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Cellulose nanofibrils (CNFs) are emerging nanomaterials for such
biomedical applications as cell culture platform and biomaterials in
context of tissue engineering, thanks to their outstanding properties
including bio-renewability, hydrophilicity, excellent mechanical strength
and high surface area and aspect ratio originated from their
nanodimensions.

This current master thesis work prepared CNF via 2,2,6,6-
tetramethylpiperidine 1-oxyl radial (TEMPO) oxidation from a birch kraft
pulp. The prepared CNF was elaborately characterised with material
properties including the dry content, the surface charge density and the
contents of reactive carboxylic acid groups and aldehyde groups
introduced to the surface. A series of biopolymers of native
galactoglucomannan (GGM) and its derivatives with polydimethylsiloxane
were used to modify the CNF surface via the specific adsorption of the
GGM block in the biopolymers to the cellulose surface. The adsorption of
the GGM derivatives to the CNF was quantified by methanolysis in
combination with gas chromatographic analysis.




Depending on the molecular structure in the GGM derivatives, these
hemicellulose biopolymers rendered different wetting properties with
adsorption onto the CNF membrane as characterised by contact angle
measurements. Using a sequential solvent exchange process and freeze-
drying method, aerogels were prepared out of all modified CNF
membranes. Meanwhile, the adsorption of GGM derivatives onto CNF
surface altered the fiber-fiber interactions to endow distinct topographical
features compared with that in plain CNF aerogel.
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1. Introduction

Over the last decades, the incredible demand of raw materials for
industrial production has led to drastic environmental problems. Climate
change, greenhouse gas emissions, water pollution, soil contamination,
deforestation, and overexploitation of non-renewable resources have
become major issues on our planet and present significant challenges for
our society (Du et al., 2017). Therefore, society demands companies to be
environmentally friendly and requires cleaner productions and green
products, because environmental sustainability depends on industrial
behaviour and utilization of natural resources (Sarmento et al., 2005). In
this scenario, bio-based materials have gained importance in replacement
of the petroleum-based chemicals and materials (Zasadowski et al., 2014).
The bio-based materials refer to the products whose main constituents
are originally derived from living organisms (Razavi, 2018), which
nowadays have been applied not only in traditional applications such as
packaging and consumer goods but also in more value-added ones of
electronics and pharmaceutics.

Wood-derived biopolymers, including cellulose, hemicelluloses, and lignin
can be obtained in high volume and purity via modern biorefinery
approaches. Cellulose is the most abundant natural polymer on earth and
it has been traditionally applied as textile and paper in our daily life. In the
most recent decade, cellulose in nanoscale dimensions has been exploited
as a new generation of nanomaterials in various disciplines.
Nanocelluloses have received renewed interests mainly due to their high
specific surface area and aspect ratio resulted from the nano-sized
dimension, as well as high stiffness of crystalline domains. Meanwhile, the
abundant hydroxyl groups in the glucose unit provide sites for a broad
spectrum of relevant chemical modifications to introduce functional
groups as desired in specific applications. Given these outstanding
material properties and derivation capabilities, nanocelluloses display a
broad range of applicability as nanofillers in advanced composite
materials, carrier of high surface area for catalysts, template for chiral
nematic photonics, and so on. More specifically, cellulosic nanomaterials
have shown great potential in such biomedical applications as cell culture
platforms and soft tissue engineering constructs owning to their excellent
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biocompatibility and the structural similarity between cellulose nanofibrils
(CNFs) in hydrogel form and the extracellular matrix (ECM).

As exploited in recent years, wood-derived nanocellulose scaffolds in
hydrogel form can be engineered to incorporate the cells and drugs and
act as analogues to ECM found in soft tissues, that plays a pivotal role in
determining the phenotype of cells (Bhattacharya et al., 2012). Hydrogels
are important due to their structural and compositional similarities to
ECM in terms of viscoelastic and diffusive transport characteristics. In
hydrogels, a network of interconnected pores enables retention of high
water content, and efficient transport of oxygen, nutrients and waste
products. As a mimicking to ECM, tissue engineering scaffolds offer an
artificial microenvironment to provide an appropriate surface and
adequate spaces to foster and direct cellular attachment, migration,
proliferation, and desired differentiation to specific cells in three
dimensions, thus in the end to promote new tissue formation (Wan et al.,
2011; Liu et al., 2016).

This master thesis work is focused on using a series of hemicellulose
derivatives to modify the surface hydrophilicity of the CNF hydrogel via
the biomimetic adsorption between hemicellulose and cellulose
molecules. The aim is to investigate the correlation between the surface
hydrophilicity of CNF hydrogel and the relevant cell attachment and
proliferative behaviour.
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2. Review

2.1 Wood

Wood is an organic material, mainly composed of cellulose and
hemicelluloses built in a lignin matrix. It is commonly classified into two
categories: hardwood (dicotyledons) and softwood (conifers). The wood
fibers are made of cellulose (around 50%), hemicelluloses (around 25%)
and lignin (around 25%). Lignin offers some protection to the wood from
being degraded by common cellulolytic micro-organisms. There are two
main forms: guaiacyl and syringyl lignin (Nilsson & Rowell, 2012). Wood
cells give the tree the structural and physical properties, and are divided
into primary and secondary layers, illustrated in Figure 1. The secondary
layer is subdivided into S1, S; and Sz layers. The S; has the greatest
influence in determining the properties of wood, because it occupies the
largest volume of the cell wall (Rowell, 2012).

There are 5 different parts in the tree macro structure:

- Bark: Protects the tree from mechanical injuries and biological
attacks

- Cambium: Located between bark and xylem (wood)

- Sapwood: Younger wood, living tissue. Water and nutrients are
conducted from the roots to the leaves

- Heartwood: Due to chemical transformation and closing of pores
this is the most resistant wood

- Pith: Is the central part

12
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Figure 1. Schematic structure of wood fibers (Dinwoodie et al., 1989)

2.2 Lignin

In nature, lignin presents a complex three-dimensional amorphous
structure, arising from enzymatic dehydrogenative polymerization of
three different cinnamyl alcohol monomers: sinapyl alcohol (syringyl (S)
units), coniferyl alcohol (guaiacyl (G) units) and p-coumaryl alcohol (p-
hydroxyphenyl (H) units) (Ralph et al., 2004; Mei et al., 2018).

Lignin accounts for approximately 30% of the organic carbon in the
biosphere, and it is the second most abundant biopolymer of
lignocellulosic biomass, after cellulose (Boerjan et al., 2003). It is
commonly distributed in combination with hemicelluloses around the
cellulose strands in primary and secondary cell walls, and it is covalently
bonded to the carbohydrate/cellulose structure, as shown in Figure 2
(Doherty et al., 2011). Lignin acts primarily as a structural component, by
adding strength and rigidity to the cell walls, but it also allows the
transport of water and solutes through the vasculature system of the
plants and provides physical barriers against invasions by phytopathogens,
and other environmental stresses. It can also prevent the degradation of
structural polysaccharides by its hydrolytic properties that influence cell
wall degradability (Boerjan et al., 2003; Figueiredo et al., 2018).
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Hemicellolose

Cellulose

Figure 2. Lignin distribution in lignocellulosic biomass (Doherty et al.,

2011)

2.3 Hemicellulose

Hemicelluloses are soluble, branched and amorphous
heteropolysaccharides, the majority of which are xylans in hardwoods and
GGM’s in softwood (Xu et al., 2018b. Hemicelluloses are present along
cellulose in almost all plant cell walls. As well as cellulose, hemicellulose
function as supporting material in the cell wall. After being fractioned
from woody biomasses, the high physical affinity between hemicelluloses
and cellulose surface is retained. This gives the hemicelluloses an
applicable niche as anchor polymers to engineer the surface of cellulose
fibers (Xu et al., 2018b). In contrast to cellulose, hemicelluloses:

Are heteropolymers made up of monosaccharides such

as pentoses, hexoses and uronic acids. The various types can vary
widely with different plants and is sometimes used to classify the
plant order (Mussatto & Teixeira, 2010)

Might have a branched main chain. This amount of and types of
branching varies depending on the source of the feedstock
(Limayem & Rickie, 2012)

Have a lower degree of polymerization (DP), between 100 to 400
Are amorphous

Might be soluble in water (Hendriks & Zeeman, 2009)
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The main chain of hemicelluloseS consists of either one sugar unit or two
or more units. In hardwood, xylans are the major hemicellulose type, at
around 80-90%. As an example, about 15-30% of the dry wood in birch is
O-acetyl-4-0O-methylglucuronoxylans. Pectins, rhamnoarabinogalactans
and galactans are found in smaller amounts.

