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Abstract

Driven by the global trend in the sustainable economy development and environmental
concerns, the exploring of plant-derived biomaterials or biocomposites for potential
biomedical and/or pharmaceutical applications has received tremendous attention.
Therefore, the work of this thesis is dedicated to high-value and high-efficiency
utilization of plant-derived materials, with the focus on cellulose and hemicelluloses in
the field of biomedical applications in a novel biorefinery concept.

The residual cellulose of wood processing waste, sawdust, was converted into cellulose
nanofibrils (CNFs) with tunable surface charge density and geometric size through
2,2,6,6-tetramethylpiperidinyloxy (TEMPO)-mediated oxidation and mechanical
defibrillation. The sawdust-based CNFs and its resultant free-standing films showed
comparable or even better mechanical properties than those from a commercial
bleached kraft pulp at the same condition, demonstrating the feasibility of producing
CNFs and films thereof with outstanding mechanical properties from birch sawdust by
a process incorporated into a novel biorefinery platform recovering also polymeric
hemicelluloses for other applications. Thus, it is providing an efficient route to upgrade
sawdust waste to valuable products. The surface charge density and geometric size of
the CNFs were found to play key roles in the stability of the CNF suspension, as well
as the gelling properties, swelling behavior, mechanical stiffness, morphology and
microscopic structural properties, and biocompatibility of CNF-based materials (i.e.
films, hydrogels, and aerogels).

The CNFs with tunable surface chemistry and geometric size was found promising
applications as transparent and tough barrier materials or as reinforcing additive for
production of biocomposites. The CNFs was also applied as structural matrices for the
preparation of biocomposites possessing electrical conductivity and antimicrobial
activity by in situ polymerization and coating of polypyrrole, and incorporation of silver
nanoparticles, which make the material possible for potential wound healing
application.

The CNF-based matrices (films, hydrogels, and aerogels) with tunable structural and
mechanical properties and biocompatibility were further prepared towards an
application as 3D scaffolds in tissue engineering. The structural and mechanical
strength of the CNF matrices could be tuned by controlling the charge density of the
nanocellulose, as well as the pH and temperature values of the hydrogel formation
conditions. Biological tests revealed that the CNF scaffolds could promote the survival
and proliferation of tumor cells, and enhance the transfection of exogenous DNA into
the cells, suggesting the usefulness of the CNF-based 3D matrices in supporting crucial
cellular processes during cell growth and proliferation.

The CNFs was applied as host materials to incorporate biomolecules for further
biomedical application. For example, to investigate how the biocompatibility of a
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scaffold is influenced by its mechanical and structural properties, these properties of
CNF-based composite matrices were controlled by incorporation of different
hemicelluloses (O-acetyl galactoglucomanan (GGM), xyloglucan (XG), and xylan) into
CNF hydrogel networks in different ratios and using two different approaches. The
charge density of the CNFs, the incorporated hemicellulose type and amount, and the
swelling time of the hydrogels were found to affect the pore structure, the mechanical
strength, and thus the cells growth in the composite hydrogel scaffolds. The mechanical
properties of the composite hydrogels were found to have an influence on the cell
viability during the wound healing relevant 3T3 fibroblast cell culture. The thus-
prepared CNF composite hydrogels may work as promising scaffolds in wound healing
application to provide supporting networks and to promote cells adhesion, growth, and
proliferation.

Keywords

3D Cell culture, Aerogel, Biocomposites, Biorefinery, Cellulose nanofibrils, Hydrogel,
Hemicelluloses, Sawdust, Scaffold, TEMPO oxidation, Tissue engineering, Wound
healing.
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Svensk sammanfattning

Utforskandet av vegetabiliska biomaterial eller biokompositer f& potentiella
biomedicinska och/eller farmaceutiska applikationer har f&t en enorm uppmé&iksamhet
som drivs av de globala trenderna f& utveckling av hdalbar ekonomi och kad
miljch&osyn. Detta arbete & dafcr Znat & mervadesprodukter och hégeffektivt
utnyttjande av vegetabiliska material, med fokus p&cellulosa och hemicellulosor inom
biomedicinska till&npningar, enligt ett nytt bioraffinaderikoncept.

Den kvarvarande cellulosan i restprodukter frén mekanisk s&gverksindustri, d.v.s.
s&yspdn, omvandlades till cellulosananofibriller (CNF) med avstambar
ytladdningst&het och geometrisk storlek genom 2,2,6,6-tetrametylpiperidinyloxi
(TEMPO) medierad oxidation och mekanisk defibrillering. De s&yspdnsbaserade
cellulosananofibrillerna och frist&nde filmer av dessa visade jénfcrbara eller &nu
batre mekaniska egenskaper & motsvarande material frén en kommersiellt blekt
sulfatmassa vid samma betingelser. Dessa resultat framh&ver potentialen att producera
CNF och filmer d&av med enast&nde mekaniska egenskaper frén bjGrks&yspdn som
en del av en bioraffinaderiplattform d& polymera hemicellulosor f& andra
tillampningar ocksatas tillvara. P&s&s&t kan s&yspansavfall effektivt uppgraderas till
vadefulla produkter. Ytladdningst&heten och den geometriska storleken hos CNF
befanns vara i nyckelroller f& stabiliteten hos suspensioner av CNF och
gelbildningsegenskaperna, svélningsbeteendet, den mekaniska styvheten, morfologin
och de mikroskopiska strukturella egenskaperna samt biokompatibiliteten hos CNF-
baserade material (d.v.s. filmer, hydrogeler och aerogeler).

F& CNF med avstémbar ytkemi och geometri fanns lovande applikationer som
transparenta och starka barri&imaterial eller som f&stékningsmaterial f& tillverkning
av biokompositer. CNF anvéndes ocksasom strukturella matriser f& framstdlning av
biokompositer med elektrisk ledningsfém&ya och antimikrobiell aktivitet genom in
situ  polymerisation och bel&gning av polypyrrol och inf&livande av
silvernanopartiklar, som méliggér anvéndning i potentiella s&l&ningsapplikationer.

De CNF-baserade matriserna (s&om filmer, hydrogeler och aerogeler) med
kontrollerbara strukturella och mekaniska egenskaper samt biokompatibilitet
vidareutvecklades mot en applikation som 3D-st&lstrukturer i v&vnadsrekonstruktion.
Den strukturella och mekaniska styrkan hos CNF-matriserna kunde avst&mmas genom
att kontrollera laddningsdensiteten hos nanocellulosan, liksom ocks&pH-v&det och
temperaturen vid bildningen av hydrogelerna. Biologiska tester visade att CNF-
stalstrukturerna kunde frémja &verlevnad och f&ékning av tumdeceller samt &ka
transfektionen av exogent DNA in i cellerna. Dessa resultat tyder p&att CNF-baserade
3D-matriser kunde anvéndas f&r att stcija viktiga cellul&a processer under celltillvat
och -f&rdkning.

CNF anvé&ndes ocks&som v&dmaterial d& biomolekyler inkorporerades fé&r ytterligare
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biomedicinska till&mpningar. Till exempel undersdktes hur biokompatibiliteten av en
stastruktur pdverkas av dess mekaniska och strukturella egenskaper genom att
inkorporera olika hemicellulosor (O-acetyl galaktoglukomannaner (GGM),
xyloglukaner (XG), och xylaner) i CNF-hydrogeln&verket i olika f&chdlanden och
med hjdp av tva olika metoder. Laddningsdensiteten hos CNF-materialet, den
inkorporerade hemicellulosans typ och mé&ngd och svdlningstiden f& hydrogelerna
befanns p&verka porstrukturen, den mekaniska hdlfastheten och d&med ocks&
celltillv&ten i komposithydrogelernas stadstrukturer. De mekaniska egenskaperna hos
hydrogelerna p&verkade ocksacellernas livsduglighet under relevanta f&rhdlanden f&
3T3-s&l&ningsfibroblastceller. De sdunda framstdlda CNF-komposithydrogelerna
kan fungera som lovande st&dstrukturer i s&lningsapplikationer samt f& framjande
av cellernas vidh&tning, tillv&t och spridning.

Nyckelord
3D cellodling, aerogel, biokompositer, bioraffinering, cellulosa nanofibriller, hydrogel,
hemicellulosor, s&yspédn, stdistruktur, TEMPO-oxidering, v&nadsrekonstruktion,
sal&ning
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1. Introduction
1.1 Biorefinery

In line with the current focus on the sustainable economy, the new generation of
biorefinery aims at the processing and utilization of renewable biomass for
production of highly value-added chemicals, food, feed, fuels, energy, and
materials in a sustainable way (Pfaltzgraff & Clark, 2014). Plant-derived biomass
constitutes the most abundant renewable feedstock on earth and shows promising
potential as an alternative to fossil resources.

Anovel biorefinery aims at maximal preservation of the sophisticated structure and
chemical nature of individual components in the plant-derived biomass during
isolation for further tailoring into value-added products (Borrega et al., 2013).
Sequential extraction of biomass enables the full utilization of valuable
components in the biomass. For example, organic solvent extraction can be applied
to isolate extractives; hot-water extraction can be carried out to extract non-
cellulosic polysaccharides; cooking is a traditional way to separate lignin; and the
residual cellulose can be a promising source for dissolving pulp and/or
nanocellulose production (Kilpel&nen, 2012).

Comprehensive utilization of biomass in a novel biorefinery concept also requires
the exploration of the valuable chemicals and/or materials from the plant, including
some “waste” or by-products like branches, knots, barks, roots, leaves, and even
sawdust. For example, the lignans with antioxidant and antitumor effects have been
isolated from the “waste” knots of spruce (WillfG et al., 2004); pectin with
immunomodulating activities has been extracted from “waste” spruce bark (Le
Normand et al., 2014); xylans with high molar mass have been extracted from
“waste” sawdust (Kilpel&nen et al., 2014); and the residual cellulose in the sawdust
after xylan extraction can be fabricated to nanocellulose (Figure 1).
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Figure 1. Sequential extraction of valuable components and production of
cellulose nanofibrils (CNFs) from biomass in a novel biorefinery concept. Adapted
with permission from paper 1. Copyright (2014) Springer.

1.2 Nanocellulose

Cellulose, a homopolysaccharide composed of B-1,4-D-glucopyranose units, is an
almost inexhaustible polymer available for biorefinery and other applications
(Klemm et al., 2005). Cellulose molecules have strong tendency to form
intramolecular and intermolecular hydrogen bond networks, which contributes to
the interchain cohesion and formation of crystalline and amorphous regions
(Klemm, 1998; Klemm et al., 2005).

