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Preface

The work for this master thesis was carried out in the period between January 2015 and
January 2018, at the Norwegian University of Science and Technology (NTNU) in the
Department of Biotechnology and Food Science.

This thesis is a continuation of the preceding project on alginate-nanocellulose composites
conducted during the autumn of 2014. All previous work done in 2014 are marked as faded
columns in the results.

Part of this work has led to the publication of Mechanical properties of composite hydrogels
of alginate and cellulose nanofibrils in Polymers [1]. The published paper is given in its
entirety in Appendix E.
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Abstract

The main focus of this thesis was to attain more information about how alginate - CNF
composite hydrogels are affected by each of the two polysaccharides, in order to gain
additional knowledge which could be used to manipulate these hydrogels to obtain qualities
required for specific biomedical or biotechnological applications.

Firstly, light microscopy was used to examine composite gels of M. pyrifera alginate and
CNF, both mechanically fibrillated and TEMPO-oxidized. Images of these hydrogels showed
that the cellulose filbrils were homogeneously distributed, and no phase separation was
observed for either of the two composites that were studied.

Secondly, compression tests were done on three separate composite series with calcium
saturated hydrogels of 1% (w/v) alginate, extracted from D. potatorum, M. pyrifera and L.
hyperborea stipe, and increasing amounts (0.00 - 0.75% w/v) of mechanically fibrillated and
TEMPO-oxidized CNF. Both types of cellulose fibrils contributed to an increase in resistance
against compression at low deformation (Young’s modulus) and less gel shrinkage (syneresis)
upon saturation, relative to pure Ca-alginates, for all three alginate composites. The largest
effect was seen by TEMPO-oxidized CNF.

To examine the impact of polymer charge and increase in total dry matter on gel properties,
series of hydrogels with 1% (w/v) M. pyrifera alginate and a control polysaccharide, dextran,
xanthan, hyaluronic acid or additional alginate, were analysed and compared to the alginate -
CNF composites. Young’s modulus found for composite gels with TEMPO-oxidized CNF
was significantly higher than for the control gels, confirming an effect of CNF beyond the
fibril charge and increase in polymer weight alone. Further indication of interaction between
alginate and CNF was established by the comparison of pure Ca-alginate gels, TEMPO-
oxidized gels and composite gels, as Young’s modulus of the composite gels was notably
higher than the added values of the two pure gels.

Finally, a series of CNF — alginate composites with various polymer composition was treated
with saline solution and tested with regard to volume stability and calcium content. Weight
analysis showed that TEMPO-oxidized CNF contributed to more volume stable hydrogels.
Inductively coupled plasma mass spectrometry (ICP-MS) was used to determine the calcium
content of a selection of composite gels. No significant difference was found between
composite gels and pure alginate gels, indicating a more complex explanation than an increase
in calcium binding alone.
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Sammendrag

Hovedfokuset for denne masteroppgaven var a undersgke hvordan alginate — CNF
komposittgeler pavirkes av hver av de to polysakkaridene. Kunnskap om hver komponents
rolle i komposittsystemet vil veere nyttig for a skreddersy slike geler til biomedisinske eller
bioteknologiske applikasjoner med krav om spesifikke kvaliteter eller egenskaper.

Lysmikroskopi ble brukt for & studere komposittgeler av M. pyrifera alginate og CNF, bade
mekanisk fibrillert og TEMPO-oksidert. Mikroskopibildene viste en homogen fordeling av
cellulosefibriler i komposittgeler av begge typene CNF, og ingen faseseparasjon ble
observert.

Videre ble kompressjonstester utfart pa tre separate komposittserier med kalsiummettede
hydrogeler av 1% (w/v) alginat, ekstrahert fra D. potatorum, M. pyrifera and L. hyperborea
stilk, og gkende konsentrasjoner (0.00 - 0.75% w/v) av mekanisk fibrillert og TEMPO-
oksidert CNF. Begge typene cellulosefibriler bidro til en gkning i kompressjonsmotstand ved
lav deformasjon (Youngs modulus) og mindre reduksjon i gelvolum (synerese) ved metning,
relativt til rene Ca-alginat geler, for alle de tre seriene av alginatkompositter. Starst effekt ble
observer ved tilsats av TEMPO-oksidert CNF.

For & undersgk effekten av polymerladning og gkning i total tgrrstoffmengde pa
gelegenskapene, ble serier med hydrogeler med 1% (w/v) M. pyrifera og et
kontrollpolysakkarid, dextran, xanthan, hyaluronsyre eller ekstra alginat, analysert og
sammenlignet med alginate-CNF komposittene. Youngs modulus som ble funnet for
komposittgeler med TEMPO-oksidert CNF var betydelig hgyere enn for kontrollgelene, noe
som bekreftet en effekten av CNF utover fibrilladning og gkt polymervekt alene. Ytterligere
indikasjon pa interaksjoner mellom alginat og CNF ble funnet ved sammenligning av rene
Ca-alginat geler, TEMPO-oksiderte CNF geler og komposittgeler, hvorpa Youngs modulus
for komposittene var markant hgyere enn den sammenlagte verdien av de to rene gelene.

Til sist ble en serie med CNF-alginat kompositter, med varierende polymersammensetning,
behandlet med NaCl - lgsning og testet med tanke pa volumstabilitet og kalsiuminnhold.
Vektanalysen viste at TEMPO-oksidert CNF bidro til mer volumstabile hydrogeler. ICP-MS
ble brukt til & bestemme kalsiuminnholdet til en utvalgt gruppe komposittgeler. Ingen
signifikant forskjell i kalsiumkonsentrasjon ble funnet mellom komposittgeler og rene alginat
geler, noe som peker mot en mer komplisert forklaring enn en gkning i kalsiumbindinger
alene.
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List of abbreviations and symbols

C*
CNF
DPn

EDTA

FTIR

GDL
ICP-MS

ITC

M
M,

My

[n]

Na>1

N1

NMR
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SEC-MALS
SEM
TEMPO

v

Critical overlap concentration
Cellulose nanofibrils
Average chain length
Deformation

Young’s modulus

Ethylenediaminetetraacetic acid
Force of compression
Fourier transform infrared spectroscopy
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Glucono 6-lactone

Inductively coupled plasma mass spectrometry
Isothermal titration calorimetry

B-D-mannuronic acid

Number average molecular mass

Weight average molecular mass

Intrinsic viscosity

Average G-block length > 1

Average M-block length > 1

Nuclear magnetic resonance spectroscopy
Polydispersity index

Size exclusion chromatography with multi-angle light scattering
Scanning electron microscopy
2,2,6,6-tetramethylpiperidine-1-oxyl

Einstein-Simha viscosity factor
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1 Introduction
1.1 Background and aims

In the range of potential biomaterials that can be used to mimic characteristics, such as
chemical, electrical and physical factors, of biological tissues, hydrogels are considered very
good candidates [2]. Hydrogels are able to retain high amounts of water relative to their dry
weight, due to the three-dimensional network achieved upon gelation, and can be casted in to
various shapes and sizes [3]. New possibilities in development of advanced biomaterials
follow the potential to produce composite hydrogels with tailored functionality for specific
biomedical and biotechnological applications [4, 5].

The biocompatibility, renewability, availability and low toxicity of alginates and cellulose
nanofibrils (CNF) makes these polysaccharides ideal for biomedical applications, such as
tissue engineering. With regard to bioprinting, the combination of alginates beneficial gelling
abilities at physiological conditions and the shear thinning properties of CNF make these
composites especially appealing [6]. Although the focus on composites of these two materials
has increased, mechanical properties of composite hydrogels with various combinations of
alginate and CNF has not previously been methodically studied.

In the project preceding this master thesis, composite gels of alginate and nanocellulose were
successfully produced and studied with regard to gel properties. In addition, the
microstructures of the hydrogels were analysed with the use of scanning electron microscopy
(SEM).

As a continuation, the main focus of this thesis was to attain a more detailed knowledge and
understanding of the separate role of each of the two components in alginate - CNF composite
gels. Information which could be used to manipulate these hydrogels to obtain qualities
required for specific applications.

The specific aims were to:

- Further investigate the effect of CNF, both mechanically fibrillated and TEMPO-
oxidized, on physical properties of hydrogels with alginate from Durvillea potatorum,
Macrocystis pyrifera and Laminaria hyperborea stipe, in terms of resistance against
compression at low deformation (Young’s modulus), reduction in gel volume upon
calcium saturation (syneresis), rupture strength and compressibility (deformation at
rupture)

- Compare alginate - CNF composites to control hydrogels, consisting of alginate and
other relevant polysaccharides, to attain information on how increased charge and dry
matter content impact the gel properties

- Examine the properties of composite gels upon saline exposure, with regard to volume
stability and calcium exchange



1.2 Alginates

Alginates are naturally occurring polysaccharides which are mainly found as structural
components in marine brown algae (Phaeophyceae). The dry plant weight can consist of up to
40% alginate and it is considered to be the main skeletal material in these plants [7]. Alginates
are also found in some bacteria where they serve different extracellular purposes [8, 9].
Variability in structure of the different alginates leads to a wide field of application for these
polysaccharides, such as wound dressing, bioencapsulation and immobilization of cells, food
production, textile printing, paper and water treatments [8, 10]. The ability to retain water and
the stabilizing, viscosifying and gelling properties of alginates are the main qualities that
account for the wide industrial application of these polysaccharides [11].

1.2.1 Chemical structure and sequence determination

Alginates are linear polysaccharides consisting of the two monomers, 3-D-mannuronic acid
(M) and a-L-guluronic acid (G), linked together with (1—4) glycosidic linkages as shown in
Figure 1.1.

M) G
COOH H
H

H OH COOH H Q H

H HO COOH

OH O H OH O
O H HO OH O H

H
H H H H H H

Figure 1.1 Haworth formula and chair conformation of the monomers in alginate, f-D-mannuronic acid
(M) and a-L-guluronic acid (G) [12, 13].

The a-L-guluronic acid monomers occurs in 'C4 conformation and the p-D-mannuronic acid
monomers in *C; conformation [14-16]. The distribution of monomers throughout an alginate
chain is generally described by three different types of blocks (Figure 1.2), the
homopolymeric M- and G-blocks and the alternating MG-blocks. Dependent on the
production organism of the alginate, the sequence and composition of the monomers differ
widely [8].
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Figure 1.2 An illustration of the different block structures in alginate. The M-block (top) and G-block
(bottom) consisting solely of p-D-mannuronic and a-L-guluronic acid respectively, and the alternating
MG-block (middle) [17].

Nuclear magnetic resonance (NMR) spectroscopy is typically used to obtain statistics about
alginate composition by identifying fractions of monomers (Fg, Fm), diads (Fes, Fem, Fuma,
Fmm) and triads (Feee, Feem, Feme, Fmes, Fmem, Fomm, Fume, Fmvm) [18, 19]. In turn, these
fractions are used to calculate different parameters which provide information about the
polysaccharide of interest, such as average length of G- and M-blocks (Ng >1 and Nm>1) [10,
20]. However, it follows from the heterogeneous feature of alginates that functional properties
given by these average based sequence frequencies only provide partial information about the
given alginate sample. Although the actual distribution and block lengths influence alginate
characteristics, the average block lengths that can be calculated from equation (1.1) and (1.2)
are frequently used and give an adequate estimate of structure-functional properties [18].

Fo — Fyam

NG>1 -

Faam (1.1)
- Fy — Faua
Nys1 = ———

Funea (1.2)

To obtain information about the average molecular weight and distribution of an alginate of
interest, size exclusion chromatography with multi-angle light scattering (SEC-MALS) is
often used. This technique separates dissolved molecules based on their size, and further
characterize them by detection of intensity and angle of light scattered by the molecules [8].
Alginates are polydispers due to the fact that the polysaccharide is synthesized by enzymes
and partially depolymerized in the extraction process, resulting in the molecular mass
heterogeneity. For this reason the molecular mass of an alginate is given as an average of the
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molecular mass of the total distribution [11, 18]. The number average (Mn) and weight
average (Mw) are most commonly used. With n; representing the number of molecules with a
specific molecular weight M, the molecular averages are defined as:

v ; LML
Mn - Zl n
D i (1.3)
_ n; M?
]\/fu) — Z’L rL /l

Information on molecular mass heterogeneity, called the polydispersity index (P1), can be
useful for different applications of alginates, as distribution of molecular mass may influence
desired properties. While a monodisperse sample will have Pl = 1 and randomly degraded
polymers have a Pl = 2, higher values indicating a wider distribution are achieved by mixing
different alginates [21]. The polydispersity index is defined by the ratio of number- and
weight-average molecular mass:

=

w

Pl = —
M, (1.5)

Degree of polymerization, which give the average number of monomer units per chain, can be
calculated from equation (1.6), Mo representing the molecular mass of each monomer [8].

. Mn

DP,
M, (1.6)

Structure and stiffness of chain blocks in alginate are influenced by the monomeric linkages.
While the M-blocks are straight due to the presence of diequatorial bonds, the diaxial linkages
in G-blocks lead to a shorter and more crooked chain. Alternating between equatorial and
axial bonds, MG-blocks have previously been reported to be more flexibility than both M-
and G-blocks, with an order of chain block stiffness of: MG<MM<GG [14]. However, a more
recent study does not find a significant difference in stiffness expressed as persistence length
between MG/MG [22].