The water-soluble O-acetyl-galactoglucomannans are the main
hemicellulose type in most softwood species, and they account for 10-20%
of the wood material (Sjostrom, 1993). As schematically illustrated in
Figure 3, the GGM consists of a main chain of randomly distributed

(1 - 4)-linked B-pD-mannospyranosyl and (1 - 4)-linked B-D-
glucopyranosyl units. (1 = 6)-linked a-galactopyranosyl and -
galactopyranosyl units occur as single-unit side chains attached to both
the mannose and glucose units in the main chain (Willfoér et al., 2003; Xu
et al., 2009). The degree of polymerization has been reported at between
100 and 150 and the molecular weights have been reported between
16000 and 24000 Da (Lundqvist et al., 2002). The water solubility of
galactoglucomannans increases with increasing content and degree of
branching of galactose (Capek et al., 2000; Ebringerova, 2005; Naidu et al.,
2018).

Hydrophilic biopolymers may be altered hydrophobic by appropriate
modifications either by physical treatment or chemical reactions applied
to the surface (Cunha & Gandini, 2010).

In a previous doctoral thesis work by Dr. Daniel Dax (2014) performed in
the Laboratory of Wood and Paper Chemistry, GGM was converted with a
diamino polydimethylsiloxane (NH,-PDMS-NH>) in order to generate an
amphiphilic GGM-block-structured derivative with a longer hydrophobic
tail, as is shown in Figure 4. These GGM derivatives with PDMS in different
block types is suitable for use as the anchor polymers to engineer the
surface of cellulose fibers in terms of the surface hydrophilicity due to the
instinct hydrophobicity of PDMS.
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Figure 3. Most important hemicelluloses in softwoods: a) xylan, b)

glucomannan (Dutta et al., 2012)
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Figure 4. lllustration of the synthesis of the GGM-block-PDMS and GGM-
PDMS-GGM triblock copolymer (Dax, 2014)
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2.4 Cellulose

Cellulose is the most abundant organic biopolymer on earth and can be
found in all trees, with the content varying from cotton (90%) to wood
(50%) or bacteria (25%). It is the main component in products such as
paper and is also used as raw materials for other products such as
explosives, shampoo, pharmaceuticals, etc. It is produced in large amount
from wood to produce paper and pulp (Klemm & Heublein, 2005)

Cellulose is a polysaccharide exclusively composed by a linear chain of B
(1->4) linked D-glucose units, coupled two by two forming cellobiose
units. Due to the presence of multiple intra- and intermolecular hydrogen
bonds between the -OH groups in the same or different cellulose
molecules, the cellulose chains firmly hold together side by side and form
microfibrils with high tensile strength. There exists both high crystalline
regions and amorphous regions in the microfibrils. The degree of
polymerization, n, is found to vary between 10000 and 15000 where n is
dependent on the cellulosic source material (Bajpai, 2017).

OH | HOH-C R
HO 7~ 7 N -
) / QO 4
Lo R 4A/A - HO
~ o / ®) HO - \
HOH-C OH !

Figure 5. Molecular structure of cellulose (Bajpai, 2017)

Cellulose is insoluble in water due to the extensive formation of hydrogen
bonds. The OH groups in the ends have different chemical behaviour
(Figure 5). The C1-OH, to the right, is an aldehyde group with reducing
properties and can be in open form. The C4-OH, to the left, is an alcoholic
hydroxyl and with non-reducing properties.
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2.5 Nanocellulose

Nanocelluloses are the cellulosic materials with defined dimensions on
nanoscale, which can be derived from various cellulosic raw materials via
chemical or physical treatments of different means (Klemm et al., 2011).
With respect to the material morphology and the preparation means,
nanocellulose can be derived into three types: cellulose nanofibrils (CNFs),
cellulose nanocrystals (CNCs), and bacterial nanocellulose (BNC). Structure
and properties of nanocellulose that are important include (Gardner et al.,
2008; Lokanathan et al., 2017):

- Crystalline structure

- Morphology

- Surface properties

- Chemical and physical properties
- Properties in liquid suspension

Mechanical properties of nanocellulose are better than their
lignocellulosic source biomass materials because of more uniform
morphological structure. The average modulus of nanocellulose is 100
GPa, which is much higher than the base cellulosic materials (Dufresne,
2013).

2.5.1 Cellulose nanofibrils

CNF, refers to the nanosized cellulose fibers, produced from wood fiber
and plant fiber (Moon et al., 2011), that are disintegrated by exposing the
pulp to high shear forces in a mechanical grinding of cellulose fibers.
Cellulose microfibrils are biosynthesized by enzymes and they consist
mainly of a crystalline cellulose core surrounded by hemicelluloses
(Ramires & Dufresne, 2012). Chemical and enzymatic pretreatments can
be done as well to help this fibers disintegration and to reduce the energy
consumption. The nanofibrillated material consists of interconnected
fibrils and microfibrils, whose width is 10-100 nm and length varies from
100 nm to several micrometers depending on the source of cellulose
(Besbes et al., 2011).
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The structure of CNF is not homogeneous and can consist in several
components. Certain problems occur when trying to determine the fibril
lengths due to difficulties to determine both ends.

2.5.2 Cellulose nanocrystals

CNGs, also known as nanowhiskers, are rod-like cellulose nanomaterials of
high crystallinity, which can be obtained from native fibers after acid
hydrolysis to remove the amorphous regions. Commonly, strong mineral
acids such as sulfuric acid, hydrochloric acid, phosphoric acid, and nitric
acid are used (Seabra et al., 2018). Taking the method sustainability, as
well as the economic aspects, into considerations, such organic acids as
oxalic acid and maleic acid have been used to conduct the hydrolysis.
Compared with CNF, CNC is intrinsically crystalline and rigid due to the
solely retaining of the crystalline regions by removal of the amorphous
regions in the native fiber structure via hydrolysis (Charreau et al., 2013;
Salas et al., 2014). Depending on the source material and hydrolysis
conditions (time and temperature), the dimensions of CNC vary a bit but
with the diameter of 5-8 nm and length of 150 to 300 nm (Dash et al.,
2012).

Presently, the research interests in CNCs in material science are raised
upon their nanorod-like morphology and ultrastrong mechanical
properties. The crystalline cellulose has a stiffness modulus in the order of
140-220 GPa, which is in the same magnitude as, for example, the
synthetic Kevlar fibers, and is better than, for example, glass fibers. Both
Kevlar fiber and glass fiber are being used commercially to reinforce
plastics (Bajpai, 2017). Therefore, CNCs possess great potential as
nanofiller materials. Owing to their nano-features, CNCs also have a high
surface area as well as a low density of about 1.6 g/cm?3, which give strong
applicable aspects of CNCs in constructing lightweight and advanced
functional materials.
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2.5.3 Bacterial nanocellulose

BNC is an emerging cellulosic nanomaterial with unique properties
produced by several species of bacteria, Gluconacetobacter xylinus being
the most important one (Klemm et al., 2006; Gatenholm et al., 2010;
Corral et al., 2017). It is also a green source for CNC preparation due to its
environmentally friendly properties, such as renewability and cost-
effective aspect, biocompatibility, biofunctionality and lack of toxicity
(Jozala et al., 2016). This fine structure makes BNC different from other
microbial polysaccharides, producing high water holding capacity, high
tensile strength, high purity, and flexibility (Iguchi et al., 2000; Mondal,
2017). BNC has been used for a wide variety of applications such as
textiles, cosmetics, food products, and medical applications. It may be
used as a thickening, stabilizing, gelling, or suspending agent to produce a
variety of low-calorie foods (Shi et al., 2014).

2.6 Hydrogels and aerogels

The three classical phases of matter on Earth are solid, liquid, and gas, but
the hydrogels are neither solid, liquid, nor gas. Like solids, hydrogels flow
and like liquid, small molecules diffuse through a hydrogel but can have
properties ranging from soft and weak to hard and tough (Paleos, 2012).
The definition given by Dorothy Jordan in 1926 stated that “the colloidal
condition, the gel, one which is easier to recognize than to define” (Lloyd,
1926). Researchers, over the years, have defined hydrogels in many
different ways. Hydrogels, best described as fibrous networks

of crosslinked polymers that contain large amounts of water, produced by
the simple reaction of one or more monomers (Ahmed, 2015; Sathawong
et al., 2018). Another definition is that it is a polymeric material that
exhibits the ability to swell and retain a significant fraction of water within
its structure, but will not dissolve in water (Thomas, 2012).