In recent years, considerable attention has been paid to produce and utilize
nanocelluloses, which have fascinating structural and chemical properties.
Nanocelluloses, which mainly include cellulose nanocrystals (CNCs), cellulose
nanofibrils (CNFs) (also terms as nanofibrillated cellulose, NFC), and bacterial
cellulose (BC) have increasingly been investigated and applied in humerous areas,
such as papermaking, oil drilling, medicine, and pharmaceutics (Gandini et al.,
2015; Klemm et al., 2011). In general, nanocelluloses can be prepared via mineral
acid hydrolysis and mechanical defibrillation approaches. Enzymatic and chemical
pretreatments can be used to assist the mechanical processing and/or to introduce
surface charges, as summarized in Figure 2 and detailed in the text below. Recently,
recyclable solid organic acid, oxalic acids, has been reported to prepare CNCs and
CNFs with high thermal stability (Chen et al., 2016).
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Currently (by the end of 2015), production of nanocellulose has been
commercialized by a few entities. Among them, the Paperlogic™, Borregaard, and
American Process focus on the CNF production and with current or announced
capacity of 2000, 500, 500 kg/day respectively. The CelluloForce and American
Process focus on the CNC production and with current or announced capacity of
1,000 and 500 kg/day respectively (Miller, 2015). Numerous research institutes,
universities, and pulp mills are also producing nanocellulose in different forms in
pilot or pre-commercial scale all over the world.

Natural Cellulose Fibers

on -crystalline

Magcr
fibel

Method 1. Method 4.
Strong acid Meth.od 2. Method 3 . 1) TEMPO-mediated oxidation
hydrolysis Mulnple_: Enzymatl'c hydro]ys.ls 2) carboxymethylation
+ sonication mechz_mlcal + mechanical shearing 3) quaternization
shearing + mechanical shearing
Naneoscopic fibrils: | /
¥  Microcrystalline

Whiskers fibril bundles Microﬁbrillafed cellulose Cellulose nanofibrils

L=100 nm-300 nm L=several um L=200 nm-1 um
> 7 very high aspect ratio > high aspect ratio
Figure 2. Four methods for preparing nanoscale cellulosic fibrils. Adapted and
modified from (P&kkOet al., 2007; Saito et al., 2006; W&gberg et al., 2008).
Copyright (2007) American Chemical Society.

1.2.1 Cellulose nanocrystals (CNCs)

CNCs, earlier termed as cellulose nanowhiskers (CNWSs), are mostly prepared by
acid hydrolysis of cellulose fibers or microcrystalline cellulose to remove the
amorphous parts of the raw materials (Figure 2, method 1) (Nickerson & Habrle,
1947). The resultant rigid rod-like nanocrystals with dimensions of 4-25 nm in
diameter and a few hundred nanometers in length show excellent modulus of
elasticity (~150 GPa), low thermal expansion coefficient (~107" K™!), and intense
macroscopic birefringence (Marchessault et al., 1959; Nishino et al., 2004; Revol
et al., 1998); and thus have been applied as mechanical reinforcing agents for
biocomposite preparation, for security paper and packaging materials (Popa, 2011).

1.2.2 Cellulose nanofibrils (CNFs)

CNFs is manufactured by defibrillation of cellulose fibers applying high shear
3



forces to expose the fibers’ substructural fibrils and microfibrils (Figure 2, method
2) (Turbak et al., 1983). Enzymatic and/or chemical pretreatments (e.g. TEMPO-
mediated oxidation) can be applied to facilitate defibrillation and to reduce the
energy consumption during mechanical processing (Figure 2, method 3 and
method 4), and also to introduce active functional chemical groups (Figure 2,
method 4), such as carboxyl groups, aldehyde groups, carboxymethyl groups, and
trimethylammonium chloride groups for further modification and application
(Fukuzumi et al., 2009; Pei et al., 2013; W&berg et al., 2008). The disintegrated
fibrils, with a diameter of 5-20 nm and a length of several hundred nanometers to
a few micrometers, are highly entangled and tend to form a hydrogel, which shows
promising applications in biomedicine, pharmaceutics, and cosmetics (Lin &
Dufresne, 2014; Popa, 2011).

1.2.3 Bacterial cellulose (BC)

BC is produced by cultivation of various bacterial strains, e.g. the Acetobacter
xylinum (or Gluconoacetobacter xylinus), in culture media where the cellulose is
produced by cellulose-synthesizing complexes of bacteria between the outer and
cytoplasmic membrane (Brown, 1886; VVandamme et al., 1998).

BC possesses unique properties, including high crystallinity (>85%), high degree
of polymerization (up to 10,000), high mechanical strength (Young’s modulus of
BC sheets >15 GPa), high water absorption capacity, and ultra-fine dimension (2-
4 nm in diameter) and 3D network structure (Czaja et al., 2004; Kamel, 2007;
Vandamme et al., 1998; Yamanaka et al., 1989; Yoshinaga et al., 2014).

Current applications of BC include utilization in food industry as dietary fiber, in
biomedicine as artificial skin for wound healing and as artificial blood vessels for
microsurgery, in cosmetics as moistening masks, and in fiber-based biocomposites
manufacture as reinforcement materials (Klemm et al., 2006; Klemm et al., 2001;
Nogi et al., 2006; Okiyama et al., 1993; Yano et al., 2005).

1.3 Hemicelluloses

Hemicelluloses, the second most abundant polysaccharides in nature after cellulose,
mainly include xylans, glucomannans, arabinans, galactans, and glucans (Popa,

2011). In plant cell walls, hemicelluloses are closely associated with cellulose and

lignin, and account for up to 50% of the total mass of the biomass, and therefore

have been viewed as an immense renewable resource of biopolymers (Ebringerova
et al., 2005).

Of increasing interest in a broad spectrum of applications in different areas, such

as food and feed, cosmetic, pharmacy and medicine, is the fact that hemicelluloses

are readily available, biodegradable, nontoxic, capable of chemical modifications,

and bioactive in some cases (Ebringerovaet al., 2005). Chemical modifications of

hemicelluloses by graft polymerization, cross-linking, (regioselective) oxidation,
4



reduction, esterification, etherification, and partial hydrolysis further open
opportunities for various applications (Sun et al., 2003).

1.4 Biocomposites
1.4.1 Nanocellulose-based biocomposites

Biocomposites are combinations of two or more components, with one or more
phase(s) derived from a biological origin, that are mixed together to produce
materials with entirely different or enhanced thermal, mechanical, electrical, and/or
biological properties from those of the individual components (Ali & Hongbo,
2014; Fowler et al., 2006; John & Thomas, 2008).

Nanocellulose-based biocomposites, also termed as cellulose nanocomposites,
consist of nanocelluloses (including CNFs, CNCs, and BC) as host-substrate to
manufacture structural and functional biocomposites (Ali & Hongbo, 2014). By
incorporation of different components such as synthetic polymers,
biomacromolecules, and even living cells, and by integration of various material
processing techniques, nanocellulose-based biocomposites with unique optical,
electrical, mechanical, and biological properties in the form of films, particles,
hydrogels, and aerogels have been developed for packaging, electronic devices,
and biomedical applications (Dax et al., 2015; Fu et al., 2013; Nogi et al., 2009;
Shi et al., 2013; Wan et al., 2006; Yano et al., 2005).

1.4.2 Nanocellulose-based biomaterials for biomedical applications

The inherent properties of nanocelluloses, such as nontoxicity, biocompatibility,
biodegradability, excellent structural strength and stiffness, and thermal stability
endow them good candidates for biomedical applications such as medical implants,
tissue engineering, wound healing/dressing, and drug delivery (Jorfi & Foster,
2015; Klemm et al., 2011; Oksman et al., 2009).

Scaffolds in engineered tissue are to mimic the extracellular matrix (ECM) in
native tissues (Chan & Leong, 2008). The ECM provide a microenvironment with
proper structure, elasticity, binding sites for cell surface receptors and signal factors
for cell proliferation, adhesion, migration, and differentiation (Carletti et al., 2014;
Hrebikova et al., 2015). Therefore, the functions of the ECM to be mimicked
include: porous architecture supporting cells to reside and allowing nutrient and
metabolite transportation; sufficient mechanical and shape stability to provide
proper dynamic signaling cues; necessary bioactive cues, e.g. growth factors, for
cells to respond to microenvironment; cyto- and tissue compatibility for both in
vitro culture and in vivo implantation (Chan & Leong, 2008; Lanza et al., 2007;
Muschler et al., 2004; Nakayama et al., 2014).

The nanocellulose-based biocomposites in tissue engineering for replacing or
restoring damaged or diseased tissue are supposed to work as scaffolds or matrices
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to support crucial cellular activities, such as cell attachment, proliferation, and
subsequent tissue formation (Czaja et al., 2007; Joshi et al., 2016; Moroni et al.,
2006). BC-based biocomposites have been intensively studied for tissue
engineering application. For example, hydroxyapatite (HA)/BC nanocomposite
scaffolds were found potency applicable in bone tissue engineering to modulate the
proliferation and osteoblastic differentiation of human bone marrow stromal cells
(Fang et al., 2009), and in the bone regeneration of rat with bone defects (Saska et
al., 2011). BC/collagen biocomposites (Luo et al., 2008; Saska et al., 2012),
BC/heparin biocomposites (Wan et al.,, 2011), and BC/polyvinyl alcohol
biocomposites (Millon et al., 2008; Wang et al., 2010) have been prepared for
potential use in various tissue engineering applications. Except the BC, other
nanocellulose-based biocomposites, such as CNC (Dugan et al., 2013a; Dugan et
al., 2013b; Dugan et al., 2010), CNFs (Bhattacharya et al., 2012; Malinen et al.,
2014; Syverud et al., 2011; Syverud et al., 2015), CNFs/alginate biocomposites
(Markstedt et al., 2015), CNFs/polyaniline biocomposites (Leppé&oen et al., 2013),
CNFs/gelatin/p-tricalcium phosphate biocomposites (Sukul et al., 2015), and
CNFs/nanochitin biocomposites (Torres-Rendon et al., 2015) have also found
promising applications in tissue engineering.

Wound healing is a multi-factorial physiological process (Demir & Cevher, 2011).
Healing of different types of wounds and burns require different materials and
treatments. However, there are a few general characteristics can be taken into
consideration to design a wound or burn dressing material. The ideal wound
dressing material should mimic the physiochemical, mechanical, biological, and
antimicrobial functions of the extracellular matrix (Ramanathan et al., 2016). For
example, the materials should possess sufficient moisture and oxygen permeability,
high exudate absorption capacity, suitable elasticity and mechanical strength, non-
toxic and non-antigenic properties, efficient inhibition of bacterial invasion, easy
application, biodegradability, and compatibility with topical therapeutic agents
(Demir & Cevher, 2011). Traditional dressing like gauze and gauze-cotton
composites, biomaterial-based dressing like allografts, xenografts, and tissue
derivatives, and various artificial dressings in the form of film/membrane, foam,
gel, composite, and spray, are widely used for wound or burn treatment to provide
optimum healing conditions (Stashak et al., 2004).