The arrangement of monomers further affect the length between charges in each block
segment, and thereby influence the polyelectrolytic properties as the linear charge density
depends on chain block composition. However, the significant difference between chain
blocks with respect to selectivity of divalent ion binding is not explained by electrostatic
properties alone [23, 24].



1.2.2 Gel formation

In order to achieve continuous contact between polymer chains in a solution, and thereby
making it possible for the chains to interact and entangle, the polymer concentration must
exceed a critical overlap concentration (C*). Gel formation may occur, with strong physical or
chemical interaction between the molecules, above this concentration as the polymer chains
link together and form a continuous network. The gel, which contain large amounts of solvent
molecules, are able to behave as a solid substance due to its ability to store energy in the
network when force is applied [8]. The critical overlap concentration can be calculated from
equation (1.7), where v and [n] represent the Einstein-Simha viscosity factor and the intrinsic
viscosity of the polymer, respectively.

1/
o =2
7] .7

Alginates are known for their ability to form gels, the gel strength however vary with the
composition of the alginate. The sequence of monomers, block distribution and molecular size
of the alginate all influence the strength of the resulting gel. Alginates with a high content of
L-guluronic acid and long average G-blocks form mechanically strong gels with low syneresis
[25]. These gels junction zones are formed when ions are introduced to the alginate and
arrange themselves in the cavities formed by the zig-zag structured G-block chains [26]. The
cavities function as binding sites for divalent ions, giving an ion-alginate structure much like
an egg-box, as illustrated in Figure 1.3.

OH

Figure 1.3 An illustration of the formation of junction zones by divalent ions and G-blocks (left), the egg-
box model showed for two G-block chains in a calcium-alginate junction zone (middle) and a cavity in the
G-block chain with the oxygen atoms involved in the coordination of a calcium ion marked as black circles
(right) [27, 28].



In addition to the widely used egg-box model of GG/GG junction, analysis of MG-enriched
alginates and strictly alternating alginates have revealed that long MG-blocks serve a
contributing role in Ca-alginate gel formation. Alternating sequences are believed to
participate in the gelation process by the formation of both MG/MG junctions and mixed
GG/MG junctions, and the presence of long MG-blocks has been shown to increase both
rupture strength, shrinkage and elasticity [29, 30]. Contrary to the rigid and stable
characteristics of gels with long G-blocks and fixed GG/GG junctions, long MG-blocks lead
to more flexible gel networks due to a possible “zipping” mechanism of sliding MG/MG
junctions when the gel is exposed to stress [18]. The three different junction zones that take
part in gel formation of Ca-alginate are illustrated in Figure 1.4.

s e pe, g N, /\ //\\_. N N P N /\\// S /\\\
/ \ v Caz- \/ \ \ N\ X az. N Ca:\. ) C '+ \

3 2 / N4 2\ \ 2+ 2+ N
ca” ca? Ca® /fca\[cat\[cat /[ ca®\ . C /\ a¥ \ [ca
A A N\ / /7 \\

\ /
\ A A s\ A\ / / /
\\ A\ / W / \ /. \ 7N Pg W/ W/ \ W N 4
J \./ b \M/ N\ / ,/ \\‘/,/ 4 \\/,/ ’ \V/ N\ v $ \\/ 4 \\//

MG/MG GG/GG GG/MG

Figure 1.4 The three different Ca*- junction zones found in alginate. MG/MG junctions consisting of
alternating alginate chains (left), GG/GG junctions of chains with long G-blocks (middle) and the mixed
GG/MG junctions made up of chains with long G-blocks and alternating alginate chains (right) [29].

Other parameters that influence the mechanical properties of alginate gels are alginate
concentration, the type and concentration of gelling ions, the gelling and non-gelling ion ratio
and the presence of complexing agents [31, 32]. With the use of internal gelation, a calcium
source, e.g. CaCOs, within the alginate solution give a controlled release of Ca?* ions when
the pH is lowered by an organic acid, or lactone, and thereby freeing the gelling ions (Figure
1.5). Through the limited solubility of the calcium salt source and change in pH the release of
gelling ions is usually maintained [32].

Alginate
GDL
CA CaCo, \’
. ©
Internal gelation
. H,O + coz‘\‘\N\’v

Figure 1.5 Internal gelation of alginate by formation of Ca-alginate junction zones. The addition of
glucono-6-lactone (GDL) to an alginate solution containing an inactive calcium source, in this case CaCO3,
cause a reduction in pH which lead to a release of Ca** ions from CaCOs. The gelation process begins as
the released calcium ions form junction zones with the alginate chains [32].



External gelation is a different method, where the alginate solution is dripped into a CaCl»
solution and the calcium ions instantly reacts with the alginate at the surface of the droplet
[33]. This results in gel beads and is also called the diffusion method, because the gel is
produced as the ions diffuse towards the centre of the droplet. This type of gelation give more
inhomogeneous gels with a higher alginate concentration at the droplet surface and is a
popular immobilization technique due to its rapid gelling kinetics [32]. Although there are
several cations, such as Sr** and Ba?*, which have a higher affinity towards alginate and give
more rigid gels, calcium is widely used due to its non-toxic properties and ability to form
stable gels [34].



1.3 Cellulose nanofibrils

Cellulosic materials which have one or more dimensions in the nanometer range are classified
as nanocellulose [35]. There are a number of synonyms for nanocellulose, including
microfibrillated cellulose (MFC), nanofribrillated cellulose (NFC), cellulose microfibrils
(CMF) and cellulose nanofibrils (CNF), which are used interchangeably in the litterature.
Cellulose nanofibrils are prodused from the linear polymer cellulose, which is the main
component of all plant fibers and thereby the most abundant organic polymer in nature
(Figure 1.7). The cellulose molecules are build up by repeating units of (1 - 4) linked -D-
glucose monomers (Figure 1.6) and are, in the case of CNF production, usually retreived from
wood, sugar beets, potato tuber, hemp and flax [36]. The nanofibrils has an average diameter
of 5-60 nm, a length of several micrometers [37] and the size of the fibrils are dependent on
pretreatment, plant source and production method [38, 39].

CH,0H _ _
OH

H/A 9 oH OH
H O HO O,/
OH H HO o 0

o ” OH
H OH L OH dn

(A) (B) (®)

Figure 1.6 Haworth formula (A) and chair conformation (B) of the monomer in cellulose, f-D-glucose.
Structure of the repeating unit of cellulose, (1—4) linked p-D-glucose monomers (C) [36, 38, 40].

(A) Cellulose fibers

(B) Macrofibril

(C) Nanofibril

Pandlh- 124 g

(D) Chains of cellulose ’
molecules QL LQ

Figure 1.7 Cellulose fibers (A) consist of macrofibrils (B) and nanofibrils (C), which are made up of
bundles of cellulose chains (D) with repeating units of (1 = 4) linked -D-glucose monomers.
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1.3.1 Mechanical fibrillation

Homogenization, together with microfluidization and grinding, are the most commonly used
methods in production of CNF by mechanical treatment [41]. High pressure homogenization
(HPH) was first applied to extract nanofibrils from wood pulp in 1983 by Herrick et al. and
Turbak et al. This treatment is considered an efficient method for CNF production, based on
its smiplicity, high efficiency and the advantage of no require of organic solvents. The
fibrillation of cellulose fibers is achieved by pumping cellulose slurry though a small nozzle
at high pressure, and thereby expose the material stream to extreme velocity change. These
factors, together with chrusing forces from particle collision, shear forces on the fluid and
forces due to changes in velocity in the material stream, cause the cellulose fibers to be
fibrillated to nanoscale fibrils [35, 38, 42]. The biggest drawbacks with this method are the
amount of energy needed to run the homogenization process, and reoccuring problems with
clogging [35, 43]. However, various pretreatment methods can be used to ease the flow
through the homogenizer and reduce the use of energy.

1.3.2 TEMPO-mediated oxidation

There is an increasing interest in TEMPO-mediated oxidation as a pretreatment method prior
to mechanical processing of cellulose to produce CNF. 2,2,6,6-tetramethylpiperidine-1-oxyl
(TEMPO) is a water soluble stable nitroxyl radical that has the ability, in a TEMPO-NaBr-
NaClO or TEMPO-NaClO-NaClOz system, to convert C6 primary hydroxyl groups in
cellulose to C6 carboxyl groups [44-46]. Oxidation of cellulose by the two different systems,
showed in Figure 1.8, results in a negativly charged fibril surface due to the carboxyl groups.
After oxidation the product undergoes gentle mechanical treatment to separate the fibrils, and
as a result of the pretreatment it is possible to get fibrils with uniform diameter down to 3-4
nm. This process has an enegy demand about 100-200 times less than the pure mechanical
treatment method [45]. The product of this type of oxidation, (1->4)-B-D-polyglucuronate,
has the advantage of being easily biodegradable and metabolized by microorganisms in soil
[47-50], and might be a good alternative to replace some fossil resources in the future.
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Figure 1.8 The oxidation process of cellulose by a TEMPO-NaBr-NaClO system (A) and a TEMPO-

NaClO-NaClO: system (B). The illustrations show the conversion of a hydroxyl group, on the p-D-glucose
monomer of a cellulose chain, to aldehyd and further to a carboxzyl group with TEMPO as a catalyst [51].
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1.3.3 Nanocellulose hydrogels

Hydrogels of cellulose nanofibrils can be produced in several ways. The most basic method is
by addition of metal cations to carboxylated cellulose nanofibrils. Gelation of CNFs rapidly
occur with addition of divalent cations, Ca?*, Zn?* or Cu?*, and trivalent cations, AI** or Fe*
[52, 53]. The different cations give similar gel formation, however trivalent cations have
stronger binding energy and give hydrogels with markedly higher syneresis [53]. The
shielding of repulsive charges on cellulose fibrils, by metal-carboxylate bonding, have been
proposed as a driving force towards gel formation. As shown in Figure 1.9, this involves
interactions between separate fibrils, as well as interchain interactions on the same fibril [53].

Interchain interactions
on the same fibril

CNF-Na*inH,0

disperson @ 3
o
+ )
~ Tt X
- 1AL Interfibril
= \2‘3“ o 1, Interactions
o o Riv s
d \%‘\ x‘llir‘r:
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< /' e
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Figure 1.9 The proposed driving force towards gel formation of CNF in the presence of divalent or
trivalent metal cations. Interchain interactions and interfibril interactions, crosslinking with metal cations
between adjacent cellulose chains on the surface of the same fibril (top right), and between cellulose
chains on separate fibrils (bottom right), respectively [53].

More complex methods of gelation include covalent crosslinking. Through reductive
amination covalent crosslinking of TEMPO-oxidized CNF with diamines have been used to
produce more stable hydrogels [54]. By controlling the conditions of TEMPO-mediated
oxidation of CNF it is possible to attain fibrils with aldehyde groups on the surface, which are
far more reactive than carboxyl groups with respect to covalent bonding. The aldehyde groups
are then able to form Schiff-bases with a primary amine and can further be stabilized by
reduction to a secondary amine [55], thus forming covalently linked gels.
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1.4 Other polysaccharides

1.4.1 Dextran

Dextrans are polysaccharides that are synthesized from sucrose by some lactic acid bacteria,
including certain strains of Streptococcus and Leuconostoc mesenteroides. These bacteria
split sucrose molecules into glucose and fructose, and use the glucose molecules for
production of dextran, while the fructose molecules are used in the metabolism of the bacteria
itself [8]. The structures of dextrans are built as a primary core, where glucose molecules are
linked together with a(1—6) glycosidic linkages to form a linear polymer, and branches of
different sizes are attached by a(1—3) glycosidic linkages [56], Figure 1.10. Dextrans varies
widely in composition and size, and the positioning and frequency of the branches are
dependent on both the environment in which the bacteria grow and the type of producing
bacteria. In medical treatments dextrans are used to a great extent as anticoagulants and as
substitute for blood plasma, in addition they also have a high diversity of industrial
applications.
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Figure 1.10 An example of a dextran chain with a(1—6) glycosidic linkages in the main chain and points
of branching in 2-, 3- and 4-position [57].
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1.4.2 Xanthan

The bacterium Xanthomonas campestris can produce and secrete xanthan by fermentation of a
range of simple sugars. The xanthan function as a protective layer as it surround the cells,
shielding them from various environmental stress, and give the bacterium an adhesive effect
[58]. The backbone of the polysaccharide is equal to the structure of cellulose, consisting of
-D-glucose units joined together by (1—4) linkages, Figure 1.11. Approximately every other
unit of the main chain has a trisaccharide side-chain containing an acetylated a-mannose unit,
-D-glucuronic acid and a pyruvated B-mannose [58-60]. A gel-like network is produced from
the formation of junction zones as helical structures of the polymer chains contribute to
rigidity. When physical stress is applied these junction zones are quickly disrupted, making
the gel instantly fluent. This shear thinning effect is characteristic for xanthan, and as the
stress is removed the junction zones are rapidly re-formed, resulting in an immediate gel
formation [8, 58, 61]. The presence of ions will markedly affect the conformational change of
the helical structures, due to the charged side-chains of the molecule, resulting in a sensitivity
to salt [61].
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Figure 1.11 Structure of xanthan, B-D-glucose backbone with a side-chain of acetylated a-mannose, -D-
glucuronic acid and a pyruvated p-mannose [62].