Hydrogels have received considerable attention in the past 50 years, due
to their exceptional promise in wide range of applications (Buchholz &
Graham, 1998). Hydrogels are currently viewed as water insoluble,
crosslinked, three dimensional networks of polymer chains plus water that
fills the voids between those chains (Wang, 2018). It is the crosslinking
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that provides the structure (mechanical strength) and facilitates
insolubility in water (Anseth et al., 1996; Del Valle et al., 2017). The ability
of a hydrogel to hold significant amount of water implies that the polymer
chain must have at least moderate hydrophilic character. By weight,
hydrogels are mostly liquid.

There are different ways to classify hydrogels (Ahmed, 2015):
e C(Classification based on source

Hydrogels can be classified into two groups based on their natural or
synthetic origins (Wen et al., 2013).

e Classification according to polymeric composition

The method of preparation leads to formations of some important classes
of hydrogels. These can be exemplified by the following:

- Homopolymeric hydrogels are referred to polymer network derived from
a single species of monomer, which is a basic structural unit comprising of
any polymer network (Takashi et al., 2007). Homopolymers may have
cross-linked skeletal structure depending on the nature of the monomer
and polymerization technique.

- Copolymeric hydrogels are comprised of two or more different
monomer species with at least one hydrophilic component, arranged in a
random, block or alternating configuration along the chain of the polymer
network (Yang et al., 2002).

- Multipolymer interpenetrating polymeric hydrogel (IPN), an important
class of hydrogels, is made of two independent cross-linked synthetic
and/or natural polymer component, contained in a network form. In semi-
IPN hydrogel, one component is a cross-linked polymer and other
component is a non-cross-linked polymer (Maolin et al., 2000).

e Classification based on configuration

The classification of hydrogels depends on their physical structure and
chemical composition can be classified as follows:

- Amorphous (non-crystalline).

- Semicrystalline: A complex mixture of amorphous and crystalline phases.
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- Crystalline.
e C(lassification based on type of cross-linking

Hydrogels can be divided into two categories based on the chemical or
physical nature of the cross-link junctions. Chemically cross-linked
networks have permanent junctions, while physical networks have
transient junctions that arise from either polymer chain entanglements or
physical interactions such as ionic interactions, hydrogen bonds, or
hydrophobic interactions (Hacker & Mikos, 2011).

e C(Classification based on physical appearance

Hydrogels appearance as matrix, film, or microsphere depends on the
technique of polymerization involved in the preparation process.

e C(Classification according to network electrical charge

Hydrogels may be categorized into four groups on the basis of presence or
absence of electrical charge located on the cross-linked chains:

- Nonionic (neutral).
- lonic (including anionic or cationic).

- Amphoteric electrolyte (ampholytic) containing both acidic and basic
groups.

- Zwitterionic (polybetaines) containing both anionic and cationic groups
in each structural repeating unit.

With the establishment of the first synthetic hydrogels by Wichterle and
Lim in 1954 (Wichterle & Lim, 1960), the hydrogel technologies may be
applied to hygienic products, drug delivery systems (Bajpai et al., 2008),
sealing, artificial snow, agriculture, coal dewatering, food additives,
pharmaceuticals, biomedical applications, tissue engineering (Khan et al.,
2009) and regenerative medicines diagnostics, wound dressing, separation
of biomolecules or cells and barrier materials to regulate biological
adhesions, and biosensors (Krsko et al., 2009; Chang et al., 2011; Ahmed,
2015).
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Aerogel is a colloidal material, derived from hydrogel, but in which the
liqguid component has been replaced by gas by performing freeze-drying.
Essentially an aerogel is a dry, porous, but intact solid framework of a
hydrogel of low-density (between 0.0011 to 0.5 g/cm3). Within the aerogel
structure there is very little solid material, with up to 99.8% of the
structure consisting of nothing but gas (De France et al., 2017). The
majority of the aerogels are composed of silica, but carbon, iron oxide,
organic polymers, semiconductor nanostructures, gold, and copper can
also form aerogels. The aerogels possess favourable properties such as
low mean free path diffusion, high specific surface area, low thermal
conductivity, low sound speed and low refractive index and dielectric
constant (Thomas, 2012).

As aerogel has such diverse chemical and physical properties, it is no
surprise that it also has a wide range of applications. Aerogels have been
used since the 1960’s as the insulating material in spacesuits of NASA
astronauts. NASA used it as well in the early 21th century to capture space
dust aboard the Stardust spacecraft. Other applications:

- Chemical adsorber for cleaning up spills

- Thickening agents in paints and cosmetics

- As a drug delivery system owing to its biocompatibility
- In water purification

- Thermal insulation

2.7 Nanocellulose preparation

Nanocellulose can be prepared from wood that was the first material
utilized for the CNF production, and from all kind of lignocellulosic
biomass. Renewable and biodegradable CNF reinforced composite
materials are under extensive development and serve as a generation of
sustainable and green materials in vast applications (Kalia et al., 2011).
More importantly, cellulose nanomaterials add properties like high
mechanical characteristics but in-low density (De Mesquita el al., 2010;
Abdul Khalil et al., 2014).

CNF can be prepared by homogenization, using high pressure
homogenizers as well as ultrasonic homogenizers, grinders and
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microfluidizers (Jonoobi et al., 2015). The challenging aspect with the
mechanical processes is the high energy consumption, since a large
number of cycles are needed to defibrillate the fibers (Mishra et al., 2018).
Therefore, the mechanical method can be further combined with certain
pre-treatments to reduce the energy consumption (Zhang et al., 2012;
Abdul Khalil et al., 2014). Those pre-treatments include TEMPO oxidation,
enzymatic treatment (Lopez-Rubio et al., 2007), or alkaline acid pre-
treatment (Alemdar & Sain, 2008).

2.7.1 Mechanical treatments

High pressure homogenization (HPH)

This process includes passing the cellulose slurry at high pressure into a
vessel through a very small nozzle. High speed and pressure as well as
impact and shear forces decrease the size of fibers to nanoscale (Frone et
al., 2011a; Xu et al., 2018a). HPH can be considered as an efficient method
for refining of cellulosic fibers because of high its efficiency, simplicity and
no need for organic solvents (Keeratiurai & Corredig, 2009; Lee et al.,
2009). The clogging problem due to its very small orifice size can be
overcomed by reducing the fiber size before passing through HPH,
therefore, mechanical pretreatments, like refining and grinding, are used
before HPH (Abdul Khalil et al., 2014).

Microfluidization

Microfluidization functions like HPH, but includes intensifier pump to
increase the pressure and interaction chamber to defibrillate the fibers
using shear and impact forces against colliding streams and the channel
walls (Ferrer et al., 2012). Several passes are necessary in order to reach a
high degree of fibrillation. The morphological characterizations
demonstrate that microfluidization can generate cellulose nanofibers with
more homogenous size distribution than HPH (Abdul Khalil et al., 2014).
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Grinding

In the grinding equipment, there are two static and rotating grindstones
and pulp slurry passes between these two stones. The mechanism of
fibrillation in the grinder is to break down hydrogen bonds and cell wall
structure by shear forces and individualization of nanoscale cellulose
fibers (Siré & Plackett, 2010). Compared to the HPH process, less passes
are required to obtain the defibrillation, but the crystallinity of cellulose
nanofibers decreases with the increase of passing time (Abdul Khalil et al.,
2014).

Cryocrushing

Cryocrushing is another method for mechanical fibrillation of cellulose. In
this process, water swollen cellulosic fibers are immersed in liquid
nitrogen and subsequently crushed by mortar and pestle (Frone et al.,
2011b). High impact forces are applied to the frozen cellulosic fibers leads
to rupture of cell wall due to exert pressure by ice crystals and thus
liberates the nanofibers (Siré & Plackett, 2010).