Owing to the high water-holding capacity, flexibility, porosity, and elasticity
features of nanocelluloses, the nanocelluloses and their biocomposites are
recognized as excellent would healing/dressing materials (Popa, 2011). BC-based
materials or biocomposites, such as XCell®, Bioprocess®, Biofill®, Suprasorb X®,
and Dermafill® are already commercialized for wound healing/dressing (Petersen
& Gatenholm, 2011; Portal et al., 2009). Other nanocelluloses, especially the CNFs
(with or without TEMPO-mediated oxidation), have also been extensively studied
for potential wound healing in recent years. CNFs has been shown to be non-
cytotoxic (Alexandrescu et al., 2013; Chinga-Carrasco & Syverud, 2014), to impair
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growth of common wound bacteria (Powell et al., 2016), to support the wound
healing relevant fibroblast cells adhesion, survival, proliferation, and gene
expression (Alexandrescu et al., 2013; Hua et al., 2014; Pereira et al., 2013), which
are all suitable characteristics for wound healing applications. Recently,
glutaraldehyde crosslinked CNFs was studied to deliver human adipose
mesenchymal stem cells into chronic wounds to reduce inflammation and to
promote wound healing (Mertaniemi et al., 2016).

Nanocellulose-based drug delivery systems have been intensively studied thanks
to their excellent properties, such as the high specific surface area, which enables
a high drug load, various chemical modification possibilities, which broaden the
range of the drugs to be loaded, and different materials processing techniques that
allow the tuning of the drug release profiles (Habibi, 2014; Plackett et al., 2014).
Nanoelluloses have been prepared in the form of suspensions, hydrogels, freeze-
dried aerogels, spray-dried microparticles, films, or tablets to deliver drugs for
controlled release (Kolakovic et al., 2012a; Kolakovic et al., 2012b; Lin &
Dufresne, 2014; Valo et al., 2013), to deliver chemotherapeutic agents to cancer
cells (Dong et al., 2014), and to deliver biomacromolecules such as albumin
(Mdler et al., 2013), growth factors (Lin et al., 2011b), genes (Anirudhan &
Rejeena, 2014), and cells (Mertaniemi et al., 2016).



2. Hypothesis and objectives of the work

Driven by the global trend in the sustainable economy development and
environmental concerns, the aim of this work was a comprehensive utilization of
renewable plant-derived materials, with the focus on cellulose and hemicelluloses,
in the field of biomedical applications in a novel biorefinery concept.

The first objective was the preparation of cellulose nanofibrils (CNFs) from
biomass in a novel biorefinery concept, i.e. integration of hot-water extraction of
hemicelluloses, lignin separation, and CNFs production. The surface chemistry and
geometric size of the CNFs were assumed to be controlled during production and
these properties were supposed to contribute to different properties of the CNF-
based materials.

The second objective was to utilize the CNFs as host-substrate to incorporate
various biomolecules such as polysaccharides, proteins, genes, live cells, and drugs
to prepare biocomposites for potential biomedical applications, such as tissue
engineering and wound healing. The CNF-based materials in the forms of film,
hydrogel, or aerogel are supposed to work as supporting networks, carriers,
reinforcement agents, and potential biochemical and mechanical cues of cellular
activities in biomedical applications. In order to meet various requirements of the
materials in biomedical applications, the properties of the CNF-based materials
were assumed to be tuned by controlling the chemical and physical properties of
the CNFs itself, by introducing bioactive molecules, and by applying different
material shaping and processing techniques.



3. Materials and methods
3.1 Materials

Anbirch sawdust pulp (initial kappa number: 4.7, brightness: 59.9 % ISO) after hot-
water extraction, soda-AQ delignification, and a four-stage elemental chlorine free
bleaching (hemicellulose content: 8.6%) (Paper I1); a commercial bleached birch
kraft pulp (BKP) with hemicellulose content of 18.6% (Paper Il and Paper Ill,
Paper 1V); and a spruce dissolving pulp with hemicellulose content of 4.9%
(Paper V) were used as starting materials to prepare CNFs.

Xylan was extracted from birch sawdust using pressurized hot water flow-through
extraction, with sodium acetate buffer at pH 4.0, at 160 <C for 30 min (Kilpel&nen
et al., 2013), and was sequentially purified by ethanol precipitation (9:1, v/v) and
solvent washing (methanol, 2-propanol, and methyl tert-butyl ether). Xyloglucan
(XG) from commercial tamarind seeds (Innovasynth Technologies Ltd.) was
purified prior to application as described before (Xu et al., 2012). O-acetyl
galactoglucomannan (GGM) was prepared from the spruce thermomechanical pulp
by a laboratory-scale method modified from Willf& et al. (Willf& et al., 2003; Xu
et al., 2010).

All chemicals were purchased from Sigma-Aldrich, MERCK, or VWR and used
without further purification.

3.2 Preparation methods
3.2.1 Preparation of CNFs (Paper I1, 111, 1V, V)

The CNFs preparation procedures were optimized from Saito and Isogai’s report
(Saito & Isogai, 2004). One gram of cellulose fibers (bleached sawdust pulp in
paper Il, bleached birch kraft pulp in paper Ill and paper 1V, and spruce
dissolving pulp in paper V) were dispersed in 60 mL distilled water and stirred for
4.0 h at room temperature. The TEMPO (16 mg, 0.1 mmol/g fiber) and NaBr (100
mg, 1.0 mmol/g fiber) were dissolved in 40 mL distilled water, and were mixed
with the fiber suspension. The pH of the pulp slurry was adjusted to 10.0 by the
addition of 0.5 M NaOH. The oxidation was started by dropwise adding the NaCIO
solution (12% wt. active chlorine). The NaClO dosage (5-10 mmol/g fiber) and the
reaction time were controlled to tune the surface charge density and geometric size
of the final product. The total volume of the NaCIO was added within one-third of
the designated reaction time and the pH was maintained at 10.5 by adding 0.5 M
NaOH. The oxidized fibers were precipitated in ethanol with a ratio of 1:3 (v/v)
and thoroughly washed with deionized water by filtration (paper I1) or
centrifugation (paper 111, paper 1V, and paper V), until the conductivity of the
filtrate was below 4.5 pS/cm. The oxidized fibers at a consistency of 0.5% were
fibrillated by a domestic blender (OBH Nordica 6658, Denmark) for 5 min at an
output of 300 W (paper I, paper 111, and paper 1V), or were homogenized with
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a Rannie 15 type 12.56x homogenizer operated at 600 bar and 1000 bar for the first
and second pass (paper V), respectively. The CNFs was stored at 4.0 T before
further use.

3.2.2 Preparation of CNF free-standing films (Paper 11, 111, 1V)

CNF free-standing films were prepared via filtration of the CNF dispersion (0.1%,
wt., 300 mL) on a nylon membrane filter (0.2 um pores, @= 90 mm) with a funnel
(Sterlitech, USA) under vacuum. The filter cake was dried in vacuum desiccator at
40 <C at a pressure of 88 mbar for 4.0 h (Paper I, Paper I11), or was wet pressed
(WP) between filter papers under a pressure of 88 mbar to blot water (paper 1V)
until dry, or was hot pressed (HP) after the WP preparation but at 80 <C and at a
pressure of 2.3 bar (Scan CM 64:00) for 20 min (paper 1V).

3.2.3 Preparation of CNF polypyrrole silver composite films (CNF-PPy) (Paper 111)

To prepare the CNF-PPy biocomposite films (Paper I11), the pyrrole (10 mM) was
first oxidized with AgNOs or iron(lll) nitrate (Fe(NOs)3) in a mole ratio of 2.3
(oxidant : pyrrole), or their mixtures of various composition in 0.5 wt % aqueous
CNF dispersions. After mixing the suspensions (CNFs, pyrrole, and oxidants), the
mixtures were left unstirred at room temperature for 24 h or for 1 week when the
oxidation was done. The final suspensions were subjected to film preparation as
described above.

3.2.4 Preparation of CNF hydrogels and aerogels (Paper 1V)

CNF hydrogels were prepared by swelling the CNF films in swelling media (Milli-
Q water, HCI or NaOH solutions) at the predetermined temperature and pH for 24
h. To prepare the CNF aerogels, and to maintain the porous structure, solvent
exchange of the CNF hydrogels was carried out step-wise with ethanol (25%, 50%,
75%, 95%, and 99.5%), followed by solvent exchange with tert-butanol for 24 h.
The samples were frozen using liquid nitrogen for 30 min followed by freeze-
drying for 72 h under a pressure of 0.1 mbar.

3.2.5 Preparation of all-polysaccharide composite hydrogels (Paper V)

To prepare the all-polysaccharide composite films, the hemicelluloses (GGM, XG,
and xylan) were dissolved in Milli-Q water (1 g/L) and mixed with the CNF
suspension in different weight ratios (90:10, 70:30), giving a final concentration of
0.1 g/L. The suspension was stirred at 65 <C for 5 h (Stevanic et al., 2014), followed
by film preparation via vacuum filtration as described above.

The all-polysaccharide composite hydrogels were prepared by following two
approaches, i.e. pre-sorption and in-situ sorption methods.

Method I: The pre-sorption refers to the adsorption of hemicellulose into the CNF
networks by hot mixing before composite film preparation (Prakobna et al., 2015a;
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Stevanic et al., 2014), and the corresponding hydrogels were obtained by swelling
of the composite films in Milli-Q water at room temperature for 24 h.

Method I1: The in-situ sorption denotes the simultaneous formation of the CNF
hydrogel during swelling and the adsorption of hemicelluloses into the hydrogel
networks. The pure CNF films were swollen in different hemicellulose solutions
with various concentrations (5.0 g/L and 0.5 g/L) at room temperature for 24 h to
form the corresponding composite hydrogels.

3.3 Biotest methods
3.3.1 Antimicrobial property of films (Paper I11)

The antimicrobial test of the CNF-PPy biocomposites was performed against both
Gram-positive (Listeria monocytogenes ATCC 7644, Staphylococcus aureus 298)
and Gram-negative bacteria (Salmonella infantis EELA 72), and also against yeast
(Candida albicans EELA 188). All Gram-positive bacteria were grown in Tryptone
soy agar or broth at 37 <C, and the Candida was grown in Sabouraud dextrose agar
or broth at 30 <. The biocomposite films (approximately 1 cm?) were placed on
top of each agar plate. Overnight cultures of each bacterium were mixed with 0.4%
bacteriological agar and poured on top of the agar plates as an overlay layer, also
covering the biocomposite films. The plates were subsequently incubated for 24 h
at their respective temperatures. The antimicrobial activity was evaluated by
measuring the growth inhibition zones around the films.