Xanthan is used in a wide range of areas, including cosmetics, herbicides, laundry chemicals,
textile dyes, agrichemical sprays and food additive. As a food additive xanthan is highly
versatile, as its application areas include both stabilization, syneresis inhibition, binding,
emulsifying and thickening. The polysaccharide is also used in large quantities by the oil
industry for viscosity control of drilling muds due to its pseudoplastic characteristic [8, 61].
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1.4.3 Hyaluronic acid

Hyaluronic acid is a polymer of repeating disaccharide units of B-D-N-acetylglucosamin and
B-D-glucuronic acid in long chains, with (1—3) and (1—4) glucosidic linkages respectively,
as seen in Figure 1.12.
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Figure 1.12 Structure of the repeating disaccharide unit of hyaluronic acid, (1—4) linked p-D-glucuronic
acid (A) and (1—3) linked p-D-N-acetylglucosamin (B) [63].

Both joint and eye fluid contain the sodium salt of hyaluronic acid, sodium hyaluronate,
which act as a lubricant in solution. It is also found in various connective tissue of humans,
where it is involved in regulation of cell activity and cell division [8, 64]. The two main
methods of industrial production of hyaluronate are bacterial fermentation and extraction
from rooster combs [65]. The polymer is widely used in the cosmetic industry, based on the
fact that hyaluronate is a natural moisturizer and one of the most shear thinning substances in
nature. The polymer is highly suitable for clinical applications, such as joint fluid
supplementation and regeneration of surgical wounds, due to its unique properties within
viscoelasticity, biocompatibility and non-immunogenicity [66].

13



1.5 Analytical methods

1.5.1 Physical properties

The mechanical properties of materials can be determined with a variety of methods which
may give different results, and it is consequently important to be consistent when choosing
characterisation methods and critical when comparing results given by different methods [67].
Young’s modulus (E) is often used to define gel strength, as it gives information about the
elastic behaviour of a given material. E is defined as the amount of force (F) needed to
compress a material with surface area (A) a certain length (Al) of the total material length (1),
as stated in equation (1.8).

=
Il
~| =1

(1.8)

With a compression test that give a force/deformation curve it is therefore possible to
calculate Young’s modulus from the initial linear region. Gels made from different alginate
types has various degrees of syneresis, shrinkage of the gel due to expulsion of liquid.
Syneresis (S) can be calculated from equation (1.9), where W is weight of sample at calcium
saturation and Wo is initial weight of sample.

W
S = <1 - WO) -100 w9

Syneresis results in increased concentration of alginate per unit volum. As Young’s modulus
is dependent on the alginate concentration in the gel, the semiempirical relationship stated in
equation (1.10) is used so gels with different syneresis can be compared [67, 68].

2
Cinitial
Ecorrected - Emeasured :

Cfinal (1.10)

Figure 1.13 show an illustration of a typical force/deformation curve. From this curve it is
also possible to retrieve other information about the gel in addition to Young’s modulus. The
curve top show the amount of force needed for the material to rupture and the deformation of
the material at this point.
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Figure 1.13 An illustration of a typical force/deformation curve with (A) the initial slope used to calculate
Young’s modulus; (B) the rupture strength; (C) the deformation at rupture.

Hence, the deformation (€) at rupture can be given by equation (1.11) and force at rupture by
the force at the same point.

Al
€= 100 @.11)

1.5.2 Inductively Coupled Plasma Mass Spectrometry (ICP-MS)

Inductively Coupled Plasma Mass Spectrometry (ICP-MS) is an analytical technique that can
be used to detect low concentrations of specific elements in a sample.

The sample is vaporized and presented to an ionizing chamber, consisting of Argon (Ar)
plasma produced by an ICP torch. This results in breakage of sample molecules (M) and
transfer of charge from the plasma to the sample, as shown in equation (1.12).

M+ Art — MT 4+ Ar (1.12)

The ions then travel into a high vacuum region consisting of two quadropole analyzers, which
function as mass filters, and a collision/reaction cell (CRC) located between them, Figure
1.14. As the ions moves through the first quadropole analyser (Q1) they are separated based
on their mass/charge (m/z) ratio. This step removes most of the interfering ions, as only ions
with a specific pre-selected m/z ratio are let through to the CRC [69].
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Figure 1.14 A simplified sketch of the three main steps in [CP-MS, two quadropole analyzers (Q:1 and Q)
with a collision/reaction cell in the middle [69].

The CRC consists of an octopole reaction system (ORS) which can be filled with different
gases. The type of gas, or gas-mix, selected is dependent on the element of interest. Selection
of a gas that will react with the target element, but not with the other interfering ions, leads to
a change in the m/z ratio. Thus, enabling a filtration of the remaining interfering ions in the
second quadropole analyser (Q2), by pre-selecting a m/z ratio which only allows ions
containing the desired element to pass through to the detector. The ions that are let through
are then registered by a detector that reveals the abundance of the element [69].
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2 Materials and methods

2.1 Alginate materials

Alginates extracted from Durvillea potatorum, Macrocystis pyrifera and Laminaria
hyperborea stipe were used in this project. The specifics for each of the three alginates are

given in Table 2.1.

Table 2.1 An overview of the sequence characteristics of the three alginate types used in this project.
Average molecular weight (Mw, [kDa]), average chain length (DPnr) and polydispersity index (PI) were
determined from SEC-MALS, while the sequence parameters were calculated from *H-NMR spectroscopy

[70].
Alginate Muw ] Delivered
source (kDa) DPn | PI Fe Fm | Fee | Fom | Fmm | Fmem | Feee | Nes1 (mlg) by
FMC Health
D. pot. 163 | 470 | 1.76 | 0.32 | 0.68 | 0.20 | 0.12 | 0.56 | 0.07 | 0.16 1250 and Nutrition
M. pyr. 177 | 460 | 194 | 041|059 | 0.21 | 0.20 | 0.40 | 0.18 | 0.17 960 | Sigma-Aldrich
. FMC Health
L. hyp. stipe | 200 | 450 | 2.23 | 0.67 | 0.33 | 0.56 | 0.11 | 0.23 | 0.08 | 0.52 | 13 980 and Nutrition

2.2 Production of CNF

The CNF suspensions, both mechanically fibrillated and TEMPO-oxidized, used in the
experiments were produced and delivered by the Paper and Fibre Research Institute (PFI).
The mechanically produced CNF was pretreated by shortening the cellulose fibers in a Claflin
mill (2000 kWh/ton for 1 hour), while the oxidized CNF was pretreated with TEMPO and
NaClO (2.3 mmol per gram cellulose) as described by Saito et al. [71]. Both types of CNF
had a fibril concentration of 1% (w/v) after the pretreatments. The samples were further
fibrillated by high pressure homogenization (type APV Rannie 15 - 12.56 from SPX Flow
Technology, with a pressure drop of 1000 bar/pass). 5 passes was used for the mechanically
fibrillated CNF and 1 pass for the TEMPO-oxidized CNF, resulting in fibril concentrations of
0.886% (w/v) and 0.9% (w/v) respectively. The CNF suspensions were very viscous,
especially the oxidized CNF, and for this reason they were weighed throughout the
experiment with the assumption of a density equal to water. As shown in Table 2.2, the two
treatment methods resulted in different nanocellulose characteristics. Images of the two CNF
suspensions are given in Appendix A.

Table 2.2 An overview of characteristics for mechanically produced CNF and TEMPO-oxidized CNF used
in this project. All data are previously published in [1, 72].

Charge Intrinsic Fibril Fibril Residual
CNF type density viscosity [n] diameter length fibres
[mmol/g] [ml/g] [nm] [um] [%]
Mechanically fibrillated 0.1 620 <100 >1 1.3
TEMPO-oxidized 0.9 450 <20 >1 28.5
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2.3 Contol polysaccharides

Dextran, hyaluronic acid and xanthan was used to produce control gels. The average
molecular weight, and the suppliers, of these polysaccharides are listed in Table 2.3.

Table 2.3 Average molecular weight (Mw) and distributers of the three control polysaccharides used in this
project. High performance liquid chromatography was used to determine the molecular weight of the
samples, the data is previously published in [1].

Polysaccharide type Mw [kDa] Delivered by
Dextran 2000 Pharmaica AB, Sweden
Hyaluronic acid 870 Novamatrix, Norway
Xanthan 1000 CP Kelco, USA

2.4 Preparation of gel cylinders

Alginate — CNF gels

CNF suspension was weighed out in a blue cap glass bottle (end concentration of 0.00 -
0.75% (w/v)). Alginate powder (450 mg, end concentration of 1% (w/v)) and deionized water
(MQ, 30 ml minus amount of CNF used) were then added and left stirring over night. The
alginate — CNF composite gels that were made are shown in Table 2.4. In addition, gels with
low concentrations of M. pyr. alginate were made (Table 2.5).

Table 2.4 Hydrogels were made with alginate from D. potatorum, M. pyrifera and L. hyperborea and
nanocellulose, either TEMPO-oxidized or mechanically produced CNF. The x indicates which gels that
were made with the three alginates [1 %(w/v)] and different fibril amounts [% (w/v)] of each CNF type.

Alginate CNF
Type Conc. [%(w/V)] Type Concentration [%6(w/V)]
0.00 0.15 030 050 0.75
D. potatorum
1.00 TEMPO-oxidized X X X X X
1.00 | Mechanically fibrillated - X X X X
M. pyrifera
1.00 TEMPO-oxidized X X X X X
1.00 | Mechanically fibrillated - X X X X
L. hyperborea
1.00 TEMPO-oxidized X - X - X
1.00 | Mechanically fibrillated - - X - X

Table 2.5 Gels made with low amounts of M. pyrifera alginate. The alginate concentrations [%(w/v)] that
were used are marked with x.

Alginate
Type Conc. [Y(w/V)]

0.10 0.20
M. pyrifera X X
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Control gels

Control polysaccharide (end concentration of 0.30 - 0.75% (w/v)) and alginate powder (450
mg, end concentration of 1% (w/v)) was weighed out in a blue cap glass bottle. Deionized
water (MQ, 30 ml) were then added and left stirring over night. The gels that were made are
shown in Table 2.6.

Table 2.6 Control gels were made with alginate from M. pyrifera and either dextran, hyaluronic acid,
xanthan or additional M.pyr. alginate. The x indicates the different concentrations [%(w/v)] of various
olysaccharides that were combined with 1% (w/v) M. pyr. alginate in the control gels.

Alginate Control polysaccharide
Type Conc. [%(w/v)] Type Concentration [Y(W/V)]
0.15 0.30 0.50 0.75

M. pyrifera
1.00 | Additional M. pyrifera - X - X
1.00 Dextran - X - X
1.00 Hyaluronic acid - X - X
1.00 Xanthan - X - X

CNF - alginate gels

CNF suspension was weighed out in a blue cap glass bottle (end concentration of 0.00 -
0.75% (wi/v)). Alginate powder (end concentration of 0.00 — 0.75% (w/v)) and deionized
water (MQ, 30 ml minus amount of CNF used) were then added and left stirring over night.
The CNF — alginate composite gels that were made are shown in Table 2.7.

Table 2.7 Gel cylinders with various amount of TEMPO-oxidized CNF and alginate from M. pyrifera
were made for further analysis, as described in 2.7. The x indicates the concentrations [%(w/v)] of M. pyr.
alginate that were combined with different amounts of TEMPQO-oxidized CNF in these composite gels.

CNF Alginate
Type Conc. [%(w/V)] Type Concentration [%6(w/V)]
0.00 0.20 0.375 0.75
TEMPO-oxidized
0.00 M. pyrifera - - - X
0.375 M. pyrifera - - X -
0.75 M. pyrifera X X X X

All gel mixtures were then homogenized (type VDI 12 from VWR, 11500 rpm for 5 minutes)
to get a uniform suspension, before 25 g was transferred to a flask with suction. After CaCO3
(5 ml, end concentration of 15 mM, particle size 4um) was added, the solution was degassed
using a vacuum suction while stirring for approximately 10 minutes. To start the gelation
process GDL (7.5 ml, end concentration of 30 mM) was carefully stirred in, and the mixture
was poured into a 24-well tissue culture plate with diameter and height of 16 mm and 18 mm
respectively. This resulted in 6-8 gels, and the well plate was left in room temperature for
approximately 20h. To achieve Ca?* saturation the gel cylinders were carefully removed from
the well plate and put in a solution of CaClz and NaCl (800 ml, 50 mM and 200 mM
respectively) at 4°C for 24h.
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2.5 Measuring gel properties

Height and diameter of the gel cylinders were determined with a digital caliper and each gel
was then weighed. The gel properties were measured, as previously described by Aarstad et
al. [73], with the use of TA.XT plus Texture Analyser from Stable Micro Systems (with probe
P/35). Force/deformation curves were recorded at 22 °C and a compression rate of 0.1 mm/s.
Young’s modulus (E) was calculated from the initial slope of the curve (0.1-0.3 mm) using a 5
kg load cell.