High intensity ultrasonication

In this mechanical process, oscillating power is used to isolate cellulose
fibrils by hydrodynamic forces of ultrasound (Cheng et al., 2009). During
the process, cavitation leads to a powerful mechanical oscillating power
and therefore, high intensive waves, which consists of formation,
expansion and implosion of microscopic gas bubbles when molecules
absorb ultrasonic energy (Chen et al., 2013).

All these methods involve high energy consumption, which can cause the
decrease in both the yield and the fibril length. Researches are focused on
finding environmentally friendly means of high efficiency and low cost to
isolate nanocellulose (Abdul Khalil et al., 2014).

2.7.2 Pre-treatments
Energy consumption is the main drawback of the production of nanofibers
by mechanical isolation processes. However, less energy utilization leads
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to less defibrillation of cellulosic fibers and lower production of nanofibers
(Chinga-Carrasco, 2011). Therefore, chemical pre-treatments are
performed before mechanical defibrillation to promote the accessibility of
hydroxyl groups, to increase the inner surface, to alter crystallinity and to
break cellulose hydrogen bonds and consequently, to boost the reactivity
of the fibers (Abdul Khalil et al., 2014). The two main pretreatments are
enzymatic and TEMPO-mediated oxidation (Missoum et al., 2013)

Enzymatic bio-treatment

Enzymes of specific activity are used to modify or degrade lignin and
hemicelluloses while maintaining the cellulose portion. On the other hand,
enzymes can also help in restrictive hydrolysis of several elements or
selective hydrolysis of specified units in the cellulosic fibers (Janardhnan &
Sain, 2006).

Wood fibers contain several organic compounds and a single enzyme
cannot degrade the fibers. Commonly, a set of cellulases are involved and
are categorized (Henriksson et al., 2007):

- Cellobiohydrolases: A and B type cellulases, which attack specifically
the crystalline regions in cellulose

- Endoglucanases: C and D type cellulases, which attack the
disordered regions in cellulose

Alkaline acid treatment

Alkaline acid pretreatment is used before mechanical isolation of CNF for
solubilization of lignin, hemicelluloses and pectins (Alemdar & Sain, 2008).
This pretreatment includes three steps (Bhatnagar & Sain, 2005):

- Soaking fibers in 12-17.5 wt% sodium hydroxides (NaOH) solution
for 2 hin order to raise the surface area of cellulosic fibers, and to
make it more susceptible to hydrolysis

- Hydrolysing the fibers with hydrochloric acid (HCL) solution for 1 M
at 60-80 °C to solubilize the hemicelluloses

- Treating the fibers with 2 wt% NaOH solution for 2 h at 60-80 °C
would disrupt the lignin structure, and would also degrade the
linkages between carbohydrate and lignin
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TEMPO oxidation

2,2,6,6-Tetramethylpiperidine-1-oxyl (TEMPO) oxidation is a kind of
pretreatments that facilitates the isolation of nanofibers by selectively
introduces carboxyl (acidic) groups at the C6 of glucose unit (lwamoto et
al., 2011). Interestingly, TEMPO-oxidation does not affect the structural
properties of the nanocelluloses (Habibi et al., 2006). The mechanism of
TEMPO oxidization of cellulose is illustrated in Figure 6. The approach
employs sodium hypochlorite (NaClO) as an oxidation reagent, with
catalytic amount of TEMPO and sodium bromide (NaBr) (Saito et al.,
2009). In this oxidation reaction, the nature of resultant materials was
extremely dependent on the initial materials. When native cellulose is
used, even under harsh conditions, the oxidation happens only at the
surface, and it would become negatively charged, whereas

using mercerized and regenerated cellulose, a water-soluble salt can be
obtained as the oxidized product (Siré & Plackett, 2010; Abdul Khalil et al.,
2014).

5 NaBr « o)
0 £ OH o _NCIO _ "o 0oH 0
N\ pH = 10-11 3
OH OH
Celiulose

Figure 6. TEMPO oxidization of cellulose (Isogai & Kato, 1998)

Rheological properties of TEMPO-oxidized CNF have been studied
(Lasseuguette et al., 2008). The suspensions exhibited thixotropic and
pseudo-plastic behaviour. Up to 0.23% as a critical concentration, viscosity
of the suspension was proportional to the concentration. Below that level,
the suspension was more Newtonian whereas it showed shear thinning
behaviour above this concentration (Abdul Khalil et al., 2014).

Sequential periodate-chlorite oxidation was employed as an efficient and
new pretreatment and was introduced to boost the nanofibrillation of
hardwood through homogenization (Liimatainen et al., 2012) . The
oxidization process includes oxidizing hydroxyl groups to aldehyde groups
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followed by oxidizing these aldehyde groups to carboxyl groups. In this
system, sodium hypochlorite oxidizes TEMPO molecules into the
corresponding N-oxoammonium ions, which then rapidly oxidize the
primary hydroxyls to aldehydes. Sodium chlorite is used as the primary
oxidant and this immediately oxidizes the formed aldehyde groups into
carboxylic groups (Tanaka et al., 2012).

Some authors identify methods to avoid depolymerization during TEMPO
reactions. For example, Shibata & Isogai (2003) observed that hydroxyl
radicals formed from NaBrO and TEMPO at pH 10-11 can cause
depolymerization during oxidation, and that some scavengers of reactive
species could only partially suppress the depolymerization. Shinoda, Saito,
Okita, and Isogai (2012) related the concentration of NaClO concentration
with carboxylate content and the degree of polymerization (DP) of
cellulose nanofibrils. The authors assumed that C6-aldehyde formed as an
intermediate structure of TEMPO-oxidation could be associated with a B-
elimination process, and that the elimination of such intermediates, due
to post-oxidation or reduction of aldehydes formed, reduced such effect
(Spier et al., 2017).

Enzymatic oxidation, shown in Figure 7, using galactose oxidase is even
more selective than the TEMPO mediated oxidation and only specific
sugar units can be targeted resulting in well-defined products (Parikka et
al., 2009).

Figure 7.Enzymatic oxidation (Parikka et al., 2009)
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3. Materials and methods

3.1 Materials

Bleached birch kraft pulp (BKP), which was used in this work, is a
predictably refined birch pulp that provides good strength, structure and
surface properties. Bright and clean fibre structure helps to avoid any
vessel picking problems that might be encountered.

Native GGM and two of its derivatives with PDMS were used in this work.
The GGM fraction with a molar mass of 4.7 kDa is referred as GGMS5 (1); AB
type copolymer of GGM and PDMS with an average molar mass of 5.6 kDa
is referred as GGM5-PDMS-NH; (Il); ABA type copolymer of GGM and
PDMS with an average molar mass of 10.3 kDa is referred as GGM5-PDMS-
GGMS5 (ll1). The molar mass of the diamino-terminated PDMS (NH,-PDMS-
NH>) is 900 Da (Lozhechnikova et al., 2014). The native GGM and its
derivatives are shown in Figure 8.

The other chemicals were used as received from commercial suppliers
without further purification in the nanocellulose preparation and
characterisation, which included TEMPO, NaBr, NaOH, NaClO, EtOH, HClI,
NaCl, tert-butanol, acetic acid and NaClO..

For the methanolysis and gas chromatography (GC) analysis, pyridine,
carbohydrate calibration solution (0.1 mg/ml in MeOH), methanolysis
reagent (waterfree 2 M HCl in MeOH), internal standard solution (0.1
mg/mL sorbitol and resorcinol in MeOH), hexamethyldisilazane (HDMS),
trymethyl chlorosilane (TCMS) were also used as received from
commercial suppliers without further purification.

Figure 8. A) GGM5; B) GGM5-PDMS-NH;; C) GGM5-PDMS-GGM5
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3.2 Methods and determinations

3.2.1 Preparation of CNF via TEMPO oxidation

The CNF hydrogel was prepared via TEMPO-mediated oxidation followed
by mechanical defibrillation in a high-pressure homogenizer. In detail, 5
grams o.d. of bleached birch kraft pulp is mixed in 250 mL of distilled
water using a domestic blender for a couple of minutes. The suspension
was then stirred overnight at room temperature. 100 mL solution
containing 32 mg of TEMPO (0.1 mmol/g fiber) and 200 mg of sodium
bromide was mixed with the dispersed fiber suspension. The addition of
0.5 M NaOH was necessary to adjust the pH of the suspension to around
10.