3.3.2 Biocompatibility test of CNF-based scaffolds (Paper 1V, V)

In paper 1V, cell culture on the standard platform (24-well plate, glass slides
(Mock) as control) and CNF matrices (film and aerogel) was carried out using
epithelial-derived Hela cells and hematopoietic-derived Jurkat cells for in vitro
assessment of the common cellular functions (e.g. cell attachment, viability, and
proliferation) on scaffolds. Sterilization of all the CNF matrices was carried out by
exposing to UV radiation for 30 min. Hela cells and Jurkat cells were seeded onto
the CNF matrices by dropping the cell suspension on the film or aerogel surface at
a seed density of 5x10° cells per piece film (5 < 5 mm x 45 pm,
length>width>thickness) or aerogel in the 24-well plate. Hela cells were
maintained with DMEM (4.5 mM glucose) supplemented with 2 mM L-glutamine,
100 1U/mL penicillin and streptomycin, and 10% heat-inactivated FBS
(Invitrogen). Jurkat cells were cultured in RPMI medium with the same
supplements as for the Hela cells. All cells were incubated with 5% CO; at 37 €
and 95% humidity. The medium was renewed daily for three days.

For in vitro proliferation assays, cells were seeded on the CNF matrices in 96-well
cell plates and placed in the integrated incubator on Cell 1Q live cell imaging and
automated analysis system instruments (CM Technologies, Tampere, Finland). The
samples were imaged automatically at regular 6 h intervals with Kinetic
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proliferation data for 72 h. Quantification of the number of live, dead, and dividing
cells was extracted from the phase contrast image series and proliferation videos
were made based on the corresponding data extraction.

In paper V, the NIH 3T3 fibroblast cells were cultured on the CNF composite
hydrogels and a mock platform (glass slide) as a control in a 24-well plate to assess
the biocompatibility of the matrices. Briefly, composite films and pure CNF films
(5>6 mm>45 um, length x<width x<thickness) were swollen in Milli-Q water and
hemicellulose solutions, respectively, to form 3D hydrogel matrices for 24 h,
followed by equilibration in the cell culture media for 24 h. UV radiation was used
for sterilization of the hydrogels for 30 min. The NIH 3T3 fibroblast cells were
seeded onto the hydrogel matrices at a density of 3x10° cells per piece of hydrogels
in a 24-well plate. The NIH 3T3 cells were cultured with DMEM supplemented
with 200 mM L-glutamine, 1000 IU/mL penicillin and streptomycin, and 10%
Inactivated FBS. All cells were incubated at 37 °C with 5% CO2 and 95% humidity.

3.4 Analytical methods
3.4.1 Molar mass measurement of hemicelluloses (Paper V)

The weight-average molar mass (Mw) of the hemicelluloses (XG, GGM, and
Xylan) was determined using high performance size exclusion chromatography
(HPSEC) with a multi-angle laser light scattering (MALLS) detector (miniDAWN,
Whyatt Technology, Santa Barbara, USA) and a refractive index (RI) detector
(Shimadzu Corporation, Japan). Separation of the hemicelluloses was done with a
two-column in series system, 2 > UltrahydrogelTM linear 300 mm x 7.8 mm
column (Waters, Milford, USA). The dn/dc value of 0.150 mL/g was applied for
XG and GGM, and the value of 0.146 mL/g was applied for xylan (Michielsen,
2003).

3.4.2 Charge density measurement of CNFs (Paper I1, 111, 1V, V)

Conductometric titration was applied to determine the carboxylate content of the
CNFs. To 50 mg of CNFs (0.1%, w/v), 2.0 mL of 0.1 M HCl and 1.0 mL of 50 mM
NaCl were added. Then the slurry was stirred for 90 min before titration. The
mixture was titrated with 0.1 M NaOH at the rate of 0.1 mL/min and the
carboxylate content of the sample was calculated from the conductivity and pH
curves (Araki et al., 2000). In Paper IV and Paper V, low charge CNFs (LC CNF)
and high charge CNFs (HC CNF) were used.

3.4.3 Transmission Electron Microscopy (TEM) imaging of CNFs (Paper I, 111,
v, V)

The CNF suspension at a concentration of 0.05% was deposited on a copper

grid/carbon film, followed by staining with 2% uranyl acetate for 40 s. Excess

solution was blotted with a filter paper and the sample was allowed to stand for

drying. TEM images were captured using a JEM-1400 Plus TEM instrument
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(JEOL, Japan) operated at an accelerating voltage of 80 kV. The geometric size of
the CNFs was obtained by analyzing the CNFs’ TEM images using the iTEM
program (Olympus Soft Imaging Solution, Germany).

3.4.4 Ultraviolet-Visible (UV-Vis) transmittance measurement of films (Paper I1,

V)

Transmittance spectra (300—1000 nm) of the CNF suspension at a concentration of
0.1% were measured using a UV-Vis spectrometer (Perkin Elmer Lambda 40)
(Paper Il1). The UV-Vis transmittance spectra of the CNF films and CNF-
hemicellulose composite films were recorded with a UV-Vis spectrophotometer
(Cary 300 Conc, Varian) (Paper V).

3.4.5 Fourier Transform Infrared Spectroscopy (FTIR) spectroscopy of films
(Paper 111, 1V)

Before the FTIR measurement, the CNF suspension was acidified with 0.1 M HCI
for 3 h, and then freeze-dried after thorough washing (Fujisawa et al., 2011). The
FTIR spectra of the CNF samples were recorded using an FTIR spectrometer
(Bruker ALPHA) in ATR module in the range of 400-4000 cm™ with a 4 cm™
resolution, and with an accumulation of 64 scans (Paper 1V).

The FTIR-ATR spectra of the CNF-PPy composite films were recorded using a
Harrick’s VideoMVP single reflection diamond ATR accessory. The composite
films were pressed against the diamond crystal attached to the Bruker IFS 66S
spectrometer equipped with a DTGS detector. A total of 32 scans were recorded
for each spectrum with a resolution of 4 cm™ (Paper I11).

3.4.6 Electrical conductivity measurement of CNF-PPy composite films (Paper I11)

The electrical conductivity of the samples was characterized by 4-point probe
measurements, in a linear configuration, having a tip spacing of 1.82 mm. A
suitable bias current of 10° to 10 A was applied over the sample and the
corresponding voltage was measured. The conductivity of the samples was
calculated using finite-size corrections (Smits, 1958).

3.4.7 Swelling degree measurement of films (Paper 1V, V)

Water uptake of CNF free-standing films in swelling media (Paper 1V, Milli-Q
water; paper V, hemicellulose solutions) to form hydrogels was monitored by
measuring the amount of water uptake with a gravimetric method. Films were
immersed into the swelling media and soaked at a predetermined temperature and
pH. At a given time, the swollen film (hydrogel) was weighed after taken out from
the swelling media and removing the excess water from the surface with blotters.
The swelling degree was calculated according to equation (1):

Swelling degree X (9/g) = (Xwet-Xary) / Xary, D)
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Where, Xwet and Xary denote the weight of the films in wet or dry condition,
respectively.

3.4.8 Topography and morphology analysis of films with laser profilometry (Paper
V)

The topography and morphology of the pure CNFs and CNF-hemicellulose
composite films were assessed with laser profilometry (Lehmann, Lehman Mess-
Systeme AG, Baden-Datwil, Germany). A strip of 10 mm = 10 mm films was
coated with a layer of gold for laser profilometry topography imaging. Ten surface
images from both sides of each film were acquired and bandpass filtered (FFT filter,
ImageJ program) for film surface topography quantification.

3.4.9 Atomic Force Microscope (AMF) imaging of films (Paper V)

The AFM images of the pure CNF and CNF-hemicellulose composite films were
captured using a Multimode AFM (with Nanoscope V controller) Digital
Instruments in ScanAsyst mode (peak force tapping mode) at room temperature
with a resolution of 1.95 nm/pixel.

3.4.10 Scanning Electron Microscope (SEM) imaging of aerogels (Paper 1V, V)

To visualize the porous structure of the hydrogels, the hydrogel samples (cubic, 5
x5 xthickness, mm) were frozen using liquid nitrogen for 30 min followed by
freeze-drying for 72 h. The resultant aerogels were sputter-coated with carbon
(Paper 1V) or with gold (Paper V). SEM images of the cross-section of the
aerogels were captured using a scanning electron microscope (LEO Gemini 1530,
Germany) equipped with an UltraDry Silicon Drift Detector (Thermo Scientific,
USA) at an accelerating voltage of 5kV (Paper 1V), or using a Hitachi S-5500
electron microscope at an acceleration voltage of 5 kV (Paper V).

3.4.11 Confocal laser scanning microscopy imaging of CNF-based scaffolds (Paper
1V, V)

Hela cells and Jurkat cells (Paper 1V) that were incubated with CNF matrices or
the control glass slide (Mock platform) were collected after 72 h incubation and
then analyzed for cell viability. For the detection of permeabilized (dead) cells, the
cells were trypsinized and resuspended in 50 pg/mL Propidium lodide (P1) in PBS
for 10 min at room temperature, then analyzed by a FACSCalibur flow cytometer
(FSC, BD Pharmingen).

After 24 h cell culture, the NIH 3T3 fibroblast cells (Paper V) were fixed with 4.0%
paraformaldehyde and a mixture of acetone and methanol (1:1). Triton X (0.2%)
in PBS was used to permeabilize the cell membranes, and the 10% FBS in Triton
X and PBS was used for blocking for 2 h. The cells were stained with Alexa Fluor
488 overnight, and counterstained with DAPI for 10 min before mounting on glass
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slides. Confocal images were acquired on a Zeiss LSM780 confocal laser scanning
microscope (Carl Zeiss, Inc.).

3.4.12 Tensile/compressive strength measurement of films, hydrogels, and aerogels
(Paper I, 111, 1V, V)

The mechanical strength of the pure CNF films and CNF-PPy biocomposite films
with 5 mm width were determined using an Instron universal testing machine
(Instron-33R4465, (Instron Corp., High Wycombe, England)) equipped with a
static load cell of 100 N and an initial grip distance of 20 mm (Paper I1, I11). A
pre-run was done with the tensile tester until 0.1 N load was reached. Ten
specimens from three replicate films of each sample were tested after conditioning
at 50% RH and 23 <C.