In order to compare the mechanical strength of gels with different degrees of syneresis, the
final alginate concentration was calculated and E was corrected using the semiempirical
relationship given in equation (1.10). Rupture strength and compression-to-break was
measured in a separate experiment using a 5 kg load.

All data was collected and processed with the Texture Expert Exponent 32 software. Results
given by the texture analyser were used to calculate Young’s modulus, rupture strength and
deformation at rupture. All data from the compression analysis are given in Appendix C and
examples of calculations in Appendix D.

2.6 Preparation for light microscopy

Samples for light microscopy (Table 2.8) were prepared as for gel cylinders. The geling
solution was pipetted onto objective glass and observed in the light microscope (type Nikon
Eclipse TS100 microscope with 40x magnification).

Table 2.8 Gel solutions made with alginate from from 1% (w/v) M. pyrifera and CNF. The x indicates
which concentrations [%(w/v)] of CNF that were used for the microscopy.

Alginate CNF
Type Conc. [%(w/V)] Type Concentration [%6(w/V)]
0.00 0.30
M. pyrifera
1.00 | TEMPO-oxidized X X
1.00 | Mechanically fibrillated - X
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2.7 Preparation for ICP-MS

From all six gels shown in Table 2.7 there were cut three pieces with a scalpel. Each of the
three pieces were weighed and placed in separate tubes marked with the number 0, 1 and 2.
The tube of gel piece 0 were added EDTA (0.5 ml, 100 mM, pH 7), while piece 1 and 2 were
washed with NaCl (40 ml, 150 mM). Both gel piece 1 and 2 were weighed after 24 hours in
NaCl, before they were put in new tubes. Gel 1 was then added EDTA, while a 24 hour NaCl
wash was repeated for gel 2. After completing the final NaCl treatment and weighin, gel piece
2 was added EDTA. Figure 2.1 give an illustration of the gel preparation. All gel pieces were
stored in Eppendorf tubes at 4° C after addition of EDTA.

( Gel X | X0

\b_,/)ﬂ . 24 h : 24 h
= || & H =

W

Figure 2.1 Three pieces was cut from each gel and placed in separate tubes marked with gel identification
(X) and the number of NaCl treatments for the respective gel piece (0, 1 and 2). The first gel piece was
placed directly in an Eppendorf tube and added EDTA (X0). The second and third piece (X1 and X2) were
placed in saline solution for 24 hours, once and twice respectively, before the gel pieces were transferred to
Eppendorf tubes and added EDTA.

As none of the gels containing TEMPO-oxidized CNF fully dissolved in EDTA, all samples
were vortexed (type Vortex Mixer — Classic from VELP Scientifica) and centrifuged (type
Sorvall Legend XTR Centrifuge from Thermo Fisher Scientific, 2400 rpm for 5 minutes)
before they were diluted 100x in 5% HNOs. Finally the samples were analysed with ICP-MS
(type 8800 Triple Quadrupole ICP-MS with ASX-520 Autosampler from Agilent
Technologies) together with Marianne Kjos at SINTEF Materials and Chemistry, in the
department of Biotechnology and Nanomedicine. As internal standards **°In and 8°Y were
used.
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3 Results

Light microscopy was used to investigate the homogeneity of composite gels with 1%
alginate and 0.30% CNF, either mechanically fibrillated or TEMPO-oxidized. No phase
separation was observed, and the microscopy images showed a homogeneous distribution of
cellulose fibrils in the composite gels (Figure 3.1). However, the difference in fibril size
between the two CNF types was prominent. While thicker fibrils and low degree of residual
fibers was observed in the composite gel with mechanically fibrillated CNF, the composite
with TEMPO-oxidized CNF comprised of thin fibrils that was not visible in the light
microscopy and a high amount of residual fibers.

Figure 3.1 Microscopy images with 40x magnification of hydrogels made with 1% (w/v) M. pyrifera
alginate. The images show a pure Ca-alginate gel (A), a composite gel with 0.30% (w/v) mechanically
fibrillated CNF (B) and a composite gel with 0.30% (w/v) TEMPO oxidized CNF (C).
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3.1 Alginate gels with cellulose nanofibrils

Calcium saturated composite gels of alginate, extracted from D. pot., M. pyr. and L. hyp., and
CNF, mechanically fibrillated or TEMPO oxidized, were measured with respect to resistance
against compression at low deformation (Young’s modulus), synresis, resistance to breakage
(rupture strength) and deformation at rupture (Figure 3.2 and Figure 3.3).

An increase in stiffness, shown as Young’s modulus in Figure 3.2, was observed with
increasing amount of both CNF types in all the different alginate gels. The addition of CNF
gave the largest relative effect on Young’s modulus in gel samples with the lowest G content,
hence the greatest impact was seen in D. pot. alginate gels containing 0.75% TEMPO-
oxidized CNF. The stiffness in these gel samples was found to be almost 5 times as high as
for pure D. pot. alginate control gels. Although the increase in stiffness was not as high in the
M. pyr. alginate gels and the already rigid L. hyp. alginate gels, a significant effect was seen.
With a Young’s modulus of three and two times, respectively, the value of the pure alginate
control samples.

The reduction in gel volume after calcium saturation was found to be decreasing with
increasing CNF concentration for all alginate gels, as illustrated by syneresis in Figure 3.2.
Once again the effect was most prominent in gel samples with low G content. While samples
of M. pyr. and L. hyp. alginate containing 0.75 % TEMPO-oxidized CNF showed a relative
decrease in syneresis of 41% and 45%, respectively, the effect on gels with D. pot. alginate
was far greater. An addition of 0.75 % TEMPO-oxidized CNF in gels of D. pot. alginate gave
a reduction from 25 % to 7 %, which equals a relative decrease in syneresis of 71%.

The results presented in Figure 3.2 reveals a significant difference in effect of the two types of
CNF on both Young’s modulus and syneresis, for all the composite gels. Addition of
TEMPO-oxidized CNF gave a lager effect than mechanical CNF, both on the gels stiffness
and volume after calcium saturation. This can clearly be seen in D. pot. alginate samples
where the difference is most prominent.
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Figure 3.2 Young’s modulus [kPa] corrected for concentration and syneresis [%], in right and left charts
respectively, for three different 1% (w/v) alginate gels (') with addition of mechanically fibrillated ()
and TEMPO-oxidized CNF (). D. potatorum (A+B), M. pyrifera (C+D) and L. hyperborea (E+F). Results

obtained from experiments done in the previous project are marked as faded columns. The results are
presented as mean of 5-8 gels +/- standard deviation.
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Unlike the effect on Young’s modulus, no large effect on rupture strength was seen by the
addition of CNF to the alginate gels. Small variations could be observed, however no clear
trend was found. Gels with alginate from D. pot. and L. hyp. both showed a slight decrease
when low amounts of CNF was added. Contrary to this, high concentrations of CNF gave an
increase in rupture strength in D. pot. alginate gels and no effect in the L. hyp. alginate gels.
For M. pyr. alginate samples no change was seen with addition of TEMPO-oxidized CNF.
However, an increase in rupture strength in gels with the mechanically fibrillated CNF was
observed independent of fibril amount.

The distance the gels could be compressed before rupturing was decreasing with increasing
concentration of TEMPO-oxidized CNF, shown in Figure 3.3 as a slight reduction in
deformation at rupture in all gel samples. The same effect was seen for addition of mechanical
CNF to M. pyr. alginate gels, while a decrease independent of fibril amount was observed for
the two other gel types.
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Figure 3.3 Force [kg| applied and deformation [%] registered at gel rupture, in right and left charts
respectively, for three different 1% (w/v) alginate gels (') with addition of mechanically fibrillated ()
and TEMPO-oxidized CNF (). D. potatorum (A+B), M. pyrifera (C+D) and L. hyperborea (E+F). Results
obtained from experiments done in the previous project are marked as faded columns. The results are
presented as mean of 5-8 gels +/- standard deviation.
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3.2 Alginate gels with other polysaccharides

Gels of M. pyr. alginate with addition of either dextran, hyaluronic acid or xanthan were made
to investigate filler effect, as well as effect of charge and stiffness of other polysaccharides, on
the physical properties of the alginate gels. In addition a set of pure M. pyr. alginate gels with
corresponding amount of dry matter was made for comparison.

An increase in Young’s modulus, relative to pure 1% alginate gels, was seen with addition of
both xanthan, mechanically fibrillated CNF and TEMPO oxidized CNF. An effect similar to
that of mechanically fibrillated CNF was observed when the alginate concentration alone was
increased. However, the highest increase was found in gels with TEMPO oxidized CNF,
while addition of dextran and sodium hyaluronate gave no effect on this property.

All polymers was found to reduce gel shrinkage with increasing polymer concentration,
shown as syneresis in Figure 3.4 B. The largest effect was seen in gels with xanthan and
sodium hyaluronate, with a relative decrease of 46% and 52% respectively, while the smallest
effect was observed with addition of dextran, with a relative decrease of only 15%. As with
Young’s modulus, the impact on syneresis of increased alginate concentration was the same
as with addition of mechanically fibrillated CNF.

Addition of TEMPO oxidized CNF did not affect the force needed to rupture the gels, relative
to pure 1% alginate gels. However, gels containing oxidized nanofibrils, alongside gels with
xanthan, was found to withstand the least amount of compression before rupture, with a
relative decrease in deformation upon rupture of 17%. The remaining polymers all showed a
slight reduction of the gel deformation at rupture. While addition of sodium hyaluronate and
xanthan markedly reduced the gel strength, a slight increase was observed in both gels with
mechanically produced CNF and dextran. The increase in concentration from 1% to 1.75%
alginate gave more than a two fold increase in rupture strength, a far greater impact than any
of the other polymers.
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Figure 3.4 Calculated properties of gels made from 1% (w/v) M. pyrifera with 0.30% (w/v) and 0.75%
(w/v) of dextran (L), hyaluronic acid (&3), xanthan (l8), mechanically fibrillated CNF (=), TEMPO-
oxidized CNF (':%) and equal amount of additional M. pyrifera (). Young’s modulus corrected for
concentration (A), syneresis (B), rupture strength (C) and deformation at rupture (D). Results obtained
from experiments done in the previous project are marked as faded columns. The results are presented as
mean of 5-8 gels +/- standard deviation.
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3.3 TEMPO-oxidized CNF gels with M. pyrifera alginate

Composite gels of TEMPO-oxidized CNF and M. pyr. alginate were measured with respect to
gel stiffness (Young’s modulus), volume reduction upon calcium saturation (syneresis),
rupture strength and deformation at rupture (Figure 3.5).

As expected, the gel stiffness of TEMPO-oxidized CNF hydrogels was found to increase with
addition of alginate. Figure 3.5 show an alginate dependent increase in Young’s modulus. No
significant difference was seen between gels made of pure 0.750% alginate, pure 0.750%
TEMPO-oxidized CNF and the composite comprising 0.375% of each polymer. However, the
0.750/0.750 composite showed a nearly twice as high Young’s modulus as the value of the
pure hydrogels of each polymer added together. In addition a twofold increase in both
alginate and CNF, from composites of 0.375/0.375 to 0.750/0.750, gave more than a threefold
increase in gel stiffness.

The gel shrinkage upon calcium saturation, shown as syneresis in Figure 3.5, increased when
alginate was present in the gels, relative to gels of pure 0.750% TEMPO-oxidized CNF. From
an alginate concentration of 0.375% no further increase in syneresis could be observed in gels
when additional alginate was introduced. Although the alginate content after this point was
raised by a factor of 2.6 in these composite gels of 0.750% CNF and 1% alginate, the
syneresis remained constant at approximately half the value of gels made with pure alginate.

A comparison of composite gels with CNF-alginate composition 0.750/0.375 and
0.375/0.375, hence reducing the CNF concentration by half, showed a change in gel volume
reduction from 28.5% to 43%. This equals a relative increase in syneresis of 50%.

No significant difference in rupture strength was seen between pure 0.750% alginate gels and
the 0.750/0.750 composite gels, nor between the composite gels with composition of
0.750/0.375 and 0.375/0.375. Hence, no effect on rupture strength was observed with varying
concentrations of TEMPO-oxidized CNF. Figure 3.5 show an alginate dependant increase in
both rupture strength and deformation, although the 0.375/0.375 composite stand out in the
latter as the composite that are able to withstand the most compression before rupture.
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Figure 3.5 Gel properties of gels made from TEMPO-oxidized CNF and different amounts of M. pyrifera

alginate, presented as [% CNF + % alginate]. The charts represent Young’s modulus corrected for

concentration (A),

syneresis (B), rupture strength (C) and deformation at rupture (D). The results are

presented as mean of 5-8 gels +/- standard deviation.
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3.4 Critical overlap concentration of M. pyrifera alginate

To get an estimate of the critical overlap concentration of M. pyr. alginate, the point in which
polymer coils start to interact and entangle, pure alginate gels were made with 0.10% and
0.20% M. pyr. alginate. The physical properties of these gels were compared to hydrogels of
pure 0.75% TEMPO-oxidized CNF and a composite gel of 0.75% CNF and 0.20% M. pyr.
alginate, shown in Figure 3.6.