The oxidation was initiated by adding the desired amount of 10% NaClO
dropwise. 16.76 mL of NaClO was added within the one third of the
designated reaction time while the pH should be maintained at 10.5 by
the addition of 0.5 M NaOH. When no NaOH consumption was observed,
the reaction was assumed to reach equilibrium. Typically, the total
reaction time was around 5 hours.

The next step continued with washing of the TEMPO-oxidized cellulose.
The oxidized cellulose was precipitated in ethanol with a ratio of 1:3 (v/v).
In first cycle of centrifugation, the residual ethanol was removed. Then,
the oxidized cellulose was intensively washed with deionized water in the
other three cycles of centrifugation. The oxidized cellulose was
defibrillated by a domestic blender during 2 min at high speed to obtain a
hydrogel-gel like consistency of the CNF suspension. As the last step, the
CNF hydrogel was subjected to mechanical homogenization with ATS-100
homogenizer in order to obtain more homogeneously defibrillation in the
CNF hydrogel. Due to high shear forces as well as high speed and pressure,
nanofibrils were obtained.

3.2.2 Determination of dry content

Dry content determination was necessary to perform the following
experiments. 3 samples of CNF were taken from the batch, weighed and
set in 3 different aluminium covers, previously weighed. The samples were
left in the oven at 107° C overnight and after 15 minutes cooling in a
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desiccator, were weighed. Dry content of the 3 samples were obtained as
well as the average dry content and standard deviation.

3.2.3 Determination of content of carboxylic acid and aldehyde groups
Conductometric titration was applied in order to determine the carboxylic
acid group content. In detail, 50 mg o.d. of CNF were diluted to 0.1% (w/v)
in water and 2 mL of 0.1 M HCl was added to exchange the sodium ions
bound to the carboxyl groups by protons. In addition, 1 mL of 0.5 M NaCl
was added to promote the dynamic distribution equilibrium of the ions
and the slurry was sufficiently stirred for one and a half hour before
titration. When a stable suspension was obtained, the mixture was
titrated with 0.1 M NaOH at the rate of 0.1 mL/min as well as the
conductivity and pH of the CNF suspension were registered during the
titration. The carboxylic acid group content of the sample was then
elaborated from a plotted curve of the conductivity vs consumption of
NaOH. As is shown in Figure 9, results from the titration were plotted.
From the 3 flat lines, 2 intersection points between the 3 flat lines gave 2
values on the X axis. The difference between these two values of
consumption of NaOH was deemed to correspond with the content of

COOH groups.
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Figure 9. Plotted curve of the conductivity (Y axis) vs NaOH consumption
(X axis)
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The principle of conductometric titration is based on the fact that during
the titration, one of the ions is replaced by the other and invariably these
two ions differ in the ionic conductivity with the result that the
conductivity of the solution varies during the course of the titration. The
equivalence point may be located graphically by plotting the change in
conductance as a function of the volume of titrant added. In order to
reduce the influence of errors in the conductometric titration to a
minimum, the angle between the two branches of the titration curve
should be as small as possible. If the angle is very obtuse, a small error in
the conductance data can cause a large deviation.

For the determination of the aldehyde group, further oxidation of the
aldehyde groups on the fiber into carboxylic acid groups was performed.
In detail, 0.28 gram of NaClO, was added into a CNF solution, in which the
amount of CNF in dry content corresponded to 250 mg, and the CNF
solution was then diluted into 150 mL with distilled water. The pH of the
suspension was kept between 4 and 5 with a 5 M aqueous acetic acid
solution. The reaction run over 45 hours under stirring at room
temperature. After that, the NaClO; treated cellulose was washed
thoroughly with distilled water by filtration. At last, a second titration was
performed for the CNF suspension after the oxidation of aldehyde groups
into carboxylic acid groups. The difference of carboxylic acid group
content as determined in the first titration and in the second titration
after oxidation are the content of aldehyde groups on the fiber surface of
CNF, which are introduced in the TEMPO-mediated oxidation of cellulose.

3.2.4 Preparation of CNF hydrogels and aerogels

Four different types of hydrogels and aerogels were made in this work: i)
CNF; ii) CNF modified by native GGMD5, abbreviated as CNF+GGMS5; iii) CNF
modified by a GGM derivative with PDMS in AB block type, abbreviated as
CNF + GGM5-PDMS-NH;; iv) CNF modified by a GGM derivative with PDMS
but in ABA block type, abbreviated as CNF + GGM5-PDMS-GGMS5. The first
step to obtain the hydrogels, and after that the aerogels, is the creation of
a membrane.

- CNF membrane: 300 mg o.d. of CNF was mixed into deionized water to
make 0.1% suspension and stirred for half an hour. The CNF suspension
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was filtered using a Millipore vacuum filtration system with a mixed
cellulose ester membrane filter. The dense hydrogel of CNF formed on the
top of the filter membrane was removed carefully, dried under a
compression load of 5 kg iron specimen under ambient room temperature
overnight and then further dried for 0.5 h in a vacuum desiccator at 40° C.

- CNF membrane with GGMS5 adsorption: 300 mg o.d. of CNF was mixed
and 30 mg GGMS5 as dry powder were mixed into deionized water to make
0.1% suspension and stirred overnight. The CNF was then filtered using a
Millipore vacuum filtration system with a mixed cellulose ester membrane
filter. The dense hydrogel of CNF+GGM5 formed on the top of the filter
membrane was removed carefully, dried overnight at ambient room
temperature under a compression load of 5 kg iron specimen and further
dried for 0.5 h in a vacuum desiccator at 40° C. The filtrate was collected
to determine the GGM concentration by GC analysis.

- CNF membrane with GGM5-PDMS-NH; adsorption: 300 mg o.d. of CNF
was mixed and 75 mg GGM5-PDMS-NH; as dry powder were mixed into
deionized water to make 0.1% suspension and stirred overnight. The CNF
was then filtered using a Millipore vacuum filtration system with a mixed
cellulose ester membrane filter. The dense hydrogel of CNF+GGM5-PDMS-
NH; formed on the top of the filter membrane was removed carefully,
dried overnight at ambient room temperature under a compression load
of 5 kg iron specimen and further dried for 0.5 h in a vacuum desiccator at
40° C. The filtrate was collected to determine the GGM5-PDMS-NH,
concentration by GC analysis.

- CNF membrane with GGM5-PDMS-GGMS5 adsorption: 300 mg o.d. of
CNF was mixed and 138 mg GGM5-PDMS-GGMS5 as dry powder were
mixed into deionized water to make 0.1% suspension and stirred
overnight. The CNF was then filtered using a Millipore vacuum filtration
system with a mixed cellulose ester membrane filter. The dense hydrogel
of CNF+ GGM5-PDMS-GGMS5 formed on the top of the filter membrane
was removed carefully, dried overnight at ambient room temperature
under a compression load of 5 kg iron specimen and further dried for 0.5 h
in a vacuum desiccator at 40° C. The filtrate was collected to determine
the GGM5-PDMS-GGMS5 concentration by GC analysis.

The dry membranes were cut into small circular pieces and left in water
for 30 minutes, to swell. After this, water was removed and sequentially
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replaced by 30% ethanol, 70% ethanol, 96% ethanol, absolute ethanol and
tert-butanol at intervals of every 12 h. After the removal of tert-butanal,
the hydrogels were kept in cell culture plates and then were left in liquid
nitrogen for 30 minutes before freeze-drying. All solvent was sublimed
during the freeze drying and the hydrogels were remained as intact
aerogels.

3.2.5 Quantification of GGMs adsorption by GC analysis

Acid methanolysis and GC-analysis were performed to quantify the
amount of GGM and its derivatives adsorbed onto CNF (Sundberg et al.,
1996). Accordingly, the procedures were performed as below:

First step is the methanolysis: Out of the solution obtained in the
filtration, 4 samples of 2 g each one were taken and transferred to 4
different pear-shaped flasks with screw caps. In these 4 samples, the
amount of GGM is unknown. In order to know the adsorption of GGM’s in
the membranes, a control solution is made. The amount of GGM’s in this
control solution is already known, in order to calculate the adsorption
efficiency in the membranes. From this control solution, 4 samplesof 2 g
each one were taken and transferred to 4 different pear-shaped flasks.
The 8 samples stayed overnight in the freezer and after that 48 hours in
the freeze drier, with the screw caps open enough to let the vapour out.

Next step was the preparation of the 4 calibration samples. 1 mL of
carbohydrate calibration solution (0.1 mg/mL in MeOH) were transferred
to 4 different pear-shaped flasks and evaporate to dryness under nitrogen
gas on a hot plate (50° C).