For paper 1V, the mechanical properties of the CNF hydrogels and their resultant
aerogels were characterized using a TA Instrument Dynamic Mechanical Analyzer
Q800 (New Castle, USA) operated in compression mode. The cylindrical hydrogel
(@ =12.85, mm) or the cubic aerogel (3 < 3 xthickness, mm) were tested at a
compression rate of 1.0 N/min by using load cells of 5.0/10 N. A preload of 0.05
N was applied before compression testing. At least five parallel hydrogel and
aerogel specimens were measured for each sample, and the results were calculated
and reported as mean +S.D. The elastic modulus of the hydrogel and aerogel was
obtained by linear fitting of the elastic region of the stress-strain curves (Ohya et
al., 2001).

For paper V, a texture analyzer (TA.XT.-Plus Texture Analyzer, Surrey, UK) was
used to determine the compressive strength of the hydrogels (cubic, 5 <5 x
thickness, mm). The texture analyzer was operated at a compression speed of 0.1
mm/s by using a 1.0 kg load cell. A preload of 1.0 g was applied before
compression testing. At least five parallel hydrogel specimens were measured for
each sample, and the results were calculated and reported as mean +S.D.

3.4.13 Pore property analysis of aerogels (Paper 1V)

The specific surface area (SSA) of the CNF aerogels was determined by N>
adsorption using a Sorptomatic 1900 (Carlo erba instruments, UK), and calculated
by the Brunauer-Emmett-Teller method (Brunauer et al., 1938). The mesopore
specific volume was calculated by the Barrett-Joyner-Halenda method (Barrett et
al., 1951). The aerogel samples were degassed and dried at 120 <C for 3.0 h prior
to measurement. The apparent density (p*) of the aerogels was determined by
measuring the mass (#0.01 mg) and the geometric dimensions of the samples, the
porosity of the aerogels was calculated according to equation (2). The skeletal
density of cellulose (pc=1.50 g/cm?) used in the nitrogen adsorption measurements
was verified employing Helium pycnometry.

Porosity=(1- p*/ pc)><100% )
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4. Results and discussion

4.1 Summary and overview of the thesis work

The work of this thesis aimed at comprehensively utilizing components of plant-
derived materials, with the focus on cellulose and hemicelluloses, in the field of
biomedical applications in a novel biorefinery concept. As shown in Figure 3, the
nanocellulose with tunable surface chemistry and geometric size has found
promising applications as transparent and tough barrier materials (Paper I1), as
structural matrices for tailoring antimicrobial and electroconductive biocomposites
(Paper I11), as biocompatible 3D scaffolds in tissue engineering (Paper 1V), and
also as host materials to incorporate biomolecules such as hemicelluloses for
strength reinforcing and for potential wound healing application (Paper V).
Hemicelluloses, the second most abundant polysaccharides after cellulose, were
used as additives to tune the properties of the nanocellulose hydrogels for potential
wound healing applications (Paper V).

Suspension Hydrogel
CNFs

Paper Il

CNF films CNF/PPy-Ag CNF hydrogel scaffolds CNF/hemicellulose composite
biocomposite films hydrogel scaffolds

Figure 3. Overview of the thesis work.

4.2 Preparation of CNFs from sawdust in an integrated biorefinery process (Paper

1)

Utilization of renewable biomass for the production of value-added products in the
biorefinery platform has received tremendous attention in both academic research
and industrial production (FitzPatrick et al., 2010). The scheme in Figure 4
demonstrates the feasibility of producing CNFs and films thereof with high
mechanical properties, and the corresponding hydrogels with high swelling degree
from a wood “waste”, i.e. birch sawdust, by a process incorporated into a novel
biorefinery platform. After sequential extraction of hemicelluloses and lignin, the
residual cellulose in the sawdust was converted to CNFs through the TEMPO-
mediated oxidation approach, which provided an efficient way to upgrade the
sawdust “waste”.
16
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Figure 4. Scheme of the process to prepare CNFs from sawdust in a novel
biorefinery concept.

4.2.1 Preparation and characterization of CNFs from sawdust fiber

To prepare CNFs with different properties, the sawdust fiber and a reference
bleached kraft pulp (Ref. BKP) were oxidized by the TEMPO/NaBr/NaClO system
with different reaction time and oxidant dosages (Figure 5). The reaction
equilibrium was reached at 4.0 h for the reference BKP and 6.0 h for the sawdust
fiber at the NaClO dosage of 5 mmol/g fiber, and at 9.5 h for both starting materials
at the NaClO dosage of 10 mmol/g fiber. Extension of the reaction time further
increased the carboxylate content but may cause a low yield of the product due to
the degradation (Saito & Isogai, 2004), and a lower DP of the resultant CNFs
(Table 1).

The charge density (carboxylate content) of the CNFs was found to affect the
stabilization of its suspension. A strong electrostatic repulsion allows the cellulose
nanofibrils to be well-dispersed in water (Saito et al., 2006). As shown in Figure
6, the higher the CNF charge density, the clearer the suspension’s appearance is,
and the higher the light transmittance is.
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Figure 5. The course of carboxylate content of CNFs versus time of TEMPO-
mediated oxidation of bleached birch kraft pulp (Ref. BKP) and sawdust fibers with
different NaClO dosages. Circled points are the equilibrium points when the pH of
the reaction mixture remained stable. Adapted with permission from Paper I,
Copyright (2014) Springer.
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Figure 6. Photographs of the sawdust CNF suspensions (0.1%) with different

charge densities and the UV-Vis transmittance spectra of the CNF suspensions

(0.1%) prepared from reference bleached kraft pulp (Ref BKP-Low/-high charge)

and sawdust pulp (Sawdust-Low/-High charge). Adapted with permission from
Paper I1, Copyright (2014) Springer.

As shown in Figure 7, the TEM image of the CNFs prepared from reference BKP
shows similar geometric sizes as in literature (Jonoobi et al., 2015), i.e. 5-10 nm in
width and 200-600 nm in length. However, TEM images of CNFs that was
prepared from sawdust fiber, especially the one with low charge density (Sawdust-
Low charge), show slightly larger width and shorter length compared with the
reference due to the short fiber of the sawdust pulp (length 0.59 mm); and the
images also show partial cellulose fibrils bundles or lateral aggregates with
diameter of ca. 20 nm due to a lower charge density (Saito et al., 2007).
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Figure 7. TEM images of the CNF suspensions with different charge densities
(carboxylate content) prepared from reference bleached kraft pulp (Ref BKP-high
charge) and sawdust pulp (Sawdust-Low charge and Sawdust-High charge).
Adapted with permission from Paper 11, Copyright (2014) Springer.
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4.2.2 Mechanical properties of the sawdust CNF free-standing films

Transparent and tough sawdust CNF free-standing films were prepared by vacuum
filtration, and they were found to have comparable or even better mechanical
properties (Table 1) than the reference BKP CNF films.

Therefore, the preparation of CNF suspension and its films suggests a potential
route to upgrade sawdust “waste” into valuable products. For example, the CNFs
and its film may find applications as transparent and biodegradable materials; as
pharmaceutical excipient; as food additives such as rheology modifier; and as
reinforcement additives in composite materials manufacture (Aspler et al., 2013).

Table 1. TEMPO-mediated oxidation conditions of reference BKP and sawdust
fibers; the charge density and degree of polymerization (DP) of CNF suspensions;
and the mechanical properties of the resultant free-standing films.

. Charge Young’s .
NaClO Oxidation . Tensile
Sample (mmol/g) time (h) density bP modulus strength (MPa)
g (mmol/g) (GPa) g
Ref. -Low 5 4.0 0.85 +0.03 - 6.4 +0.5 159.3 +9.3
Ref. -High 10 9.5 117 £0.06 521 59+0.5 151.2 +£13.2
Sawdust-Low 5 6.0 0.92 +0.04 - 6.0 +0.5 161.5 +5.0
Sawdust-High 10 9.5 1.16 £0.03 467 6.4 +0.5 171.6 £9.9

4.3 CNF-based biocomposites with electroconductivity and antimicrobial activity
(Paper 111)

Electrically conducting polymers have attracted a lot of attention due to the broad
range of potential application areas especially in electrochemical biosensing and as
biomedical materials for health care diagnostics (Leleux et al., 2014). Polypyrrole
(PPy) is one of the most studied conducting polymers possessing interesting
properties, such as biocompatibility and tunable electrical conductivity
(Ramanaviciene et al., 2007). However, the poor processability owing to the
insolubility and infusibility of the conducting polymers limits their use in practical
applications (Skotheim & Reynolds, 2007). To overcome this problem, CNFs
possessing high mechanical stiffness can be used as a reinforcement additive or as
a template for polymer processing (Leppénen et al., 2013). The scheme in Figure
8 illustrates the preparation of CNF-PPy biocomposites, in which the CNFs were
used as a template for PPy coating during polymerization (oxidation), and the silver
nanoparticles were incorporated to improve the electrical conductivity of the
biocomposites and also to offer the antimicrobial properties.
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Figure 8. Scheme for the preparation of CNF-PPy biocomposites. Adapted with
permission from Paper 111, Copyright (2014) American Chemical Society.

4.3.1 FTIR spectra of the CNF-PPy biocomposites

FTIR spectra of the CNFs, and CNF-PPy biocomposites with different silver
content were recorded and shown in Figure 9 to study the structural changes
occurring during the biocomposites preparation.
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Figure 9. FTIR spectra of CNF films, CNF-PPy biocomposites, and CNF-PPy-Ag
biocomposites with different silver weight percentages. Adapted with permission
from Paper 111, Copyright (2014) American Chemical Society.

The characteristic bands at 1604 cm™ in the CNFs, and 1720 cm™* in the CNF-PPy
biocomposites suggest the presence of the carboxylate groups in sodium and proton
forms on the cellulose surface (Saito et al., 2011). The peak at 1555 cm™ in CNF-
PPy biocomposites corresponds to the C=C stretching in the PPy, while the peak at
1315 cm? attributes to the C-N bonds in PPy (Chougule et al., 2011). The
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diminishing of the carboxylate group peaks, and the appearance of the PPy bands
in the FTIR spectra of the CNF-PPy biocomposites suggest that the PPy was coated
on the surface of the CNFs.

4.3.2 Morphology and topography of the CNF-PPy biocomposites

The surface morphology and the nanoscale topography of the CNF-PPy
biocomposites were studied by SEM and AFM imaging, as shown in Figure 10
and Figure 11, respectively. The SEM and AFM images of the pure CNF film
showed a rather smooth surface with a lower root mean square (RMS) roughness
(Figure 11). After coating with PPy and incorporation of silver nanoparticles, the
surface heterogeneity and RMS roughness further increased. Aggregation and
accumulation of silver particles with diameters from a few nanometers to dozens
of micrometers on the films surface are visible in the SEM images (Figure 10) with
increasing of the silver concentration in the biocomposites.