Although the product made of 0.10% alginate were not able to maintain their shape after
calcium saturation, and for that reason could not be characterized as gels, they were still
viable for testing. The high syneresis indicate interaction between the polymer chains and
from this that the concentration is above critical overlap concentration. The results are marked
as red columns in Figure 3.6 and should be used with caution due to their poor condition.

In contrast, a concentration of 0.20% alginate produced stable hydrogels. Despite the large
distinction in appearance between gels of 0.10% and 0.20% M. pyr. alginate, the difference in
Young’s modulus and syneresis for the two hydrogels were not noteworthy. However, the
contrast was clearly seen with regard to rupture strength and deformation at rupture (Figure
3.6).

A relative increase in Young’s modulus of 43% was seen for the 0.75/0.20 composite gels,
compared to the added effect of pure 0.75% CNF and 0.20% alginate gels. While the
composite gels shrunk 73% less than pure 0.20% alginate gels, no significant difference in
rupture strength was found between composite gels and pure alginate gels. However, a
relative decrease in deformation at rupture of 29%, compared to hydrogels of 0.20% alginate,
was seen for the composite gels.
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Figure 3.6 Gradient (A), Young’s modulus (B), syneresis (C), rupture strength (D) and deformation at
rupture (E) for gels made with low concentrations of M. pyrifera alginate (0.10% B and 0.20% O w/v),
gels made of pure 0.75% (w/v) TEMPO-oxidized CNF (L) and composite gels with 0.75% (w/v) TEMPO-

oxidized CNF and 0.20% (w/v) M. pyrifera alginate (E). The results are presented as mean of 5-8 gels +/-
standard deviation.
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3.5 Gel properties upon saline exposure

To examine the volume stability of the different gels, a treatment with physiological saline
solution was done, Figure 3.7. Gels containing TEMPO-oxidized CNF showed significantly
less swelling, relative to pure alginate gels where more than a twofold increase in weight
could be seen. While the gel volume was found to increase with increasing alginate content,
for composite gels of equal concentration of CNF, a decrease in swelling was observed with
increasing amount of cellulose fibrils for composite gels with equal concentration of alginate.
A syneretic effect was found for the gels made of pure TEMPO-oxidized CNF, resulting in a
15% decrease in gel volume upon exposure to 0.9 % (w/v) NaCl.

Weight fraction [w/w(0)]

@ ).750% M.pyr
eookee 0.750% CNF

0.750% CNF + 0.200% M.pyr
el 0.750% CNF + 0.375% M.pyr
e=jie== 0.750% CNF + 0.750% M.pyr
- @®= 0.375% CNF + 0.375% M.pyr

0 1 2
Number of NaCl treatments

0

Figure 3.7 Stability of calcium gels, made from various combinations of M.pyrifera alginate and TEMPO-
oxidized CNF, after treatments with 0.9% (w/v) NaCl. The results are presented as means of 3 gels +/-
standard deviation.
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Before exposure to the saline solution the highest concentration of calcium was observed in
gels made of pure alginate (Figure 3.8). However, after two treatments the same calcium
concentration was registered for pure alginate gels and the composite gels with equal alginate
content. The gels showed increasing calcium concentration with increasing alginate content
and lowest binding to the pure CNF gel.
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Figure 3.8 Measured calcium concentration in gels, made from various combinations of M.pyrifera and
TEMPO-oxidized CNF, treated with 0.9% (w/v) NaCl. The results are presented as means of 3 gels +/-

standard deviation.
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4 Discussion

Gel morphology and homogeneity were examined with light microscopy for composite gels
of M. pyr. alginate and mechanically fibrillated or TEMPO-oxidized CNF. The images
revealed a homogeneous distribution of fibrils and showed no phase separation for either of
the composites. This was supported by the images previously taken with scanning electron
microscopy (SEM) of gels with the same composition (Appendix B). The structures observed
by SEM were tread-like networks, frequently seen with supercritical drying of alginate
hydrogels [74]. However, differences were detected in the polymer networks of the composite
gels, relative to pure alginate gels. Although the nanofibrils appeared well integrated with
alginate, both in composites with mechanically produced and TEMPO-oxidized CNF some
fiber structures of substantial size were observed.

While light microscopy of both composite types showed visible strands (Figure 3.1 and
Appendix A), TEMPO-oxidized CNF stood out with a high degree of residual fibres. These
findings correspond well to fibril characteristics given in Table 2.1, as oxidized fibrils contain
close to 30 % residual fibres. The low fibril diameter of TEMPO-oxidized CNF lead to a
transparent gel where only the residual fibres could be seen, while the five times thicker
fibrils of mechanically produced CNF gave the composite gel a muddy appearance due to the
visible fibrils. Both the notable difference in fibril diameter and residual fibres would be
expected to influence the mechanical properties of composite gels of alginate and CNF.

4.1 Mechanical properties of composite gels

4.1.1 Young’s modulus

The stiffness of the different hydrogels was measured as Young’s modulus, which give
information on how well a gel resist compression at low deformation. While alginates with a
low content of a-L-guluronic acid normally result in softer hydrogels, high G-content in the
alginate is known to produce gels that are stiff and rigid [75], due to formation of additional
junction zones between G-block chains and calcium ions [25]. Young’s modulus found for the
pure alginate gels of different G content follow this trend (Figure 3.2), L. hyp. stipe alginate
resulting in hydrogels with a stiffness of more than 8 times that of gels made with D.pot.
alginate.

Increased Young’s modulus in composite materials, relative to pure alginate films, has
previously been shown in nanocellulose-alginate films [76]. This effect on stiffness, with
addition of cellulose nanofibrils, was also found for the hydrogels of all three alginates that
were studied here. Both addition of mechanically fibrillated and TEMPO-oxidized
nanocellulose gave a concentration dependant increase in gel rigidity, although the latter was
significantly more efficient (Figure 3.2). The largest effect of nanofibrils was seen in gels
made from alginate with lowest G content (D. pot.), and showed almost a fivefold increase in
Young’s modulus upon addition of 0.75% TEMPO CNF.
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Control gels comprising alginate with addition of dextran, sodium hyaluronate and xanthan
were compared to the alginate-nanocellulose gels, alongside pure M. pyr. alginate gels with a
total alginate concentration of 1.30% and 1.75% (Figure 3.4). The lack of effect on gel
stiffness from both dextran and sodium hyaluronate demonstrated that dry matter content or
polymer charge on its own did not impact the Young’s modulus. Not surprisingly, gel
stiffness was increased in both alginate gels containing xanthan, which can form helical rod-
like structures, and pure gels of 1.75% alginate, where the increase in alginate concentration
lead to formation of more junction zones. However, the effect of oxidized fibrils was far more
prominent, showing that fibril fibers were very efficient in increasing resistance to
compression at low degree of deformation.

Pure Ca-gels of M. pyr. alginate or pure oxidized CNF displayed the same Young’s modulus
(Figure 3.5). Increasing gel rigidity was seen with increasing alginate concentration in
TEMPO-oxidized CNF gels. For a composite gel where the effect on gel stiffness from the
two polymers were independent of each other would give an expectation of a twofold increase
in rigidity for a combination of 0.75% alginate and 0.75% TEMPO oxidized CNF. Instead a
fourfold increase, relative to pure CNF gels, was found for these gels, indicating that some
molecular interactions between cellulose fibrils and alginate occurred in the composites.
These results complies with the findings in studies of nanocellulose-alginate films [76, 77],
membranes [78] and sponges [79], all in which molecular interactions between alginate and
nanocellulose has been shown. The difference in effect of mechanically fibrillated and
TEMPO-oxidized nanocellulose on Young’s modulus might be explained by the increased
number of carboxyl groups and charge on the oxidized fibrils, leading to formation of
calcium-carboxylate bonds [53]. The successful production of hydrogels from pure TEMPO-
oxidized CNF, forming weak gels without the presence of alginate, as shown here and
previously by Dong et al. [80] give further strength to this theory. Stable hydrogels of pure
TEMPO-oxidized CNF were in this study seen at considerably lower concentration, with a
fibril amount of 0.75%.

Interestingly the Young’s modulus of the 0.375/0.375 composite gels was found to be the
same as for 0.750/0 composites, only one-fourth of the value of the 0.750/0.750 gels. The
different critical overlap concentration of the two polymers, ¢* = 0.5% for CNF (verbal
correspondence with Kristin Syverud at PFI) and an estimated ¢* = 0.1 - 0.4% for M. pyr.
alginate (calculated from equation (1.7) with, v = 1-4 for random coils and the intrinsic
viscosity given in Table 2.1), may influence this gel feature. A higher polymer concentration
than c* could be needed to achieve an additional combined effect on Young’s modulus, and
might be a contributing factor to the large increase in stiffness of the 0.750/0.750 composite,
in which both CNF and alginate exceed their respective critical concentration. Detailed
rheology studies of the critical overlap concentration of both TEMPO-oxidized CNF and M.
pyr. alginate could provide valuable insight to this composite system.
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4.1.2 Syneresis

All three alginates studied gave rise to highly syneretic hydrogels (Figure 3.2). A notably
larger shrinkage was seen for gels made of alginate from M. pyrifera, with a syneresis as high
as 49%, relative to gels made of the two other alginates that were tested. This was expected,
as alginates that are rich in MG-blocks are known to have high shrinkage upon calcium
saturation [31].

A concentration dependant decrease was seen for all alginate gels with the addition of
cellulose nanofibrils (Figure 3.2). This may partly be an effect of long fibrils functioning as
support in the elastic alginate gels keeping the gel expanded. The reduction in syneresis was
notably higher in gels with TEMPO-oxidized CNF than gels with mechanically produced
CNF. This might be due to differences in fibril size and charge of the two CNF types (Table
2.2), as the fibril diameter of the mechanically produced type is approximately five times
thicker than the TEMPO-oxidized fibrils, and the charge density of the latter is nine times that
of the mechanically fibrillated CNF. Residual fibres may also impact the syneresis, although
oxidized CNF contain thinner fibrils, a large amount of residual fibres are present in this CNF
solution.

A reduction in syneresis was found with increasing amount of dry matter, for all polymers
that were tested. While dextran, a highly flexible molecule without charge, affected the
syneresis least, the negatively charged control polymers hyaluronate and xanthan had the
same effect as TEMPO-oxidized CNF (Figure 3.4). This indicate that the additional reduction
in syneresis caused by TEMPO-oxidized CNF, relative to mechanically fibrillated CNF, may
be the result of a higher capacity to contain water due to increased amount of negatively
charged carboxyl groups on the surface of the oxidized nanofibrils.

As expected the addition of alginate to hydrogels of TEMPO-oxidized CNF lead to an
increase in syneresis relative to pure CNF gels (Figure 3.5). However, as the amount of added
alginate reach 0.375% the syneresis leveled out and was not affected by further increase in
alginate concentration. Although the syneresis seem to reach a plateau, with respect to
alginate content, a reduction of nanofibrils result in additional increase of syneresis (Figure
3.5). Together with the previous arguments, these observations indicate that the syneresis of
the composite gels depend on both alginate and CNF up to a certain alginate concentration, in
which only variation in CNF concentration affect the volume reduction for the calcium
saturated gels.
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4.1.3 Rupture strength and deformation at rupture

As expected, hydrogels with L. hyp. alginate showed the highest rupture strength of the pure
Ca-alginate gels, while the lowest was found for gels with D. pot. alginate. The rupture
strength of these pure Ca-alginate gels thereby increase with increasing G content (Table 2.1).

Although introduction of cellulose in alginate membranes [78] and nanocrystalline cellulose
in alginate films [77] has been reported to increase tensile strength, the same effect was not
seen on rupture strength for the composite hydrogels. Although no clear trend was found for
the alginate-CNF composite gels, small variations was seen with both CNF types in the
composite gels with D. pot. alginate and L. hyp. alginate, and mechanically produced CNF
gave an increase in rupture strength independent of concentration in gels with M. pyr.
alginate. However, the cellulose concentration in the study done here was not as high as in the
previous studies of membranes and films, and an increase in CNF concentration might be
necessary to achieve measurable changes in rupture strength. Different preparation processes
and cellulose characteristics may also cause the various alginate-cellulose composites to
behave dissimilar.

No significant effect was seen on the rupture strength upon the introduction of nanofibrils to
the two alginates with lowest and highest G content, however a slight increase in gels of
alginate from M. pyr. with mechanically produced CNF was observed. A slight reduction in
deformation at rupture counterbalance the increase in rupture strength. The alginate from M.
pyr. contains more MG-blocks than the other alginates (Table 2.1) and the MG-junctions have
been shown to tolerate high compression force [81]. A slight increase in rupture strength was
also seen for hydrogel samples containing dextran. However, a reduction in rupture strength
was caused by both hyaluronate and xanthan (Figure 3.4). As expected, an increase in alginate
concentration while keeping CNF at a constant level increased the rupture strength of the
composite gels markedly (Figure 3.5).