2 mL of methanolysis reagent (water free 2 M HCl in MeOH) were added
to the 12 samples. All the samples were briefly shaken and treated in an
ultrasonic bath for 1 minute. After this step, the 12 samples were kept in
the oven for 3 hours.

In order to neutralize the excess of HCL, 200 pL of pyridine were added
and the samples were mixed using a vortex mixer. 1 mL of internal
standard (0.1 mg/mL sorbitol and resorcinol in MeOH) were added to all
the samples; evaporation under nitrogen stream in a hot plate (50° C) was
performed to remove the methanol. In order to remove all the methanol,
samples were dried into a vacuum desiccator until nearly dry.
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Silylation of the samples was the last step. 150 uL of pyridine were added
to the samples before shaking them. Time was needed to dissolve the
samples. Addition of 150 uL of HDMS and 70 pL of TCMS were done to all
samples before shaking them again. Ammonium chloride flocks were
broken by placing the samples briefly in an ultrasonic bath. Samples were
then shaken in the vortex mixer before the samples were left capped at
room temperature overnight.

The silylated samples were transferred to GC autosampler vials by Pasteur
pipettes, trying to avoid transferring any of the precipitate to prevent
clogging the injection needle of the GC. Centrifugation of the vials was
needed if there was problem to avoid the transferring of precipitates.

The GGM content in the solution collected from the CNF membrane
filtration was analysed by acid methanolysis and GC analysis. As a control
sample, a solution of only GGM or GGM-PDMS derivative with the same
concentration as used in the CNF suspension in preparation of the
corresponded membrane was analysed with the same protocol. The ratio
of the integrated peak area for mannose in GC analysis between the
filtration sample and the control sample was defined as the adsorption
efficiency of GGM or GGM-PDMS derivatives onto the CNF surface.

3.2.6 Fourier transform infrared spectroscopy

The Fourier Transform Infrared Spectroscopy (FTIR) measurements were
performed with a Bruker Alpha series using the Alpha platinum ATR single
reflection diamond ATR module. The samples were placed on the ATR
plate and the results were evaluated using OPUS software from Bruker.

3.2.7 Contact angle measurement

Water Contact Angle (CA) of the membranes were measured to determine
their hydrophilicity. A 4 uL water droplet was placed on the sample
surface and the dynamic wetting of the surface was subsequently
recorded using a high-speed camera on a CAM 200 contact angle
goniometer (KSV Instrument Ltd., Finland) for a duration of 20 seconds.
The contact angle values were obtained with OneAttension software.

3.2.8 Scanning electron microscope
Scanning Electron Microscope (SEM) images of freeze-dried of CNF
hydrogels were acquired using a Leo (Zeiss) 1530 Gemini Microscope.

35



Before imaging, the samples were sputter coated with gold for 2 min. The
microscope was operating in secondary electron mode, and the images
were acquired from a working distance of 7 mm, using 2.7 kV acceleration
voltage.

3.2.9 Water uptake test on the aerogels

The water uptake capacity was represented by the amount of water that
can be absorbed into the aerogels. 12 aerogels were tested: 3 aerogels of
CNF, 3 aerogels of CNF+GGMS5, 3 aerogels of CNF+GGM5-PDMS-NH; and 3
aerogels of CNF+GGM5-PDMS-GGMS5. The mass of each aerogel was
weighed in prior to the tests. They were placed into wells in the culture
plate and the deionized water was added. At immersion time of 5 min, 20
min, 1 h, 3 h, and 24 h the samples were then taken out gently, excessive
water was carefully removed with tissue paper and the mass of each
hydrogel with water uptake was weighed.
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4. Results and discussion

4.1 Determination of the functional group content on the
surface of CNF

Two batches of CNF with similar properties were made in this work. The

dry content of the first CNF batch was 0.56% and in the second CNF batch
it was 0.54%. After defibrillation in a high pressure homogenizer, the CNF
showed a hydrogel-like consistency, as shown in Figure 10 and Figure 11.

Figure 11. CNF (2)
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As described in 2.7.2, carboxylic acid groups and aldehyde groups are
introduced to the CNF surface during the TEMPO-mediated oxidation. The
distribution ratio of carboxylic acid groups and aldehyde groups is greatly
dependent on the dosage ratio of TEMPO and NaClO used in the reaction.
The content of -COOHs on the CNF surface defines the surface charge
density of the fibers, which strongly determines the fiber-fiber interaction
and consequently the colloidal stability of the CNF hydrogel. A good
dispersity of the TEMPO-oxidized CNF suspension requires a relatively high
content of -COOH on the fiber surface to contribute the surface charge for
stabilizing the fibers.

Meanwhile, it was indicated in the Jun Liu Ph.D Thesis (Liu, 2016),
previously carried out at Laboratory of Wood and Paper Chemistry, that
CNF hydrogel with an intermediate surface charge density supported the
attachment and proliferation of fibroblasts in CNF hydrogel better than
the one with an comparatively high surface charge density. Therefore, the
CNF hydrogel was strategically prepared with an intermediate surface
density throughout this thesis work. Thus, a comparatively low dosage of
NaClO was employed in the TEMPO-mediated oxidation of pulp fibers.

When TEMPO is used in a low dosage but a large dosage of NaClO is
employed in the reaction, a larger amount of carboxylic acid groups are on
the surface (Masruchin et al., 2016). Figure 12 shows that the aldehyde
groups formed on the cellulose fibers surfaces are susceptible to further
oxidation by the TEMPO system, while those formed inside the cellulose
fibers become relatively resistant to further oxidation probably by the
formation of hemiacetal linkages with hydroxyl groups of cellulose
sterically close to each other (Saito et al., 2006).
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carboxylate and aldehyde contents or degree of polymerization of the

oxidized groups (Isogai et al., 2011)

On another perspective, the functional group of -CHO also defines the
chemical reactivity of the CNF materials and its quantitative information is
an important parameter to consider in various applications of utilizing

CNF.

Therefore, the protocol described in 3.2.2 was used to quantitatively
measure the content of both the -COOH and the -CHO on the fiber
surface. For the determination of the aldehyde groups, oxidation of those
groups to carboxylic acid groups were performed. The difference between
the COOH results before oxidation and results after oxidation are the
amount of aldehyde groups. The content of -COOH and the -CHO groups
on the CNF surface is given in mmol/mg as presented in Table 1.

Table 1. COOH groups before and after oxidation of CHO groups, with

standard deviation

Before oxidation

After oxidation

COOH (mmol/mg)

COOH (mmol/mg)

Test 1 1.22 1.5
Test 2 1.26 1.6
Test 3 1.26 1.8
Standard deviation 0.02 0.15
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Table 2. Average contents of COOH and CHO groups in mmol/mg

Before oxidation | After oxidation
COOH COOH CHO
(mmol/mg) (mmol/mg) (mmol/mg)
Average results 1.25 1.63 0.39

Comparing these results with previous studies, these values are among the
average. It was indicated in the Master’s Thesis by Mattias Strandberg,
previously carried out at Laboratory of Wood and Paper Chemistry that the
amount of carboxylic groups in CNF were 1.2 mmol/g for the unbleached
CNF, 1.6 mmol/g for the self-bleached CNF and 1.8 mmol/g for the bleached
CNF (Strandberg, 2017).

4.2 Adsorption of GGM derivatives on CNF

GCis considered here as a dynamic method of separation of gas (or vapor)
mixtures; the method is based on the movement of a mobile gas phase
through a stationary phase and on different distribution of mixture
components between mobile and stationary phases. In elution mode
(which is more important for analytical purposes), the analysed sample is
injected into the column and then is moved along the column by the
carrier gas. In this mode, chromatogram (or elution curve) consists in a
group of peaks. In ideal case every peak corresponds to single component
of the sample (Kolomnikov et al., 2018).

By combining acid methanolysis and GC analysis, the adsorption amount
of native GGM5 and its derivatives with PDMS was quantitatively
determined. Table 3 presents the obtained results in several different
expressions to indicate the quantity. The adsorption efficiency of GGM5 or
its derivatives with PDMS onto the CNF surface, as listed in the third
column, was calculated as the ratio of the integrated peak area for
mannose in GC analysis between the filtration sample and the control
sample. It tells how much of hemicellulose in weight percentage can be
adsorbed onto the CNF surface. As stated in Section 3.2.3, the amount of
CNF in each type of membranes is always 300 mg. Based on the
adsorption efficiency, the quantity of the adsorbed GGM5 and its
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derivatives with PDMS were calculated in unit of gram of hemicellulose
per one gram of CNF, as displayed by column 4 in Table 3. Meanwhile, the
corresponding units of GGM and PDMS in the adsorbed GGMS5 or its
derivatives were separately listed in column 5 and 6.