[ cNF-pPy

| |CNF-PPy-Ag_25%|i%

: P

Figure 10. SEM images of CNF films, CNF-PPy biocomposites, and CNF-PPy-Ag
biocomposites with different silver weight percentages.
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Figure 11. AFM topographical images of CNF films, CNF-PPy biocomposites, and
CNF-PPy-Ag biocomposites with different silver weight percentages. Adapted with
permission from Paper 11, Copyright (2014) American Chemical Society.

4.3.3 Mechanical, electrical conductive, and antimicrobial properties of CNF-PPy
biocomposites

To overcome the poor processability of the electrical conducting polymers, such as
the PPy in this case, the CNFs, which have excellent mechanical strength, were
used to reinforce the biocomposites (Skotheim & Reynolds, 2007). The mechanical
strength of the CNF-PPy biocomposites is shown in Table 2, and the representative
stress-strain curves are shown in Figure 12. The coating of the CNFs with PPy,
and incorporation of silver nanoparticles decreased the tensile strength and Young’s
modulus of the materials. The in-situ polymerization of PPy on the CNF surface,
and the aggregation of the silver particles resulted in a heterogeneous film structure,
which hindered the interfibrillar interaction, and consequently decreased the
mechanical strength of the films. However, these strength values are still
sufficiently high for preparing free-standing CNF-PPy biocomposite films.

The antimicrobial properties of the CNF-PPy biocomposites were tested on yeast
(C. albicans), a Gram-negative bacterium (S. infantis), and two Gram-positive
bacteria (C. albicans, and S. aureus) (Table 2). The antimicrobial activity against
the yeast and bacteria was characterized by measuring the growth inhibition zones
around the sample edges. As shown in Table 2, the coating of the CNFs with PPy
introduced not only the electrical conductivity, but also the antimicrobial activity
against L. monocytogenes. Incorporation of silver nanoparticles further enhanced
the antimicrobial activity, and also offers biocomposites with border antimicrobial
activity against the S. aureus. These antimicrobial effects of the CNF-PPy
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biocomposites make the materials potential candidates for biomedical application,
such as wound healing.
200
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Figure 12. Selected representative stress-strain curves of CNF films, CNF-PPy
biocomposites, and CNF-PPy-Ag biocomposites with different silver weight
percentages. Adapted with permission from Paper 111, Copyright (2014) American

Chemical Society.

Table 2. The electrical conductivity, mechanical strength, and antimicrobial effects
of CNF-PPy biocomposites. Adapted with permission from Paper 111, Copyright
(2014) American Chemical Society.

Sample Young’s  Tensile c C. L. S. S.
modulus  strength (S/cm) albicans  monocy- aureus infantis
(GPa) (MPa) togenes

CNFs 6.9+0.6 1829+124 <106 -2 - - -

CNF-PPy  43+04 90.7 7.7 2x10° - + - -

CNF-PPy- 3.1+05 68.7+39 3x10° - + + -

Ag_7%

CNF-PPy- 2404 518%25 1x10¢ - ++ + -

Ag_25%

@ - = no zone of inhibition around the sample;

=+=a just discernible growth inhibition;

+ = a distinct zone of inhibition of ca. 2 mm around the sample;
++ = an inhibition zone of >3 mm around the sample.
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4.4 CNF-based scaffolds for 3D cell culture of tumor cells (Paper 1V)

Owing to the intrinsic non-toxicity, biocompatibility, and biodegradability, the
CNFs and its biocomposites are increasingly studied for biomedical application,
such as tissue engineering, wound healing/dressing, medical implants, and drug
delivery (Jorfi & Foster, 2015). The scheme in Figure 13 illustrates the preparation
of CNF-based 3D matrices towards tissue engineering scaffold and 3D cell culture
study. To mimic the cell attachment and proliferation in the 3D extracellular matrix
(ECM) scaffold in vivo for potential 3D cell culture application, this work proposed
a novel approach to encapsulate and distribute the cells in the formed CNF-based
matrices, and the encapsulated cells are supposed to grow and proliferate in the
CNF 3D network as in vivo. The structural and mechanical properties of the
matrices are tuned by judiciously controlling the intrinsic properties of the CNFs
(charge density and aspect ratio) and the material processing parameters (swelling
media conditions and film processing techniques) to meet the requirements for
potential 3D cell culture and 3D scaffold construction in tissue engineering.

DAPI DAPI Ki67

LC film

LC aerogel

Filtration " Wet/Hot press

Cell culture )

Swelling Temp pH Control

-~ CNF-basea & IREEAEN
hydrogel o 3D-matrices i /] t

Solvent
S hanse " Freeze-drying

aerogel
Cell culture

Figure 13. Scheme for the preparation of CNF-based matrices for 3D cell culture.
4.4.1 Swelling behavior of the CNF films

Water retention capacity of the scaffolds represents its ability to maintain
extracellular homeostasis (Frantz et al., 2010). Different approaches to control the
swelling degree of the CNF-based scaffold, i.e. by controlling the swelling time,
the temperature and pH of the swelling media, and the film press methods (wet
press or hot press), are shown in Figure 14. The HC CNF films showed faster
(Figure 14A, higher slope of the HC CNF curve before 10.0 h) and higher maximal
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swelling ability (Figure 14B) than those of the LC ones due to the higher
electrostatic repulsion forces, which contribute to the construction of the CNF
hydrogel 3D networks (Rimmer, 2011b). Change of the pH of the swelling media
results in the dissociation or association of the carboxylic acid group (pKa 3.0-5.0)
(Junka et al., 2013; Spaic et al., 2014) and consequently changes the electrostatic
repulsion, which is the key to tune the swelling of the hydrogel scaffold. Hot press
treatment is a rapid method to prepare the CNF free-standing films (Osterberg et
al., 2013), which however causes lower swelling degree of the scaffolds compared
to the wet press treatment due to the irreversible hornification effect at high drying
temperature (80 <C) (Liu et al., 2012).
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Figure 14. Tuning the swelling degree of the CNF films by controlling the CNF
charge density, the swelling time (A), temperature (C), and pH (D) of the swelling
media, and the film pressing methods (wet press (WP), or hot press (HP)). (B)
Pictures of the CNF films before and after swelling in water (stained with
methylene blue). Adapted and modified from paper IV, Copyright (2016), Elsevier.

The tunable swelling capacity of a CNF matrix by judicious control of the material
intrinsic properties and processing approaches can potentially be used to load them
with pharmaceutical compounds or biomolecules like proteins, bioactive
polysaccharides, or cells for biomedical and pharmaceutical applications (Rimmer,
2011b). In this work, the tumor cells (Hela and Jurkat cells) were supposed to be
sucked into the networks of the hydrogels during swelling, meanwhile the cells
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distribute and grow in the CNF scaffold as in the ECM in vivo. More importantly,
the CNF films with desired swelling capacity enables the efficient preservation of
a moist environment that resembles the highly hydrated state of the native tissue in
vivo (Cushing & Anseth, 2007; Cutting, 2003; Rimmer, 2011a; Winter, 1962).

4.4.2 Porous structure and mechanical properties of the CNF scaffolds

ECM-mimicking scaffolds should have appropriate pore parameters for cell
penetration, cell migration, cellular ingrowth, nutrients transportation, and removal
of metabolic waste (Stella et al., 2010); furthermore, scaffolds should also provide
sufficient mechanical integrity to withstand the dynamic environment upon tissue
engineering applications.

Figure 15 shows the porous structure of the CNF scaffold, which has open pores
with 10-100 pm in diameters and fine networks in nanometer scale, suggesting
they are applicable for most human cells to grow into (Utah, 2016). As shown in
Table 3, the specific surface area (SSA) and mechanical properties of the scaffolds
can also be tuned using the CNFs with appropriate chemical (charge density) and
physical (aspect ratio) properties, and by controlling the processing parameters
without introducing any toxic chemicals. Generally, the HC CNF-based aerogel
scaffolds have higher SSA values but lower mechanical strength than those of the
LC CNF-based ones; and all parameters (swelling temperature, pH, wet/hot press)
that can result in high swelling degree of the hydrogel will lead to a low mechanical
strength and high SSA value (aerogels). The mechanical strength of the CNF-based
scaffolds (with modulus in 3-100 kPa) can cover the stiffness requirement of the
tissue from the soft liver to the tough cartilage (Janmey & Miller, 2011), suggesting
the potential for different tissue engineering applications.
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Table 3. Mechanical properties of the CNF hydrogels and aerogels; and the
specific surface area (SSA) of the CNF aerogels. Adapted with permission from
paper 1V, Copyright (2016), Elsevier.

Compressive Modulus SSA
Sample

Stress (kPa) (kPa) (m2/g)
HC-Wp-252 41405 9.6 £1.3 -
HC-WP-50 1.1+0.2 3.0+04 -
HC-WP-25 (pH3)P 11.1 +338 35.5+6.7 -
HC-HP-25 4.4 +0.2 10.8 +0.8 -

Hydrogel
LC-WP-25 75%04 27.6 4.1 -
LC-WP-50 52+0.6 23.1+2.10 -
LC-WP-25 (pH3)P 16.0 0.9 33.3+6.7 -
LC-HP-25 104 +1.0 30.6 5.9 -
HC-WP-25 28.0 £6.6 24.7 £0.7 308.0
HC-WP-50 342 +3.1 28.5+34 297.6
HC-WP-25 (pH3)P 35.7+54 472 £3.6 2794
HC-HP-25 31.8+49 26.5+15 2674
Aerogel

LC-WP-25¢ 60.3 £5.9 65.5 £3.5 242.1
LC-WP-50° 94.4 £14.9 100.0 6.2 203.6
LC-WP-25 (pH3)Pb< 104.41 £2.76 88.1 5.5 157.5
LC-HP-25¢ 62.80 +5.10 66.9 +4.0 175.9

@ The samples were named sequentially according to the charge density of the CNFs (low charge
and high charge, LC and HC); the CNF film press processing approaches (wet press and hot press,
WP and HP); the temperature (25, 37, 50 <) and pH value (3.0, 7.0, 10.0) of the swelling media.

b Samples swelled in media with a pH of 3.0. If not specified, other samples swelled in a neutral
environment.

¢ Values were obtained from the measurement of two overlapped specimens to reach the thickness
limit (ca. > 1.0 mm) of the DMA measurement. If not specified, other samples were determined
individually.
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Figure 15. Representative SEM images of the CNF aerogel (medium charge density,
wet pressed, swelled in neutral media at r.t.). Adapted with permission from paper
IV, Copyright (2016), Elsevier.

4.4.3 Cell viability and proliferation in the CNF-based scaffolds

To mimic the ECM scaffolds for 3D cell culture and for tissue engineering
application, the biocompatibility and efficacy of the CNF-based matrices were
assessed (Neves et al., 2015).