The same concentration of TEMPO-oxidized CNF was added to hydrogels made from three
different alginate concentration, 0.20% (Figure 3.6), 0.75% (Figure 3.5) and 1.00% (Figure
3.3), yet no significant effect on rupture strength was detected at either of the three alginate
concentration. This suggest that although the alginate-cellulose interactions influence initial
compression resistance, the force that the composite gels can withstand before rupture are
determined mainly by the strong junction zones in alginate. This theory is further supported
by the extremely low rupture strength of pure gels of 0.750% TEMPO-oxidized CNF (Figure
3.5).

In all three alginates tested there was seen a concentration dependent reduction in deformation
at rupture with the presence of TEMPO-oxidized fibrils. Although the same trend was found
for M. pyr. alginate gels with mechanically produced CNF, the effect was independent of
fibril amount in gels of the two remaining alginates. The deformation at rupture decreased
with both of the charged control polymers, with xanthan showing the same effect as TEMPO-
oxidized CNF, and no change was seen with addition of the flexible dextran.

Similar to syneresis of the TEMPO-oxidized CNF gels the deformation at rupture of the same
gels appear to level out after an alginate concentration of 0.375%. From this point the
deformation of the gels are mainly dependent on CNF. While the 0.750/0.375 and 0.375/0.375
composite gels showed equal rupture strength, the latter stands out with a rather high
deformation at the point of breakage and a low total polymer concentration.
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4.2 Gel properties upon saline exposure

4.2.1 Gel stability in saline solution

Ca-alginate gels are known to swell when exposed to saline solution, also for alginate with a
high content of guluronic acid [31]. The same effect was found in this study, with more than
100% volume increase of pure M. pyr. alginate gels upon the saline treatments. The increase
in gel volume is due to the exchange of calcium ions with sodium ions and water. Two
sodium ions, together with one water molecule, are needed for every calcium ion to achieve
concentration balance inside the hydrogels. This leads to a higher osmotic pressure due to the
flow of water in to the gels. A reduction in specific binding of calcium, and thereby a loss of
junction zones, in alginates occur as the ions are washed out of the hydrogels and replaced by
sodium ions.

Surprisingly all of the different composite gels stayed intact during the two treatments with
physiological saline solution and were far more stable than the pure alginate gels. This was
also the case for the pure oxidized CNF gels. In fact, the pure CNF gels stand out as the only
gel type which shrunk when exposed to NaCl. Although no visual loss of gel was observed,
no microscopic detection of leakage was done and low scale loss of gel matter could have
occurred. As the charge density of the oxidized CNF is far lower than the alginate there will
be a lower amount of calcium in the pure CNF gel, which lead to a lower ionic strength inside
the gel. Hence, swelling in these gels is expected to be lower upon saline treatment, due to
less flow of water and sodium ions into the gel. A more compact gel structure may be
accomplished for the pure oxidized CNF gels upon saline exposure and contribute to the
reduced gel volume.

For the composite gels a combined effect was seen, with increasing alginate concentration
resulting in increased gel volume and a reduction in swelling was seen with increasing CNF
concentration. However, as the composite gels containing 0.75% alginate show considerably
less swelling than pure gels of the same alginate concentration, other factors such as steric
hindrance might influence the volume stability in addition to difference in ionic strength and
specific binding of calcium of the two polysaccharides.
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4.2.2 Calcium content in alginate — CNF gels

The registration of calcium after exposure to physiological saline solution showed that an
increase in alginate content lead to increase of calcium concentration in the composite gels.
As previously mentioned, the increase in Young’s modulus of composite gels, relative to pure
alginate gels, might be explained by calcium-carboxylate bonds. The expectation of a higher
calcium concentration in these gels, relative to pure gels with equal alginate concentration,
was however not supported by the measured calcium levels. Surprisingly, the concentration of
calcium in the gels were not significantly affected by addition of CNF, and appear to be
determined by the alginate concentration. This indicates that the calcium-carboxylate bonds
alone are not responsible for the strong influence of nanocellulose fibrils on Young’s
modulus, and other possible contributing factors should be examined.

Interestingly, a relatively large difference was found between the composite gel of 0.750%
CNF and 0.750% alginate and the pure 0.750% alginate gel, prior to saline exposure. In this
case the syneresis of the composite gel was found to be approximately half of the syneresis
for pure alginate gels, and should thereby be considered an error source on the basis of change
in alginate concentration. A similar consequence of syneresis might be relevant when calcium
levels of the composites containing 0.375% alginate, and different fibril concentrations, are
compared. Although the high values for standard deviation make the data difficult to interpret.
As was expected, the gels made of only TEMPO-oxidized CNF showed the lowest amount of
calcium upon treatment with saline. However, the initial concentration of calcium was found
to be similar to the composite gel of 0.750% CNF and 0.375% alginate.

4.3 Future work

The introduction of CNF in alginate hydrogels was investigated in this study. Although
composite gels present increase in Young’s modulus, indicating intermolecular interaction
between alginate and CNF, further analysis is needed to determine the source of these
findings.

An attempt to identify specific calcium binding events, in vacuum dried gels of M. pyr.
alginate and TEMPO-oxidized CNF, has been done at NTNU by fourier transform infrared
spectroscopy (FTIR) characterization [1]. Although the study did not give evidence to support
intermolecular interaction between the two polysaccharides, comparison of dried composites
and composite hydrogels should be done with caution.

Alternative techniques should be considered for further investigation of alginate — CNF
interactions. Isothermal titration calorimetry (ITC) would be relevant in terms of
determination of binding affinity and measurement of thermodynamic properties for these
composites.

Finally, a detailed study of gelation kinetics, critical overlap concentration of each gel
component and rheological behaviour at low concentration might provide valuable
information with respect to the role of each polysaccharide in this composite system.
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5 Conclusion

In this master thesis, the effect of cellulose nanofibrils on a selection of gel properties for
hydrogels made from alginate was investigated in terms of Young’s modulus, syneresis,
rupture strength, deformation at rupture and finally volume stability.

Light microscopy showed a homogeneous distribution of cellulose fibrils, and no phase
separation, in composite gels with both the mechanically fibrillated CNF and the TEMPO-
oxidized CNF.

Cellulose nanofibrils contributed to an increase in Young’s modulus and reduced the
syneresis of hydrogels made with alginate from both D. potatorum, M. pyrifera and L.
hyperborea. The largest effect was seen in composite gels containing TEMPO-oxidized CNF.
Analysis of control gels, made of M. pyr. alginate and other relevant polysaccharides, did not
show the same effect on Young’s modulus, confirming that the effect of CNF could not be
explained solely by the increase in polymer charge or total dry matter content. Registration of
calcium concentration with ICP-MS revealed no increase in calcium concentration for
composite gels relative to pure Ca-alginate gels, indicating that calcium binding alone could
not explain the high increase in Young’s modulus of the composite gels.

TEMPO-oxidized CNF also contributed to volume stability in hydrogels made of M. pyr.
alginate when the gels were treated with saline solution.

The addition of CNF gave no change in rupture strength relative to pure Ca-alginate gels, and
showed that resistance against rupture at large deformations and elastic gel properties are
provided mainly by the alginate.

The attained information about the effect of each component in this composite system, on the
different gel properties, can be used to manipulate composite materials to fit specific tasks
and are highly relevant in areas such as tissue engineering and bioprinting.
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APPENDICES



A CNF suspensions
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Figure A.1 - (A) Picture of the TEMPO-oxidized CNF used; (B) SEM image of TEMPO-oxidized CNF,
taken by PFIL.
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Figure A.2 - (A) Picture of the mechanical CNF used; (B) SEM image of mechanical CNF, taken by PFIL.
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Figure A.3 - SEM images of supercritically dried hydrogels of 1% (w/v) M. pyrifera alginate (A), and
composite gels with 0.30% mechanically fibrillated CNF (B) and 0.30% TEMPO-oxidized CNF (C).






C Compression analysis of hydrogels

Table A. 1 Raw data for gels with 1% (w/v) D. potatorum alginate and composite gels with 1% (w/v) D.

potatorum alginate and different amounts of TEMPO-oxidized and mechanically fibrillated CNF[%(w/v)].
Height (h), diameter (d), weight (w), gradient, Young’s modulus (E), syneresis (S), rupture strength (RS),
deformation at rupture (D) and percentage of deformation at rupture (€).

h d w Gradient E S RS D €

Alginate n (mm) (mm) (g) (N/m) (Pa) (%) (kg) (mm) (%)
1 16,65 1445 2,75 69,05  4053,85 23,98 1,68 10,84 65,09
2 1660 1450 2,71 66,06 372898 2508 1,45 10,51 63,34
3 16,71 14,47 2,74 66,06  3853,65 2425 1,33 10,49 62,76
4 16,66 1458 2,74 60,90  3488,60 2425 1,45 10,64 63,86
D. potatorum 5 16,56 1454 2,74 72,47 414885 2425 140 10,79 65,13
control 6 16,69 14,40 2,67 70,77  3953,53 26,19 1,39 10,42 62,46
7 1634 1452 2,71 66,56  3688,48 2508 1,26 10,15 62,09
8 1648 1446 2,72 60,50  3434,77 2481 1,36 10,50 63,70
9 16,68 1457 2,74 64,09 367509 2431 1,12 967 57,96
Average 16,60 14,50 2,72 66,55  3793,84 24,74 1,42 10,54 63,55
SD 012 0,06 0,03 4,28 25638 0,72 0412 022 1,13
1 16,89 14,52 2,84 8320 523418 21,49 1,13 931 5514
D. potatorum 2 16,78 1468 2,84 8554  5230,01 21,49 1,19 9,55 56,94
) 3 1693 1458 2,85 84,59  5327,30 21,21 1,12 9,37 55,36
4 1682 1441 2,80 73,28  4530,89 22,59 1,17 9,30 55,32
0.15% TEMPO- 5 16,84 1459 2,87 78,43 497566 20,66 1,13 9,37 55,64
oxidized CNF 6 16,83 1441 2,88 77,36 5063,38 20,38 1,12 9,40 55,84
7 1699 1445 286 75,48  4890,78 20,94 1,18 9,46 55,69
Average 16,87 14,52 2,85 79,70  5036,03 21,25 1,15 9,40 55,70
SD 007 010 0,03 4,77 271,53 0,72 003 0,09 0,60
D. potatorum 1 1690 14,69 2,96 107,82  7202,86 18,17 1,32 9,46 5599
s 2 16,96 14,75 2,99 114,88 779438 17,34 1,34 9,60 56,58
3 1696 1451 2,95 112,84 7701,46 1845 1,34 959 56,55
0.30% TEMPO- 4 17,08 14,76 2,99 116,46  7946,87 17,34 137 9,70 56,78
oxidized CNF 5 17,01 1450 2,98 112,55 787230 17,62 132 968 56,88
Average 16,98 14,64 2,97 112,91  7703,57 17,78 1,34 9,60 56,56
SD 007 013 0,02 3,26 29438 0,50 002 009 0,35
1 17,55 1463 3,15 171,77 1360549 12,92 157 971 5533
D. potatorum 2 17,63 14,97 3,13 160,58  12049,38 13,47 154 9,57 54,28
+ 3 17,54 14,98 3,17 166,46 1272895 12,37 1,67 9,79 5579
0.50% TEMPO- 4 17,51 14,80 321 159,36 12779,76 11,26 1,59 9,80 55,97
oxidized CNF 5 17,48 1502 3,16 164,58 12396,67 12,64 155 9,71 55,55
6 17,67 1510 3,18 172,46 1315821 12,09 1,63 9,84 55,69
Average 17,56 14,92 3,17 16587 1278641 12,46 1,559 9,74 55,44
SD 007 017 0,03 5,49 54910 0,76 005 0110 0,61
D. potatorum 1 17,92 1518 3,42 221,10 19579,12 545 1,46 9,50 52,99
s 2 18,00 15,03 3,29 210,87 1770640 9,05 1,42 938 52,11
3 18,16 15,12 3,32 193,20 1646870 822 1,24 9,06 49,89
0.75% TEMPO- 4 1813 1517 3,39 201,39 17751,68 6,28 1,43 9,55 52,65
oxidized CNF 5 18,16 15,07 3,37 222,94 19710,73 6,84 1,38 9,18 50,53
Average 18,07 15,11 3,36 209,90 18243,33 7,17 1,39 933 51,63
SD 011 0,06 0,05 12,72 137994 145 009 021 135
1 16,98 14,47 2,79 82,70  5082,76 22,87 1,35 1021 60,12
D. potatorum 2 1664 1466 2,73 84,80 476428 2453 109 9,60 57,70
+ 3 16,87 1455 2,78 82,03 491860 23,15 1,24 9,88 5857
0.15% mechanically | 4 16,78 14,61 2,79 80,65  4804,46 22,87 1,47 10,19 60,74
fibrillated CNF 5 16,89 1458 2,81 84,38  5153,65 22,32 1,29 10,13 60,00
6 1691 14,48 2,79 81,68 499237 22,87 123 9,86 5829
7 16,77 1425 2,82 74,98 479426 22,04 159 952 56,77
Average 16,83 1451 2,79 81,60  4930,05 22,95 1,32 991 5889
SD 011 0,13 0,03 3,27 15222 0,79 0117 0,28 145

