be the highest for

unmodified chitin based hydrogels in literature. So far, the biopolymer hydrogels from
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cellulose (TEMPO-oxidised cellulose nanofibers) have the highest compressive
modulus as well as stiffness. One may note the high surface charge for TEMPO-
oxidized cellulose (Saito et al. 2007) 1500 umol/g versus 315 umol/g for chitin in the

present work). This may influence the formation of ordered regions, pore size and

fibril-fibril bonding.
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Figure 4.17: (a) Compression stress - strain curves of chitin hydrogels, (b)

compressive strength, and (c) compressive modulus, against chitin content.
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Table 4.6: Mechanical properties of chitin nanofiber hydrogels. Strain at maximum

stress (compressive strength) was around 80 %.

Material Nanofiber Compressive Compressive Compressive Compressive
conc. modulus yield strength yield strain  strength
(wt. %) (kPa) (kPa) (%) (kPa)
0.8 213 (2) 3 (4) 39 (5) 17 (3)
Present results 1.0 217 (5) 8(2) 46 (8) 24 (7)
2.0 309 (1) 10 (3) 31(11) 81 (4)
Bacteria cellulose ~2 7 ~50 - -
pellicles

(Nakayama et al. 2004)

Gelatin 15 160 ~50 - -

(Nakayama et al. 2004)

Chitin 2.0 <5 22 - -

(dissolved)(chang,
Chen, and Zhang 2011)

X-linked TEMPO 3.0 541 - - -

oxidized cellulose
(Isobe et al. 2013)

4.5. Bio-inspired insect structures

Although chitin is most widely associated with crustacean structures, it is also the
reinforcing constituent in insect structures, for instance in cuticles. The polymer matrix
is proteins, and one very interesting protein is resilin. Resilin has very good elastomeric
properties (Weis-Fogh 1961). As an example, the motion of wings of dragonflies relies
on a spring function exercised by a chitin-resilin nanocomposite structure (Weis-Fogh
1960). Here, chitin-resilin composites are prepared based on recombinant resilin, in
quantities sufficient for materials characterization. One type of resilin had chitin-
binding domain (ResChBD), the reference resilin protein used in the study did not have
this function (Res). Figure 4.18(a) and 4.18(b) confirms the successful purification of
resilin-like protein using immobilized metal affinity chromatography followed by ion
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exchange chromatography. Figure 4.18 (c) shows the successful cleavage of Hisg-tag

from the ResChBD protein using the TEV enzyme.
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Figure 4.18: (a) 10 % SDS-PAGE of samples from purification by immobilized metal
affinity chromatography for the ResChBD protein. S, supernatant; F, flow through;
W1, W2, washing by buffer and 30 mM Imidazole; E1-E3, eluted fractions by 500 mM
Imidizole.(b) 10 % SDS-PAGE of FPLC fractions from ResChBD protein purification by
ion exchange chromatography. (c) SDS-PAGE analysis for the removal of His¢-tag
using the TEV enzyme. Lane 1, the ResChBD protein with His¢-tag (red arrow); Lane 2,

the ResChBD protein without Hise-tag (black arrow).

4.5.1. Resilin binding characteristics by centrifugation and QCM

The two types of resilin (ResChBD with chitin-binding domain (ChBD) and Res without
chitin-binding domain) were examined for chitin nanofibers, cellulose nanofibers and
xylan binding in suspension by centrifugation, see Figure 4.19. Cellulose and xylan
were used as negative control for ResChBD. ResChBD showed the highest binding to
chitin at an amount as high as 37 - 38 %. In contrast, Res did not bind to chitin, so this
confirms the importance of the ChBD. It is also interesting to note that the present
binding measured for ResChBD to the chitin nanofiber is much higher than that
previously reported for larger diameter chitin beads (which was about 6 % (Qin et al.

2009)).
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Figure 4.19: Data for resilin chitin binding in suspension by centrifugation. Cellulose

and Xylan were used as negative control materials.

The chitin-binding affinity of resilin was also estimated by QCM data, see Figure 4.20.
The solution of resilin in 0.1x PBS was exposed to chitin nanofiber surface prepared at
pH 3 by spin coating. Binding was observed for ResChBD. Quantitative measurements
indicated that about 6 — 9 mg/m2 of ResChBD was adsorbed on the nanofiber surface.
In the soft cuticle of native insect exoskeletons, the protein content is expressed in
general form not as bound or unbound. However, soft cuticles are chitin-rich and the
content of protein ranges from 20 to 30 %, which is relevant to the amount of protein
bound in the present work (Neville 1963). Thus, one may speculate that the protein
matrix in soft insect cuticles is present as an adsorbed, bound layer around chitin

microfibrils (zoology term for smallest chitin nanofiber unit).
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Figure 4.20: QCM data for ResChBD and Res binding to chitin nanofiber model

surface. The model chitin surface was prepared at pH 3 with acetic acid.