Two cell models, the epithelial-derived Hela cells and hematopoietic-derived
Jurkat cells, widely used for tumor studies, were applied to assess the
biocompatibility of the CNF-based matrices (films of HC-WP and LC-WP;
aerogels of HC-WP-25 and LC-WP-25). The cell viability and proliferation in the
CNF matrices, and the related confocal images are depicted in Figure 16 and
Figure 17, respectively.

The non-toxicity of the CNF-based matrix towards Hela cells and Jurkat cells was
confirmed by the results that both the CNF films and aerogels could support the
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survival of Hela cells and Jurkat cells, and no clear cell toxicity was observed with
less than 5% cell death in all settings (Figure 16A). Interestingly, the CNF films,
especially the LC CNF films, had lower cell death (Figure 16A) and higher
proliferation rate (Figure 16C) than the aerogels and the control glass slides (mock,
Figure 16A). This is probably due to the lower efficiency of cell incorporation and
distribution in the aerogels scaffolds when compared to the film scaffolds. In the
film scaffolds, the cells were incorporated into the scaffolds with the Donnan effect
and the subsequent osmotic effect during the film swelling (Alberts, 2002; Rimmer,
2011a). Moderate surface charge of the matrices has been identified to play an
important role in the cell biological response and might enhance the cell growth
and proliferation (Cartmell et al., 2014; Itoh et al., 2006), which has also been
confirmed by the better cell viability and proliferation of the LC film matrices in
this work (Figure 16A and 16B). However, as shown in Figure 16A, 16B, and
Figure 17, a higher surface charge of the matrices may hinder the cell biological
response and result in slower growth and a higher cell death rate.

The confocal imaging analysis (Figure 17A) also suggests that the CNF film
matrices displayed a striking induction in proliferating cells into the 3D matrices,
as indicated by the intense distribution of cells proliferation marker, nuclear antigen
ki67, as well as cytoskeleton marker actin. The ki67 and actin positive cell
population in aerogels were much smaller (Figure 17B), supporting the
proliferation data in Figure 16C. This observation further demonstrates that cells
growing in CNF film matrices had increased cell proliferation activity.

The CNF-based matrices (film, hydrogel, and aerogel) with biocompatibility,
permeability, reasonable mechanical and chemical stability, and tunable
morphology and structure are very promising candidates for 3D cell culture study
and tissue engineering applications.
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Figure 16. (A) Cell death rate of Hela cells and Jurkat cells in the CNF matrices
and control glass slides (Mock) after 72 h incubation. £s.e.m.; n=4. *, p<0.05; **,
p<0.01; ***, p<0.001. (B-C) Representative phase contrast images and growth
curves of Hela cell lines after incubation in the CNF matrices for 72 h. xs.e.m.;
n=3. Scale bar, 50 pm. Wet pressed high and low charge CNF films (HC-WP and
LC-WP), and their resultant aerogels (HC-WP-25 and LC-WP-25) were used for
testing. Adapted with permission from paper 1V, Copyright (2016), Elsevier.



A DAPI Ki67

LC film

HC film

DAPI DAPI Ki67 Ki67 Actin DAPI Ki67 Actin

Figure 17. Representative confocal images of the expression of Ki67 (in red) and
cytoskeleton marker actin (in green) in Hela cells growing into HC and LC films
(A) and aerogels (B) after 72 h incubation. Matrices and nucleus were
counterstained with DAPI (blue). Scale bar, 200 pm. Adapted with permission from
paper 1V, Copyright (2016), Elsevier.
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4.5 All-polysaccharide composite scaffolds for potential wound healing application
(Paper V)

Polysaccharides have increasingly found application as promising materials for
biomedical and pharmaceutical devices, e.g. as biocompatible hydrogels or
scaffolds in tissue engineering, as artificial skin for wound healing, and as
biodegradable carrier for drug delivery (Popa, 2011). Modern wound care and
tissue engineering have emerged from the use of biocomposites to create a
temporary wound care system on the wound surfaces, or to replace damaged or
diseased tissues in the form of three-dimensional (3D) matrices (Czaja et al., 2007;
Moroni et al., 2006). The mechanical and structural properties of a scaffold in
biomedical application are believed to play crucial roles in the cellular behavior,
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e.g. cell proliferation, gene expression, maintenance of phenotype, and
biosynthetic activity in tissue engineering (Lin et al., 2011a); and therefore the goal
of this work was to tune the mechanical and structural properties of CNF-based all-
polysaccharide composite hydrogels, and to investigate how the biocompatibility
of the composite hydrogels is influenced by the mechanical and structural
properties of the scaffolds.

Inspired from the mechanical integrity of plant cell walls, in which the cellulose
and hemicelluloses are closely associated (Eckardt, 2008; Johansson et al., 2004;
Park & Cosgrove, 2015), hemicelluloses are supposed to adsorb on the
nanocellulose surface to reinforce the mechanical properties of the nanocellulose
hydrogel. As depicted in Figure 18, different hemicelluloses with various ratios
were incorporated into the CNF hydrogel network in two approaches to tune the
microscopic and mechanical properties of the composite hydrogels, thus making it
possible to control properties that are important for biomedical applications like
wound healing and tissue engineering (Bonilla et al., 2015; Prakobna et al., 2015a;
Prakobna et al., 2015b; Stevanic et al., 2014).

NIH 3T3 cell culture

Pre-sorption

Hemicellulose
GGM / XG / Xylan

In-situ sorption

Figure 18. Scheme for the preparation of all-polysaccharide composite hydrogel
for potential wound healing application.

4.5.1 Incorporation of hemicelluloses into the CNF network and its effect on the
swelling property of the composite scaffolds

Cellulose and hemicelluloses are closely associated in the plant cell wall to
contribute to the rigidity of the cellulose framework in nature (Eckardt, 2008;
Johansson et al., 2004; Park & Cosgrove, 2015). In this work, hemicelluloses (XG,
GGM, and xylans) were incorporated into the CNF networks via pre-sorption and
in-situ sorption methods as shown in Figure 19.

The adsorbed amount of hemicellulose was controlled by changing the
hemicellulose to CNF mass ratio (pre-sorption) or by changing the hemicellulose
concentration (in-situ sorption). As shown in Figure 20A and Figure 20B, all HC-
CNF hydrogels had higher hemicellulose sorption capacity than those of LC-CNF
due to their higher water/solution uptake capacity (Figure 20C and Figure 20D).
The XG showed the highest sorption capacity to the nanocellulose, especially the
HC-CNF, by both sorption approaches, followed by GGM and xylan. This is due
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to the fact that the hemicelluloses adsorption capacity was affected by the structural
complexity difference of the hemicelluloses more than just by the molar mass
(Eronen et al., 2011). The high and tunable affinity of hemicelluloses to cellulose
opens the opportunity for surface modification of the nanocellulose and to tailor
the mechanical properties of the composite materials (Bodin et al., 2007; Bonilla

et al., 2015; Stevanic et al., 2014).
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Figure 19. Preparation of all-polysaccharide composite hydrogels by
incorporation of different hemicelluloses in the CNF networks with two methods.
Adapted with permission from paper V, Copyright (2016), Springer.
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Figure 20. The amount of hemicelluloses incorporated into the CNF matrices by
pre-sorption (A) and in-situ sorption (B). Maximal swelling degree of composite
films in pure water (C) and of the pure CNF films (D) in hemicellulose solutions
with different concentrations (5.0 g/L and 0.5 g/L). The control refers to the
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maximal swelling degree of the pure CNF films in pure water. Adapted with
permission from paper V, Copyright (2016), Springer.

4.5.2 Morphological properties of the all-polysaccharide composite scaffolds

The representative porous structure of the CNF XG composite scaffolds is shown
in Figure 21. The HC-CNF containing aerogels show more and larger open pores
than those of LC-CNF due to the higher swelling degrees during hydrogel
formation (Figure 20C and 20D). The in-situ sorbed hemicelluloses were found
to deposit on the surface and in some of the pores, probably due to the self-
association and aggregation of the hemicelluloses in solutions (Eronen et al., 2011;
Linder et al., 2003). However, the pre-sorbed hemicelluloses were not visible from
the SEM images, and thus were supposed to tightly adsorb onto the CNFs. The
pore size is estimated to be 15-50 pm for the LC-CNF composite aerogels, and
200-500 m for the HC-CNF composite aerogels. Considering that there is 30-50%
shrinkage of the aerogels during freeze-drying (Mehling et al., 2009), the pore size
of the hydrogels in the wet state should fit the size requirement for fibroblast cells
(average size: 16-18 m) to penetrate into the scaffolds for growth (George &
Howard, 1963).
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Figure 21. Representative SEM images of the CNF XG composite aerogels
prepared by two different approaches and containing different amount of XG.
Adapted with permission from paper V, Copyright (2016), Springer.

4.5.3 Mechanical properties of the composite scaffolds

The mechanical strength of scaffolds plays an essential role in cell adhesion,
proliferation, migration, differentiation and apoptosis in biomedical applications
(Muiznieks & Keeley, 2013; Syverud et al., 2015; Wells, 2013).
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Table 4. Young’s modulus and swelling degree of the hydrogels. Adapted with

permission from paper V, Copyright (2016), Springer.

Sample Young’s modulus (kPa) Swelling Degree (g9/g)
HC-CNF-05h~ 60.1 +£3.7 85.1 +6.3
HC-CNF-1.0h 39.3+39 143.2 +6.2
HC-CNF-3.0 h 26.0 £2.8 275.4 x14.8
HC-CNF-5.0 h 21.1+34 337.3+145
HC-CNF-7.0h 19.2 17 373.2+138
HC-CNF-9.0 h 16.4 2.0 390.5+11.0
HC-CNF-12.0 h 149 15 407.8 £5.9
HC-CNF-24.0h - 583.3 58
LC-CNF-24.0 h 19.4 £40 178 x1.0
HC-CNF:XG_70:30 26.1+34 160.4 +3.58
HC-CNF:XG_90:10 20.0+2.9 265.9+7.3
HC-CNF:GGM_70:30 11.8+138 285.8 +0.6
HC-CNF:GGM_90:10 98+ 16 338.4+9.1
HC-CNF:Xylan_70:30 19.2 +34 186.6 +14.2
HC-CNF:Xylan_90:10 100 +1.1 385.9 £23.3
LC-CNF:XG_70:30 107.8 £5.5 12.7 205
LC-CNF:XG_90:10 81.4 £6.2 10.7 +0.2
LC-CNF:GGM_70:30 60.0 4.9 18.4 +0.8
LC-CNF:GGM_90:10 40.7 £34 12.8 £0.2
LC-CNF:Xylan_70:30 98.3+7.2 10.39 +0.11
LC-CNF:Xylan_90:10 48.7 £4.2 10.48 0.2
HC-CNF-XG_5 51.9+16 23.43+0.8
HC-CNF-XG_0.5 31.7+29 105.55 +3.0
HC-CNF-GGM_5 219428 102.5 £4.6
HC-CNF-GGM_0.5 19.6 35 221.1+56
HC-CNF-Xylan_5 17.0 £1.7 53.3+14
HC-CNF-Xylan_0.5 13.3+2.7 212.0 +13.4
LC-CNF-XG_5 - 6.1 +0.3
LC-CNF-XG_0.5 47.6 £3.2 12.1 £0.5
LC-CNF-GGM_5 412423 9.4+04
LC-CNF-GGM_0.5 31.0 %37 17.9+0.8
LC-CNF-Xylan_5 57.7 2.7 4.3+0.1
LC-CNF-Xylan_0.5 31.9+42 16.2 +0.6

* HC-CNF hydrogels prepared by swelling under different time. LC-CNF was not selected due to

the significantly lower swelling degree (max. ca. 18 g/g).