\




1 1666 14,07 2,79 83,62 5333,20 22,87 1,12 9,59 57,58

D. potatorum 2 1685 14,29 2,81 85,66 5433,44 22,32 1,05 9,31 55,27

+ 3 16,82 14,48 2,78 74,01 4467,04 23,15 1,44 9,81 58,30

0.30% mechanically | 4 16,96 14,24 2,86 82,66 5505,25 20,94 1,31 10,04 59,17
fibrillated CNF 5 16,91 14,26 2,83 80,36 5210,62 21,76 1,31 9,92 58,68

6 16,78 14,38 2,80 78,36 4853,35 22,59 1,16 9,60 57,22

Average 16,83 14,29 2,81 80,78 5133,82 22,27 1,23 9,71 57,70

SD 0,11 0,14 0,03 4,18 399,16 0,81 0,14 0,26 1,39

1 17,68 14,67 3,08 119,14  9039,36 14,85 1,69 10,53 59,55

D. potatorum 2 17,50 14,59 3,00 112,54  8106,58 17,06 1,50 10,26 58,62

+ 3 17,54 1488 3,07 117,18 8517,79 15,13 1,68 10,27 58,56

0.50% mechanically | 4 17,34 1491 3,00 117,87 805543 17,06 1,75 10,42 60,09
fibrillated CNF 5 17,49 1465 3,08 109,75  8259,93 14,85 1,44 9,99 57,12

6 17,66 1499 3,07 111,72  8056,83 1513 154 10,32 58,46

7 17,85 14,97 3,07 112,07 8190,94 15,13 1,82 10,72 60,03

Average 17,58 14,81 3,05 114,32 831812 1560 1,63 10,36 58,92

SD 0,16 0,17 0,04 3,65 356,29 1,01 0,14 0,23 1,05

D. potatorum 1 17,67 14,92 3,16 146,59 11312,10 12,64 1,74 10,55 59,68

+ 2 17,61 14,78 3,07 150,74 11150,40 15,13 1,79 10,47 59,47

0.75% mechanically | 3 178 1484 311 13258 1009085 14,02 155 10,28 57,76
fibrillated CNF 4 17,95 1494 3,17 146,13 1149696 12,37 1,56 10,34 57,58

5 17,64 1497 3,13 146,98 11034,77 13,47 1,69 10,38 58,87

Average 17,73 14,89 3,13 144,60 1101701 1353 1,66 10,4 58,67

SD 0,14 0,08 0,04 6,97 54620 1,11 0,11 0,11 0,96

Vi




Table A.2 Raw data for gels with 1% (w/v) M.pyrifera alginate and composite gels with 1% (w/v)
M.pyrifera alginate and different amounts of TEMPO-oxidized and mechanically fibrillated CNF[%(w/V)].
Height (h), diameter (d), weight (w), gradient, Young’s modulus (E), syneresis (S), rupture strength (RS),

deformation at rupture (D) and percentage of deformation at rupture (e).

h d w Gradient E S RS D €

Alginate n (mm) (mm) (g) (N/m) (Pa) (%) (kg) (mm) (%)
1 1436 11,94 1,83 347,72  11419,25 49,41 4,20 10,33 71,96
2 1436 12,33 1,89 371,04  12188,32 47,75 4,49 10,36 72,12
3 14,31 12,52 1,83 364,48 1084850 49,41 3,41 10,07 70,39
M. pyrifera 4 14,32 12,24 1,82 369,75  11397,15 49,69 3,52 10,14 70,82
control 5 14,49 12,38 1,85 391,79  12342,09 48,86 504 10,55 72,80
6 1450 12,15 1,84 359,18  11628,78 49,13 3,89 10,59 73,05
7 1449 12,32 1,83 341,39 1062590 49,41 4,09 10,32 71,20
Average 14,40 12,27 1,84 363,62 11492,86 49,09 4,09 10,34 71,76
SD 0,09 0,18 0,02 16,60 633,08 0,65 0,56 0,19 1,00
, 1 14,84 12,63 1,93 429,05 14474,80 46,64 4,17 10,07 67,86
M. pyrifera 2 14,97 12,53 1,92 501,11  17148,46 46,92 4,29 10,02 66,93
+ 3 14,79 12,47 1,91 467,33  15786,83 47,20 4,11 9,97 67,40
0.15% TEMPO- 4 14,77 12,53 1,91 450,78  15061,78 47,20 4,08 9,93 67,20
oxidized CNF 5 1468 12,59 1,89 428,59  13804,11 47,75 4,18 9,96 67,86
6 14,88 12,49 1,89 392,84  13031,24 47,75 4,16 10,00 67,22
Average 14,82 12,54 1,91 444,95 14884,54 47,24 4,16 9,99 67,41
SD 0,10 0,06 0,02 37,22 1465,66 0,44 0,07 0,05 0,38
M. pyrifera 1 15,12 12,80 2,18 489,15 20885,96 39,73 4,03 9,68 64,03
. 2 15,07 12,84 2,13 431,93  17439,20 41,12 4,11 9,67 64,15
3 1509 12,27 2,12 467,43  20499,84 41,39 4,03 9,59 63,55
0'397? TEMPO- 4 1515 12,47 2,12 450,74  19215,11 41,39 4,11 9,66 63,79
oxidized CNF 5 1507 12,62 2,13 430,91  18009,56 41,12 4,08 9,71 64,44
Average 15,10 12,60 2,14 454,03 19209,93 40,95 4,07 9,66 63,99
SD 0,03 0,24 0,03 24,73 1504,11 0,69 0,04 004 0,34
M. pyrifera 1 16,15 13,97 2,58 446,22  23929,78 28,68 4,43 10,09 62,45
. 2 15,87 13,91 2,40 521,95  24007,22 33,65 4,69 10,13 63,83
3 16,13 13,82 2,45 538,58  26580,87 32,27 4,82 10,18 63,09
0'59% TEMPO- 4 1581 13,50 2,39 524,89  25321,84 33,93 4,26 9,97 63,07
oxidized CNF 5 16,19 13,96 2,51 537,30 27378,31 30,61 4,52 10,10 62,37
Average 16,03 13,83 2,47 513,79 25443,61 31,83 4,54 10,09 62,96
SD 0,18 0,19 0,08 38,48 1533,47 2,20 0,22 0,08 0,59
M. pyrifera 1 1621 1400 2,57 660,14  35107,05 28,95 4,05 9,64 59,49
+ 0.75% TEMPO- 2 16,18 13,92 2,61 745,28  41273,29 27,85 4,34 9,82 60,70
- 3 16,20 13,99 2,55 623,56  32674,29 29,51 4,20 9,60 59,23
oxidized CNF 4 16,18 13,93 2,58 651,18 35186,94 28,68 4,42 9,62 59,43
Average 16,19 13,96 2,58 670,04 36060,39 28,74 4,25 9,67 59,71
SD 0,02 0,04 0,03 52,52 3665,69 0,69 0,17 0,10 0,67
M. pyrifera 1 14,77 12,48 1,91 446,04  15022,97 47,20 5,16 10,36 70,15
: 2 1454 12,44 1,92 44596  15038,00 46,92 5,17 10,45 71,88
* 3 1468 12,53 1,92 481,61 16161,63 46,92 5,89 10,70 72,88
0.15% mechanically | 4 14,80 12,53 1,91 458,48  15350,14 47,20 4,94 10,37 70,06
5 14,80 12,48 1,90 450,45  15043,53 47,47 6,21 10,68 72,16
fibrillated CNF 6 14,86 12,49 1,90 420,58  14080,32 47,47 5,55 10,56 71,05
7 14,86 12,44 1,93 395,02  13755,38 46,64 5,37 10,53 70,89
8 14,70 12,53 1,90 447,01  14709,93 47,47 5,68 10,60 72,12
Average 14,75 12,49 1,91 443,14 1489524 47,16 5,50 10,53 71,40
SD 0,11 0,04 0,01 25,70 743,27 0,31 0,42 0,13 1,02
M. pyrifera 1 1493 12,38 2,03 471,94  18444,16 43,88 5,18 10,55 70,64
. 2 15,09 12,47 2,04 398,98  15686,87 43,60 5,33 10,24 67,85
0.30% mechanically 3 14,82 12,62 2,05 433,70 16511,82 43,33 5,08 10,18 68,67
o 4 14,73 12,56 2,07 466,56  18173,52 42,77 5,60 10,29 69,86
fibrillated CNF 5 1481 12,66 2,07 47652 1836875 42,77 537 10,26 69,30
Average 14,88 12,54 2,05 449,54 17437,02 43,27 5,31 10,30 69,27
sD 0,14 0,11 0,02 32,89 1259,35 0,49 0,20 0,14 1,08

Vil




M. pyrifera 1 1524 1324 220 437,98 17942,06 39,18 5,04 1055 69,25

. 2 1515 13,27 2,16 45423  17750,88 40,29 496 10,44 68,389

0.50% mechanically | 3 1544 1324 220 480,07 1992452 3918 567 1081 70,03
4 1536 13,38 2,17 45579 17927,72 40,01 4,74 10,47 68,15

. 5 1537 13,27 2,18 460,45 1859492 39,73 536 10,70 69,63
fibrillated CNF 6 1529 13,13 2,18 437,03 17933,60 39,73 511 10,57 69,13

7 1520 13,26 2,15 45851 17837,99 4056 513 10,59 69,69

Average 1529 13,26 2,18 454,86 18273,10 39,81 515 10,59 69,25

SD 010 007 002 14,63 77856 052 0,30 013 0,62

M. pyrifera 1 1597 1365 2,40 57536 2765453 33,65 532 10,63 66,54

. 2 1584 13,46 2,30 443,85 1998595 3642 4,96 10,47 66,10

0.75% mechanically | 3 1584 1360 233 54510 2467368 3559 547 10,74 67,78
fbrillated CNF 4 1590 13,58 2,44 522,51 2611165 32,55 567 10,65 67,01

5 1592 13,65 2,42 47330 2305723 3310 574 10,75 67,51

Average 15,89 13,59 2,38 512,02 24296,61 3426 543 10,65 66,99

SD 006 008 006 5330 2950,85 166 031 011 0,68

VI




Table A.3 Raw data for gels with 1% (w/v) L. hyperborea stipe alginate and composite gels with 1% (w/v)
L. hyperborea stipe alginate and different amounts of TEMPO-oxidized and mechanically fibrillated
CNF[%(w/V)]. Height (h), diameter (d), weight (w), gradient, Young’s modulus (E), syneresis (S), rupture
strength (RS), deformation at rupture (D) and percentage of deformation at rupture (e).

h d w Gradient E S RS D €

Alginate n (mm) (mm) (g) (N/m) (Pa) (%) (kg) (mm) (%)
1 16,10 13,81 2,61 596,06  33371,28 27,85 4,26 10,17 63,19
2 16,51 1391 2,57 610,29  33485,65 28,95 521 10,63 64,37
L. hyperborea 3 16,46 14,07 2,58 587,54  31657,98 28,68 5,76 10,88 66,08
4 16,68 13,79 2,56 585,74  32780,79 29,23 6,25 11,17 66,96
5 16,39 13,91 2,58 553,15 30364,95 28,68 4,98 10,47 63,85
control 6 16,24 13,40 2,55 568,54  32552,29 29,51 4,21 10,04 61,82
7 16,18 13,84 2,57 550,98 29882,98 29,01 6,36 11,14 68,84
Average 16,37 13,82 2,57 583,55 32368,82 28,81 5,11 10,56 64,38
SD 0,20 0,21 0,02 20,21 1181,22 057 081 043 1,89
1 1661 1430 2,74 685,29  40685,66 24,25 4,11 9,73 58,59
2 16,70 1439 2,78 743,55  45119,40 23,15 4,01 9,68 57,98
L. hyperborea 3 16,84 14,22 2,79 689,67  43527,16 22,87 3,66 9,52 56,51
+ 4 16,87 14,36 2,79 731,92  45377,78 22,87 3,86 9,58 56,80
0.30% TEMPO- 5 16,83 14,26 2,75 721,43  43961,07 23,98 4,10 9,67 57,46
oxidized CNF 6 16,80 14,38 2,76 660,58 39801,46 23,70 3,74 9,48 56,42
7 16,88 14,17 2,77 683,39  42916,73 23,42 3,75 9,51 56,32
8 16,77 14,35 2,79 689,25  42538,31 22,87 3,84 961 57,33
Average 16,79 14,30 2,77 700,64 42990,95 23,39 3,88 9,60 57,18
SD 0,09 0,08 0,02 28,39 1969,54 0,54 0,17 0,09 0,81
1 17,60 14,58 3,01 982,63 71760,87 16,79 4,63 9,82 5578
L. hyperborea 2 17,53 14,62 3,00 972,49  69884,51 17,06 4,83 9,88 56,34
+ 3 17,63 14,60 3,04 962,97 71659,60 15,96 4,64 9,90 56,15
0.75% TEMPO- 4 17,59 14,75 3,06 874,73  64470,85 15,41 3,76 9,37 53,25
oxidized CNF 5 17,60 14,59 3,04 1021,43 75984,19 15,96 4,01 9,47 53,80
6 17,68 1459 3,12 906,75  71373,19 13,75 4,45 10,01 56,60
Average 17,61 14,62 3,05 953,50 70855,54 15,82 4,38 9,74 55,32
SD 0,05 0,06 0,04 53,49 3734,82 1,18 041 0,26 1,43
1 16,56 14,06 2,63 649,95 36664,86 27,29 4,29 10,00 60,38
L. hyperborea 2 16,75 1394 2,63 667,84 3876501 27,29 4,24 9,95 59,40
+ 3 16,56 14,11 2,61 651,56  35942,56 27,85 4,48 10,09 60,93
0.30% mechanically 4 16,56 14,05 2,69 618,93 36578,09 25,63 4,02 9,88 59,68
5 16,62 14,16 2,59 631,58 34189,72 28,40 4,35 10,01 60,21
6 16,68 14,12 2,61 640,05  35513,20 27,85 4,13 9,93 59,54
fibrillated CNF 7 1654 14,14 2,63 663,01 36934,41 27,29 4,36 10,15 61,35
8 16,67 14,10 2,66 670,98 38756,00 26,46 4,14 9,96 59,77
Average 16,62 14,09 2,63 649,24 36667,98 27,26 4,25 10,00 60,16
SD 0,08 0,07 0,03 18,24 1550,95 0,87 0,15 0,09 0,70
L. hyperborea 1 17,27 14,28 2,87 921,22  62564,58 20,66 4,91 10,11 58,52
, 2 17,26 14,61 2,90 971,89  64346,01 19,83 6,08 10,57 61,23
0.75% mechanically | 3 17,24 1447 2,87 842,63 55637,51 20,66 4,88 10,27 59,55
4 17,29 14,40 2,88 971,53 6541530 20,38 5,52 10,44 60,39
o 5 17,30 14,47 2,90 894,92 60542,10 19,83 5,57 10,44 60,37
fibrillated CNF 6 1727 1446 2,90 864,95 58493,88 19,83 528 10,43 60,36
Average 17,27 14,45 2,89 911,19 61166,56 20,20 5,38 10,38 60,07
SD 0,02 0,11 0,02 53,91 3693,74 042 045 0,16 0,93