Unmodified GGM adsorbs on CNF due to the natural affinity of
hemicelluloses toward cellulose (Eronen et al., 2011). Although hydrogen
bonding usually is not the driving force for water adsorption, it does play a
role during adsorption of polysaccharides on cellulose (Mohan et al.,
2012). This inherent affinity is also likely to play a role in case of the GGM
derivatives, due to the preserved structure of the GGM backbone. Owning
to the similar structure, GGM can come in close contact with the cellulose
and multiple hydrogen bonds are formed. As seen in Table 3, the
adsorption efficiency of the GGM5-PDMS-NH, on CNF is higher compared
with native GGMS5. This indicates that the hydrophobicity of the PDMS
block promotes the specific adsorption to some extent. As revealed in
Daniel Dax Doctoral Thesis (Dax, 2014), this effect being stronger the
higher the molar mass of the hydrophobic block. It is speculated that the
hydrophobic interactions among the hydrophobic tails of PDMS has
inhibited the desorption of GGM derivatives from the fiber surface.
Although, in the case of GGM5-PDMS-GGMS5, the adsorption efficiency
was low in comparison with GGM5-PDMS-NH.. Still, because of the larger
molecular weight of GGM5-PDMS-GGM5, more GGM units were actually
adsorbed but less PDMS units were associated due to the block ratio of
2:1in GGM5-PDMS-GGMS5.

The solubility and adsorption of the GGM5-PDMS-NH; derivative on CNF
might also be affected by the presence of the amine group in its structure,
but since there is only one group in a big molecule, this influence is rather
insignificant.
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Table 3. Adsorption of GGM derivates in CNF

Mass of Mole of Adsorption | Adsorption | GGM’sin PDMS in
GGM’s or GGM’sand | efficiency on CNF the the
its derivates | its derivates | (%) (g/g) adsorbed adsorbed
in the in the GGM'’s GGM’s
adsorption adsorption derivatives derivatives
(mg) (umole) (umole) (umole)
GGMS5 30 6.38 38.93 0.038 2.48 0
GGMS5-
PDMS- 75 13.39 57.00 0.142 7.63 7.63
NH2
GGM5-
PDMS- 138 13.39 34.16 0.157 9.15 4.57
GGMS5

4.3 Characterization of GGM-PDMS derivatives absorbed on CNF

membranes
FTIR is used as a fast and accurate tool for detecting and analysing organic
materials. Infrared spectrum is a method for identifying molecular
structures based of the atom vibration and rotation. Atoms of organic
molecules that form chemical bonds and functional groups are in a
constant state of vibration. When a bundle of IR (infrared radiation) beam
with a continuous wavelength passes through the sample, the light of a
particular wavenumber is absorbed, which causes the absorbance
spectrum (Hou et al., 2018).

In general, FTIR can be used to perform both qualitative and quantitative
analysis for biomass application (Hames et al., 2003). The qualitative
analysis includes the identification of known substances by comparing the
sample spectra with the standard spectra. In addition, it can be used to

identify the chemical structure of unknown substances. As to the

guantitative analysis, there are several principles to ensure the accuracy
of the result. First, the absorption band must be the characteristic
absorption band of the material. Second, the absorption intensity must
have a linear relationship with the concentration of the measured
substance, which can be described as obeying the Lambert-Beer law (Sun
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et al., 2011). Third, the band should possess a large absorption coefficient
and as less as overlap by other absorption bands in case of interference.

FTIR spectra were recorded for the powders of GGMS5 and its derivatives
of GGM5-PDMS-NH,, and GGM5-PDMS-GGMS5, as shown in Figure 13. The
spectrum of GGM5 was recorded as a reference, the asymmetric CHs
stretching in Si-CH3 was assigned to the signal at 2960 cm™ (Cai et al.,
2010); at 3350 cm™ the stretch of OH could be detected (Xu et al., 2013);
the signal at 1412 cm™ was assigned to the CHs asymmetric bending
(Ozgenc et al., 2017). In the spectrums for GGMS5-PDMS-NH; and GGM5-
PDMS-GGMS5, the CH3 symmetric bending vibration (CHs deformation in Si-
CHs) was found at 1258 cm™. Furthermore, the Si-O-Si asymmetric
stretching could be detected at 1021 cm™ (Cai et al., 2010). The signal at
867 cm™ was the CHs symmetric rocking and the latter peak, at 798 cm?,
was assigned to the Si-C asymmetric stretching in Si-CHs. The carbonyl
group stretching signal at 1624 cm™ (Xu et al., 2013) was in the GGM5
spectrum as well as in the GGM5-PDMS-NH; and in the GGM5-PDMS-
GGMS5 arising from the acetyl group in GGM units (Sola et al., 2018).

Figure 14 displays the FITR spectrums for the CNF membranes with GGM
or its derivatives adsorbed. As seen, the Si-C asymmetric stretching in Si-
CHzat 798 cm™ was only observed in the spectrums of both CNF + GGM5-
PDMS-NH; and CNF + GGM5-PDMS-GGMD5 but not in the spectrum of CNF
+ GGMD5. This indicated the presence of PDMS units in the membranes of
both CNF + GGM5-PDMS-NH; and CNF + GGM5-PDMS-GGMS5. Meanwhile,
the adsorption at 798 cm™ was found to be larger in membrane of CNF +
GGM5-PDMS-NH; than in membrane of CNF + GGM5-PDMS-GGMS5, which
most likely corresponded to the higher content of PDMS units adsorbed
onto the membrane of CNF + GGM5-PDMS-NH> membrane CNF as
qguantified in the adsorption (as seen in column 5 of Table 3).
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Figure 13. FTIR spectra for powder samples of GGM5, GGM5-PDMS-NH2,
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Figure 14. FTIR spectra of the membranes of CNF + GGM5, CNF + GGM5-
PDMS-NH; and CNF + GGM5-PDMS-GGM5
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4.4 Surface wettability

Inappropriate complement activation is often responsible for
incompatibility reactions that occur when biomaterials are used (Engberg
et al., 2015). Although considerable progress has been made in improving
the properties of biomaterials, incompatibility reactions are still a problem
(Ratner, 2007). The measurements of wettability represent essential
scientific evaluation of properties for biomaterials. The most commonly
used technique to quantify wettability of polymeric biomaterials surfaces
are contact angle measurements (Agrawal et al., 2017).

In order to calculate the hydrophilicity of the membranes, contact angle
measurements were done (Figure 15). The higher the contact angle is, the
less hydrophilic the membrane is. The results show that the membrane
containing GGM5-PDMS-NH; is the least hydrophilic, with a contact angle
at a first drop contact of 73°, due to the presence of PDMS that is inherent
hydrophobic. In the membrane containing GGM5-PDMS-GGMS5, the
presence of GGMD5 in both ends compensate the presence of PDMS in the
middle, but it was still less hydrophilic (69°) than the membrane
containing only GGMS5 (48°).

Previous studies demonstrate that the native PDMS surface usually shows
the water contact angle of around 105°, and because this angle is higher
than 90°, PDMS is considered to be hydrophobic (Kameya, 2017).

45



CNF + GGM5- CNF + GGM5-
PDMS-NH, PDMS-GGM5

—

Figure 15. Contact angle measurement performed on different
membranes at the first water drop contact

Figure 16 shows the results of the contact angle measurement for 20
seconds. In the samples c¢) and d) there are a peak at the beginning of the
measurement (in the left side), peak that does not exist in the samples a)
and b). The different GGM derivatives modify the CNF membranes surface
but struggle to enhance hydrophobicity as long as the hydrophilic part of
the GGM dominates the properties. However, using PDMS blocks, the
presence of the highly hydrophobic tail with higher molecular mass
improves the hydrophobicity of the CNF surface. Its shown in Figure 16c,
where contact angle value for the GGM-PDMS block membrane is the
highest one, that means that is the most hydrophobic. Therefore, the
conclusion is that the natural hydrophilicity of the GGM chain, due to the
presence of hydroxyl groups, is not being affected except by the presence
of the PDMS tail that modifies the surface wettability and chemical
functionality of the material.
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Figure 16. Dynamic contact angle measurements performed on different
membranes within 20 s after the first contact with water drop

4.5 Morphological features of the aerogels

The diameter of all the aerogels in this work is similar, around 5 mm, but
the height is not the same due to the different components added, that
result in different properties of the aerogels. The aerogels that have
GGMS5 (I) and GGM5-PDMS-GGMS5 (lll) are the ones that swelled the most
due to the hydrophilicity properties of the GGM's, as its shown in the
wettability test. The aerogels with GGM5-PDMS-NH; swelled less due to
the presence of PDMS, which is ads hydrophobic properties to the surface.