As shown in Table 4, the overall Young’s moduli of the pure CNF hydrogels and
the composite hydrogels are in the range of 10-100 kPa, which can cover the
mechanical stiffness requirement of muscle tissue (Janmey & Miller, 2011). The
swelling degree of the hydrogel was reported to significantly affect its mechanical
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behavior (Barbucci, 2009; Okay, 2010). As shown in Table 4, the Young’s moduli
of the pure HC-CNF hydrogels and HC-CNF composite hydrogels were found to
negatively correlate with the corresponding swelling degree due to the plasticizing
effect of water in the hydrogel (Okay, 2010; Sehaqui et al., 2011; Yang et al., 2013).
The XG-CNF composite hydrogels showed the highest mechanical strength
compared with those of GGM and xylan when other conditions were the same (e.g.
CNF charge density, CNF-hemicellulose ratio, and hemicellulose concentration).
This might be due to the fact that the highly branched XG was adsorbed and cross-
linked with cellulose fibers, which resulted in a higher crosslinking density and
thus lower swelling degree of the scaffolds (Bonilla et al., 2015; Lopez-Sanchez et
al., 2015). Therefore, controlling of the swelling degree of the hydrogels by
changing the swelling time and the incorporated hemicellulose type and amount
enable tuning the mechanical properties of scaffolds, and thus allows the design of
biomaterials with desired stiffness to meet the required mechanical properties in
different biomedical applications (Syverud et al., 2015).

4.5.4 CNF composite scaffolds supporting 3T3 fibroblast proliferation

Supporting the survival and proliferation of the 3T3 fibroblast cells in a scaffold is
the prerequisite for potential wound healing application. The proliferation of the
cells in the CNF composite hydrogels was assessed to evaluate the efficacy of the
scaffolds, and the results are shown in Figure 22. The 3T3 fibroblast cells rarely
grew in the HC-CNF composite scaffolds, thus the data are not included in Figure
22. The higher surface charge density and the lower mechanical strength of the HC
CNF-based composite hydrogel could be the reason for not supporting the survival
of the cells (Cartmell et al., 2014; Itoh et al., 2006; Plant et al., 2009; Saddiq et al.,
2009; Wells, 2008).

The LC-CNF composite hydrogels that were prepared by the in-situ sorption
approach inhibited cell proliferation to a certain level regardless of their
mechanical strength (Figure 22A), probably due to the self-aggregation and
deposition of the hemicelluloses on the surface of the cellulose nanofibrils, which
limited the adhesion of the cells onto the scaffolds. The inhibition effect of the in-
situ sorbed hemicelluloses on the cellular activities may also be a result of the
residual lignin in the hemicelluloses, especially the GGM and xylan (Andrijevic et
al., 2008; Chinga-Carrasco & Syverud, 2014; Fukuzumi et al., 2009; Goldschmid,
1954; Sorimachi et al., 1992).

In comparison to the composite hydrogels formed by the in-situ sorption approach,
the LC-CNF composite hydrogels that were prepared by pre-sorption of all three
hemicelluloses with different ratios, especially the hydrogel incorporated with
xyloglucan, promoted the cell proliferation better than the LC-CNF alone. The
composite hydrogels prepared by the pre-sorption approach had higher mechanical
strength than those prepared by the in-situ approach (Figure 22A). This finding
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indicates the beneficial effect of the pre-sorbed hemicellulose in facilitating 3T3
cell survival, proliferation, and movement (indicated by lamellipodia formation)
and probably contributed by their relatively high mechanical strength.

Moreover, the composite hydrogels containing xyloglucan had higher mechanical
strength than those of other hemicelluloses with a CNF:HM ratio of 70:30. The cell
culture experiment was repeated and was focused on the LC-CNF-XG composite
hydrogels (pre-adsorption method), and a larger amount of XG (50:50) was also
incorporated into the LC-XG composite hydrogel to further investigate the effect
of the XG content on the cellular activity. Interestingly, we found that the LC XG-
90:10 composite hydrogel supported cell proliferation better than the 70:30 sample,
whereas the 50:50 one inhibited cell proliferation (Figure 22C-D), suggesting an
LC:XG mixing ratio-dependent effect on cell proliferation. Such ratio-dependent
effect may result from the combining effect of mechanical cues of the matrix and
morphology of matrix surface, which have been shown to play important roles in
cell adhesion, proliferation, angiogenesis and differentiation (Plant et al., 2009;
Saddiq etal., 2009; Wells, 2008). This is probably because the adsorbed xyloglucan
can enhance the mechanical stiffness and thus promote the cell growth. However,
too high amount of xyloglucan will smooth the surface of the scaffolds and
consequently, hinder the adhesion, proliferation and movement of the fibroblast
cells.
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Figure 22. Proliferation of 3T3 cells in the CNF composite hydrogels (A and B)
and the Young's modulus of the hydrogels (A). £s.e.m.; n=5. ** p<0.01; ***,
p<0.001; 3T3 cell were incubated with the CNF matrices in a density of (A) 3x10°
cells/24-well or (B) 5x10° cells /24-well for 24 hours. Representative confocal 3D
images of the expression of cytoskeleton marker actin (in green) and nucleus
marker DAPI (in blue) in 3T3 cells growing into the LC composite hydrogels (C
and D). Scale bar, 20 pm. Data for the HC CNF-based matrices are not shown due
to the rare growth of cells on the materials. Adapted with permission from paper V,
Copyright (2016), Springer.
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5. Conclusion

The work of this thesis aimed at comprehensive utilization of renewable wood-
derived materials, with the focus on cellulose and hemicelluloses, in the field of
biomedical applications in a novel biorefinery concept. This has been done by
preparation of cellulose nanofibrils (CNFs) from biomass after the hot-water
extraction of hemicellulose and lignin separation; after which the CNFs was
utilized as host-substrate to incorporate electrical conductive polymers, living cells,
and hemicelluloses to prepare biocomposites for potential biomedical applications,
such as tissue engineering and wound healing.

The CNFs and films thereof were prepared from a wood “waste”™, i.e. birch sawdust,
using TEMPO-mediated oxidation after hot-water extraction of hemicellulose and
lignin separation. The resultant sawdust CNF free-standing films showed
comparable or even better mechanical properties than those from the reference
BKP at the same condition. Surface charge density (carboxylate content) and
geometric morphology of the CNFs were found to play important roles in the
dispersion of the CNF suspension and transmittance of light.

The CNF suspension and films thereof were explored for potential applications in
advanced materials as matrices or reinforcement additives. To overcome the poor
processability of conductive polymers, the CNFs were used as templates for PPy
coating during polymerization, and silver nanoparticles were incorporated to
improve the electrical conductivity of the biocomposites and also to offer the
antimicrobial properties. Compared to pure CNFs, the polymerization of PPy and
incorporation silver nanoparticles in the CNF matrix increased the surface
roughness and slightly decreased the mechanical properties of the biocomposite
films, but still tough enough for free-standing film applications. It is shown that
the antimicrobial activity of the CNF-PPy-Ag biocomposite films inhibited the
growth of Gram-positive bacteria, which correlated with the silver content in the
films. The biocomposite films are therefore promising candidates for antimicrobial
patches in wound healing application.

The CNFs was found to possess tangled network structure, which may found
potential application in biomedical scaffolds or matrices. The highly porous CNF-
based scaffolds with tunable structures were designed towards tissue engineering
scaffold and 3D cell culture study. The porous structure and mechanical properties
of the scaffolds can be tuned by judiciously controlling the CNF intrinsic properties
(charge density and aspect ratio) and processing parameters (swelling temperature,
pH, and wet and hot press treatments). The formation of the CNF-based scaffolds
provided a novel approach to encapsulate and distribute the cells into the matrices.
The CNF-based 3D scaffolds, especially the CNF films with low surface charge
density, were found to facilitate the encapsulated Hela cells and Jurkat cells for
ingrowth, survival, and proliferation.
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The controllable swelling property of the CNF films opens the opportunity to
incorporate biomolecules, such as polysaccharides, protein, DNA, bioactive
molecules, and even living cells, into the CNF network for further biomedical
application. In this work, different types of hemicelluloses were incorporated into
the CNF network in two approaches (pre-sorption and in-situ sorption) with the
purpose to tune the mechanical stiffness of the CNF-based composite hydrogel and
their suitability for wound healing and tissue engineering. The charge density of
the CNFs was found to play a key role in the hemicellulose incorporation, in the
surface topography and roughness of the composite films, in the swelling of the
composite hydrogels, in the mechanical strength of composite hydrogels, and in
the biocompatibility of the composite hydrogel scaffolds. The mechanical
properties of the composite hydrogel may have an influence on the cells viability
during cell culture. The incorporated hemicelluloses showed molecular structural
and dosage dependent reinforcing effects on the mechanical strength of the
composite hydrogels. The XG showed the highest adsorption capacity onto the
CNFs, the highest reinforcement effect, and the best biocompatibility. The pre-
sorption of XG into the LC-CNF with a ratio 90:10 (CNF:XG) shows potential as
scaffolds to support fibroblast cell growth and proliferation for wound healing
application.

The growing demand of green and sustainable materials that are made from
renewable biomass has drawn worldwide attention in the development of
biorefinery. Nanocellulose production from a biomass in a novel biorefinery
concept shows potential to meet this demand. Although the potential biomedical or
pharmaceutical application of nanocellulose is still in its early development stages,
there are already been identified and demonstrated in the lab. The challenge is to
scale up and demonstrate the applicable value and to find the end-user so as to
bring these new materials into the market.
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