Figure 4.21 is the SEM image of the topographical surface in chitin-resilin composites.
This is a representation of the hydrated 70/30 chitin/resilin composite structure,
although the materials are, dry. The presence of resilin ResChBD the chitin nanofiber
network is apparent. Resilin appears as rough surfaces on the image topography
adhering on the surface of chitin nanofibers. The pure chitin nanofiber network is
presented in the SEM image, Figure 4.21 (b). By comparison, of Figure 4.21 (a) and
Figure 4.21 (b), chitin nanofiber networks were encapsulated by resilin in Figure 4.21
(a). Chitin and resilin show good colloidal dispersion in 0.1x PBS buffer due to
electrostatic forces, and this is the reason for the good distribution of chitin and resilin

in the composite.
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Figure 4.21: FE-SEM of nanostructured films corresponding to the hydrated
composite structure: (a) 70/30 Chitin/ResChBD composite film, (b) Neat chitin

nanofiber membrane.

4.5.2. Mechanical properties of the hydrated composite structure

Figure 4.22 (a) is a photographical image of the hydrated resilin in tensile clamps in
water. The resilin hydrogel showed high optical transparency. An equivalent structure
in native cuticles may be hyaline (soft cuticle), which is a rubber-like cuticle found in
insect wing joints (Weis-Fogh 1960). A Hisg-tag is an amino acid sequence of six
histidine amino acid residues attached to a genetically modified protein (recombinant
protein) expressed through E. coli in order to enhance affinity purification. The Hisg-tag
resilin was concentrated slowly at ambient condition in the dark to at least 100 mg/mL
because attempt to concentrate by centrifugation precipitated the protein. Stress—
strain data of 80 % hydrated neat ResChBD and Res are presented in Figure 4.22 (b).
Both ResChBD and Res showed higher strain to failure and much lower strength. The
deformation is linear and with a slight change of slope at a strain above 50 % for
ResChBD. Analogous stress-strain behavior was reported from An16 resilin hydrogels
under uniaxial tensile tests (Lyons et al. 2011). The stress strain curves of hydrated
nanocomposites are presented in Figure 4.22 (c). The water content is about 80 % by
weight. The composites have similar stress-strain behavior. The elongation to failure of

hydrated composites coincides with that of hydrated chitin see Table 4.7. This suggests
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that the chitin nanofiber network controls strain to failure of the composite. Strengths
are very similar between ResChBD and Res, and the chitin network dominates it.

Comparison with pure hydrated resilin was also relevant.
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Figure 4.22: (a) Tensile testing setup for mechanical testing of neat hydrogel from
resilin-like protein ResChBD crosslinked by photo-oxidation and hydrated to 80 wt. %
water content. (b) Stress-strain curves of neat resilin hydrogels in 80 % water:
ResChBD (with chitin-binding domain, ChBD) and Res (without ChBD), (c) Stress-
strain curves of the hydrated chitin/resilin composites in 80 % water. 70/30
Chitin/Res and 70/30 Chitin/ResChBD nanocomposites with a composition of 70 wt.
% chitin and 30 wt. % resilin in the solid fraction of the hydrated material. The solid

fraction is 20 wt. % of the total amount of material.

Table 4.7 presents mechanical properties of ResChBD, Res and hydrated chitin/resilin
composites. Chitin nanofibers have high elastic modulus in axial direction i.e. 60 GPa as
compared to the elastomeric resilin modulus of 1 MPa. The stiff chitin networks
completely dominate properties and make it difficult to observe the influence of
crosslinking or binding on composite modulus, strength and strain to failure. The
organisation of chitin nanofibers was random in plane. Interestingly, the role of chitin
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as load bearing component is more important in soft cuticles. Chitin is present in larger

amounts in soft cuticles than hard cuticles (Welinder 1975).