After being treated in ethanol and tert-butanol, the aerogels have the
same colour as the initial CNF. Is after been treated with nitrogen when
the aerogels take the white colour showed in the Figure 17 and Figure 18.
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Figure 17. Top-view of an aerogel

Figure 18. Side-view of an aerogel
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Figure 19. SEM images of the aerogels of different kinds

Figure 19 displays the SEM images (side-view) of the obtained aerogels
from membranes of CNF, CNF + GGMS5, CNF+GGM5-PDMS-NH- and
CNF+GGM5-PDMS-GGMS5, respectively in row a, b, c and d. Among these
images, al, b1 and cl are in low magnification of x1K; a2, b2 and c2 are in
intermediate magnification of x5K; and a3, b3 and c3 are in high
magnification of x25K.
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The CNF aerogel displayed a matt and compact appearance as the low
magnification image displayed. In large magnification image, the network
formed by entanglement of cellulose nanofibers was also found in some
loosely packed areas. The adsorption of GGM5, GGM5-PDMS-NH,, and
GGM5-PDMS-GGMS5 onto the CNF altered the topographical features of
the obtained CNF aerogels in different fashion. As shown in the image
series of b1-b3, the aerogel of CNF + GGM5 showed a porous morphology
and the entanglement of cellulose nanofibers in it were packed much
looser compared to the aerogel of CNF. More interesting variation of the
microstructure was found in the aerogel of CNF+GGM5-PDMS-NH; (as
seen in image series of c1-c3). An entangled but open network of more
individual cellulose nanofibers but less as bundles of cellulose fibers were
spatially distributed through the entire imaged area. Even at the low
magnification a 3D connected and fibrin-like network was visible and more
fine structures was displayed in the image c3. However, the adsorption
GGM5-PDMS-GGMS5 on the CNF did not show similar modification as in
the case of GGM5-PDMS-NH,. As observed in image series of d1-d3,
compact packing of the cellulose fibers was resulted in the microstructure
of aerogel of CNF+GGM5-PDMS-GGM5.

In correlation with the adsorption data in Table 3, it was speculated that
adsorbed GGM5-PDMS-NH; on the CNF altered the fiber-fiber interactions
due to the hydrophobic interactions among the PDMS tails, which
probably caused the aggregates of PDMS tails and even to some extent
directed the packing fashion of the nanofiber in the hydrogel formation.
However, due to the ABA block type in GGM5-PDMS-GGMS5, both heads of
GGMS5 were adsorbed onto CNF, which probably sterically hindered the
hydrophobic interactions among the PDMS blocks in GGM5-PDMS-GGM5
molecules. Therefore, no similar type of modification to the surface
morphology as in aerogel of CNF + GGM5-PDMS-NH; was seen in aerogel
of CNF+GGM5-PDMS-GGMS5.

4.6 Water uptake test of the aerogels

3 replicated samples of 4 different type of aerogels were employed in the
swelling test. In total, 12 aerogels were placed in a cell culture plate as
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shown in Figure 20. The CNF aerogels were place in the column on the left
side (Al to C1). The aerogels of CNF+ GGM5 and CNF+GGM5-PDMS-NH;
were respectively place on the second (A2 to C2) and the third column (A3
to C3) as counted from the left side. The aerogels of CNF+GGM5-PDMS-
GGMS5 were placed on the right side (A4 to C4).

Figure 20. Aerogels placed in the cell for the swelling test

Table 4 shows the average weights of the hydrogels separated by
composition. First measurement was taken when aerogels were dry and
the other ones after deionized water was dropped (2™ one after 5
minutes in water; 3™ after 20 minutes; 4" after 1 hour; 5™ after 3 hours
and 6" after 24 hours).
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Table 4. Average weights of the aerogels in mg

Average mass
Dry |5 minutes |20 minutes| 1 hour | 3 hours | 24 hours

CNF 2.6 214.1 245.1 267.5 300.1 327.1

CNF + GGM5 2.9 239.1 279.9 3234 372.2 451.5
CNF + GGM5-

PDMS-NH2 3.5 275.5 311.8 344.1 392.7 492.9
CNF + GGM5-

PDMS-GGMS5 | 4.43 412.2 443.4 482.2 635.9 757.0

The first weight value measured for the dry aerogel showed that all the
hydrogels had different weights. In order to have a standardized
expression of the water uptake capacity of the aerogel, the weight of
water uptake in the hydrogel after swelling was divided by the weight
value of the dry aerogel to give a water uptake ratio (Q)

(my —my)
my

Q:

where m:is the weight of the hydrogel at the time t and mois the initial
weight of the corresponding dry aerogel.

Figure 21 presents the water uptake ratio of aerogels of different kinds vs
the immersion time. The results clearly showed that all aerogels sorbed
water by time with the same tendency. Overall, the aerogels of
CNF+GGMS5 and CNF+GGM5-PDMS-GGM5 demonstrated higher capability
for sorbing water than the aerogels of CNF and CNF+GGM5-PDMS-NH..
This probably can be attributed to the GGM blocks adsorbed onto CNF
promoted the capability of water uptake. In aerogel of CNF+GGM5-PDMS-
NH>, PDMS blocks adsorbed is inherently hydrophobic and results smaller
water uptake.
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5. Summary

CNF is an emerging nanomaterial platform for such biomedical
applications as cell culture platform and biomaterials in context of tissue
engineering, thanks to its outstanding properties including bio-
renewability, hydrophilicity, excellent mechanical strength and high
surface area and aspect ratio originated from its nanodimensions.

The current master thesis work prepared CNF via TEMPO-mediated
oxidation from a birch kraft pulp. The prepared CNF showed a hydrogel-
like consistency after high pressure homogenization. With the reaction
conditions employed during the TEMPO-oxidation, carboxylic acid groups
of a density of 1.2 mmol/g as well as aldehyde groups of a density of 0.4
mmol/g were introduced to the CNF surface.

A series of biopolymer of native GGM and its derivatives with PDMS were
used to modify the CNF surface via the specific adsorption of GGM block in
the biopolymers to cellulose surface. The adsorption of these biopolymers
to CNF was quantitatively determined by combining methanolysis and GC-
analysis. The GGM5-PDMS-NH; demonstrated a higher adsorption
efficiency to nanofiber surface in the preparation of CNF membrane. The
presence of PDMS blocks in the membrane was further verified by FTIR
measurements. Consequently, the modification of CNF surface by
different GGM derivatives has rendered different wetting properties on
the membrane surface. Above all, the adsorption of GGM5-PDMS-NH; on
to CNF surface was able to tune the contact angle from 45° for the plain
CNF membrane to 60° for the membrane of CNF + GGM5-PDMS-NH,.

Using a sequential solvent exchange process and freeze-drying method,
aerogels were prepared out the CNF membranes. More interesting, the
aerogel of CNF + GGM5-PDMS-NH; showed a fibrin-like and 3D spatially
connected network of more individual cellulose nanofibers but less as
bundles of cellulose fibers possible due to the hydrophobic interactions
among the PDMS tails in the adsorbed molecules of GGM5-PDMS-NHa.
The observed surface topological features might be of high interests for
further tests in interactions with cells as a biomaterial.

In general, this series of GGM derivatives with PDMS has shown great
potential to tube the surface hydrophilicity of CNF in a specific fashion,
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which is highly correlated with the molecular structure in the block
polymers. By modifying the CNF surface with the hemicellulose
derivatives, the fiber-fiber interactions is also altered to endow distinct
topographical features compare with that in plain CNF aerogel.

The work with the aerogels will continue outside this Master’s Thesis with
cell tests.
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