Table 4.7: Tensile properties of hydrated materials with 80 % water content. Resin-

like elastomers (Neat Res and Neat ResChBD), resilin-chitin composites with 30/70

and 70/30 weight percent compositions for solid content (30/70, 70/30) and

hydrated chitin nanofiber gels. Note that the Hisg-tag remains in the proteins. The

‘number’ in brackets is standard deviation.

Material Chitin fraction in Tensile Tensile Tensile Work to
hydrated material modulus strength  strain to fracture
(wt. %) (MPa) (MPa) failure (%) (MJm?)

Chitin/Res

70/30 14 79 (6) 9 (5) 21 (6) 1.1(2)

30/70 6 19 (4) 2 (8) 20(9)

Neat Res 0 0.1(0.7) 0.2(0.5) 167 (4) 0.2 (0.3)

Chitin/ResChBD

70/30 14 82 (3) 6 (2) 18 (3) 1.1(3)

30/70 6 22 (5) 0.44(5) 14 (4)

Neat ResChBD 0 0.8(0.1) 0.3(0.1) 214(10) 0.3(0.1)

Chitin nanofibers

100 20 126 (3) 22 (0.1) 25(0.1) 4.0(2)
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5. CONCLUSIONS

Chitin nanofibers in the form of microfibrils are an important load-bearing component
in exoskeletons of crustaceans, but are even more important in insect cuticles. Waste
from the seafood industry can be used to extract chitin, but the research literature is
so far dominated by hydrolysis methods to produce short and rod-like chitin
nanocrystals. In the present thesis, disintegration of long chitin nanofibers of small
diameter and good mechanical properties is an important starting point. The main
challenge is the strong association between chitin and protein, which in native state
exist in the form of protein-bound chitin composite nanofibers. The first objective was
to improve the understanding of relationships between chitin nanofiber preparation
and structure. A new protocol for disintegration of novel chitin nanofibers was
developed. The preparation — structure study established an optimum condition for
extraction and novel chitin nanofibers were successfully disintegrated. The new high-
purity chitin nanofibers showed low protein content, high degree of acetylation

(preserved native state) and high aspect ratio (ratio of length to width).

Chitin nanofiber materials such as chitin nanofiber membranes, chitosan matrix
composites, and chitin nanofiber hydrogels were prepared based on the new chitin
nanofibers. Improved understanding was developed on structure - mechanical
property relationships of chitin-based materials. Due to the high chitin nanofiber
aspect ratio, preserved chitin structure, and well-dispersed nanofibers, the reported
combination of mechanical properties is unique. The tensile strength of the chitin
membrane was 153 MPa and combined with large strain to failure. The toughness
(work to fracture in tensile tests) of chitin-chitosan nanocomposites was 35 MJm™ and
the chitin hydrogels showed a compressive modulus of 310 kPa (at 2.0 wt. % chitin

content) and shear storage modulus of 13 kPa (at 3.0 wt. % chitin content).

Chitin-resilin nanocomposites inspired by the soft, untanned insect cuticle was
developed with the objective to improve the understanding of the roles of chitin,
recombinant resilin and their interface on mechanical properties of bio-inspired chitin

composites in hydrated state. The high surface area and preserved native properties of
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the present chitin nanofibers was essential for this study. Hydrated crosslinked resilin
was elastomeric and very ductile. The chitin-binding domain (ChBD) in resilin-like
protein induced strong adsorption of about 37 — 38 % resilin to chitin nanofibers. This
supports the hypothesis that the ChBD containing resilin can provide matrix-fiber
stress-transfer through the ChBD and nanoscale ductility through the resilin to the

highly organized insect cuticle structure.
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6. FUTURE WORK

The conventional application of chitin in biomedical field employs chitin of high purity
or chitosan. The present chitin nanofibers showed excellent mechanical properties and
more effort should be devoted to research towards the use of chitin nanofibers in
load-bearing materials such as chitin membranes and polymer matrix biocomposites
for packaging films and molded biocomposites. Furthermore, chitin hydrogels have
remarkable mechanical properties. Since this may be combined with the antimicrobial
characteristics of deacetylated chitin these hydrogels can be considered for use in
initially dry state in liquid sorption applications such as wound healing and in the

hygiene sector.

Chitin-resilin composites have not previously been prepared. The present study
demonstrated the potential of molecularly tailored proteins in bio-inspired composites
research, and the importance of the chitin-binding domain. Future work should
attempt to prepare self-assembled chitin-resilin nanocomposites with ordered chitin
domains. This is challenging, since protein-coated nanofibers need to show ordered

domains already in the colloidal state.
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