Table A.4 Raw data composite gels with 1% (w/v) M.pyrifera alginate and other polysaccharides [Y(w/V)].
Height (h), diameter (d), weight (w), gradient, Young’s modulus (E), syneresis (S), rupture strength (RS),
deformation at rupture (D) and percentage of deformation at rupture (e).

h d w Gradient E S RS D €

Alginate n_ (mm) (mm) (g) (N/m) (Pa) (%) (kg) (mm) (%)
1 14,96 12,54 1,98 302,11  10969,70 4526 5,33 10,84 72,47
2 14,89 12,42 1,96 334,06 12060,22 45,82 4,87 10,65 71,52
M. pyrifera 3 14,95 12,80 2,05 358,85  13396,93 43,33 4,63 10,58 70,78
4 14,89 12,74 1,98 349,06  12222,34 4526 5,35 10,94 73,49
+ 5 14,95 12,50 2,01 354,49  13340,72 44,43 5,12 10,76 71,98
0.30% dextran 6 14,92 12,88 2,00 332,63  11649,98 44,71 5,08 10,81 72,42
7 14,98 12,91 2,03 354,49  12782,70 43,88 5,11 10,78 71,93
8 14,74 12,62 1,96 315,47 10919,64 45,82 5,10 10,73 72,81
9 14,92 12,61 2,02 344,44  12819,37 44,20 4,98 10,65 71,35
Average 14,91 12,67 2,00 337,64 12167,78 44,81 5,07 10,76 72,17
SD 0.07 017 0.03 20.49 966.63 090 023 011 082
1 15,28 13,04 2,10 322,71  12450,63 41,95 4,75 10,76 70,45
2 1514 13,07 2,11 315,93  12136,54 41,67 4,75 10,73 70,90
3 1521 13,05 2,13 337,12 13299,13 41,12 4,81 10,80 71,03
M. pyrifera 4 15,10 13,00 2,11 327,82 1269556 41,67 5,74 11,09 73,42
) 5 15,20 13,05 2,14 312,84  12449,06 40,84 4,90 10,89 71,61
6 1522 13,07 2,09 316,92  12007,94 42,22 4,47 10,59 69,60
0.75% dextran 7 15,18 13,08 2,10 317,55  12097,04 41,95 4,39 10,53 69,34
8 15,23 12,95 2,07 300,37 11379,33 42,77 4,72 10,66 70,00
9 15,19 13,07 2,07 323,68 11988,98 42,82 520 10,95 72,08
Average 15,19 13,04 2,10 318,91  12314,40 41,77 4,81 10,76 70,79
SD 0,05 0,04 0,02 10,83 560,46 061 041 0,18 1,31
1 15,64 13,29 2,25 312,58  13642,01 37,80 3,98 11,99 76,68
_ 2 15,75 13,39 2,25 278,81  12071,22 37,80 3,65 12,36 78,50
M. pyrifera 3 15,69 13,34 2,25 306,35 13312,36 37,80 2,44 10,51 67,00
. 4 15,73 13,46 2,26 302,08  13041,95 37,52 3,94 11,99 76,24
5 15,53 13,30 2,21 294,72  12303,28 38,90 3,44 11,22 72,26
0.30% sodium 6 15,69 13,30 2,21 306,17  12912,95 38,90 3,56 11,57 73,72
hyaluronate 7 15,73 13,09 2,24 310,03  13902,97 38,08 4,45 12,41 78,87
8 1571 13,20 2,27 309,82  14013,64 37,25 4,04 11,88 75,60
Average 15,68 13,30 2,24 302,57 13150,05 38,01 3,69 11,74 74,86
SD 0,07 0,11 0,02 11,10 710,12 060 060 063 3,87
M. pyrifera 1 16,79 14,20 2,73 203,04  12267,29 24,53 2,50 10,87 64,72
2 16,96 14,52 2,86 248,51  15919,68 20,94 3,01 11,11 65,53
* 3 17,06 14,34 2,80 212,03  13426,11 22,59 2,67 10,99 64,40
0.75% sodium 4 16,79 14,43 2,69 189,91  10787,73 25,63 2,13 10,49 62,46
5 17,10 14,68 2,79 244,15  14681,40 22,87 2,22 10,48 61,26
hyaluronate 6 16,89 14,44 2,75 150,25  8960,83 23,98 2,71 11,10 65,73
Average 16,93 14,44 2,77 207,98 12673,84 23,42 2,54 10,84 64,02
SD 0,13 0,16 0,06 36,47 2555,03 165 0,33 0,29 1,78
1 15,74 13,38 2,24 348,33  14960,38 38,08 2,98 9,93 63,11
2 15,80 13,32 2,21 358,35 15174,26 38,90 3,54 10,16 64,27
M. pyrifera 3 15,72 13,36 2,25 350,31  15206,42 37,80 3,21 10,00 63,61
4 15,73 13,38 2,24 335,85  14415,13 38,08 2,92 9,93 63,15
+ 5 15,77 13,39 2,24 351,82 15116,68 38,08 3,02 9,91 62,83
6 15,72 13,31 2,22 341,98  14560,21 38,63 3,26 10,10 64,24
0.30% xanthan 7 15,74 13,33 2,21 350,37  14757,79 38,90 3,39 10,13 64,37
8 15,44 13,12 2,16 354,39  14438,75 40,29 3,10 9,88 64,02
Average 15,71 13,32 2,22 348,92 14828,7 38,59 3,18 10,01 63,70
SD 0,11 0,09 0,03 7,08 330,06 0,80 021 0,11 0,61
1 16,68 14,13 2,66 345,62  19890,08 26,46 2,91 10,12 60,70
2 16,39 14,07 2,60 307,53  16756,84 28,12 2,74 9,97 60,80
M. pyrifera 3 16,45 14,00 2,65 335,32  19240,80 26,74 2,77 10,06 61,14
4 16,59 14,05 2,70 339,14  20228,42 25,36 2,86 10,09 60,83
+ 5 16,58 14,01 2,65 352,82  20375,76 26,74 2,71 9,99 60,25
6 16,65 13,91 2,66 344,92 2044589 26,46 2,91 10,07 60,49




0.75% xanthan

Average
SD

16,37
16,57
16,55
16,54
0,11

14,00
13,9
13,94
14,00
0,08

2,68
2,65
2,62
2,65
0,03

343,87
321,40
353,70
336,33
14,88

20082,58
18845,12
20101,04
19483,19
1236,50

25,91
26,74
27,62
26,57
0,79

2,82
2,75
2,71
2,81
0,08

10,07
10,01
9,92
10,05
0,05

61,48
60,43
59,95
60,76
0,40

Table A.5 Raw data for gels with low concentration of M.pyrifera alginate [%(w/v)].

(d), weight (w), gradient, Young’s modulus (E), syneresis (S), rupture strength (RS), deformation at

rupture (D) and percentage of deformation at rupture ().

Height (h), diameter

h d w Gradient E S RS D €

Alginate n_(mm) (mm) (g) (N/m) (Pa) (%) (kg) (mm) (%)
1 1434 12,79 1,30 2824 407,26 6406 0,03 3,60 2508
0.10% 2 13,67 12,95 1,34 29,18 41579 62,96 0,04 4,52 33,03
M. pyrifera 3 13,87 1246 1,33 2595 39929 6323 0,02 3,52 2539
4 13,25 12,50 1,31 22,90 324,43 63,78 0,04 435 32,79
Average 13,78 12,68 1,32 26,57 386,69 63,51 0,04 3,99 29,07
SD 045 024 0,02 2,80 4205 050 001 051 443
1 11,06 10,20 0,97 33,76 32876 73,18 046 7,03 6355
0.20% 2 11,13 10,12 0,98 33,77 343,10 7291 0,60 7,42 66,62
M. pyrifera 3 11,14 10,23 0,94 32,88 301,10 74,01 0,58 7,35 66,01
: 4 11,11 1020 092 32,74 288,09 7457 0,62 749 67,38
5 11,11 10,07 0,93 3434 316,77 7429 050 7,03 63,30
Average 11,11 10,16 0,95 335 31556 73,79 0,55 7,26 65,37
SD 003 007 0,03 0,67 21,78 0,72 0,07 022 1,84
1 17,81 1433 2,93 128093 93457 19,00 0,55 8,47 47,54
0.20% M. pyrifera 2 17,95 1438 2,92 129,43 93261 19,28 0,52 8,39 46,76
. 3 17,76 1440 2,89 126,32 87973 20,11 0,53 829 46,67

+0.75% TEMPO-

27 4 1794 1430 2,95 12520 93060 18,45 0,54 840 46,80
oxidized CNF 5 1785 1433 2,89 12559  8876,7 20,11 0,55 844 47,29
6 17,65 1404 2,84 117,70 82757 21,49 0,42 801 4535
Average 17,83 1430 2,90 12553 8987,9 19,74 0,52 8,33 46,74
SD 011 013 0,04 421 42416 107 005 017 0,76

Xl




Table A.6 Raw data for composite gels of CNF and M.pyrifera alginate used in for ICP-MS. Height (h),

diameter (d), weight (w), gradient, Young’s modulus (E), syneresis (S), rupture strength (RS),

deformation at rupture (D) and percentage of deformation at rupture (e).

h d w Gradient E S RS D €

Alginate n_ (mm) (mm) (g) (N/m) (Pa) (%) (kg) (mm) (%)
1 18,97 15,44 3,48 61,11 5732,97 3,80 0,10 598 31,54
0.75% 2 1866 15,63 3,47 62,25 5574,24 4,07 0,09 5,45 29,19
TEMPO - oxidized 3 18,90 14,92 3,40 56,05 535599 6,01 0,05 560 29,65
CNF 4 1877 1551 3,55 75,91 7267,55 1,86 0,09 547 29,15
5 1864 1557 3,52 63,99 593527 2,69 0,12 6,11 32,77
Average 18,79 15,41 3,48 63,86 5973,20 3,68 0,09 572 30,46

SD 015 029 0,06 7,36 75409 157 0,02 030 1,62
1 17,81 1433 2,93 128,93 9345,78 19,0 0,55 8,47 47,54
0.75% 2 17,95 1438 2,92 129,43 9326,17 19,2 0,52 839 46,76
TEMPO - oxidized CNF | 3 17,76 14,40 2,89 126,32 8797,37 20,1 0,53 8,29 46,67
+ 4 17,94 1430 2,95 125,20 9306,00 18,4 0,54 8,40 46,80
0.20% M. pyrifera 5 17,85 1433 2,89 125,59 8876,73 20,1 0,55 8,44 47,29
6 17,65 14,04 2,84 117,70 827572 21,4 042 801 4535
Average 17,83 14,30 2,90 125,53 8987,96 19,7 0,52 8,33 46,74

SD 011 013 0,04 4,21 42416 1,07 005 0,17 0,76
1 17,22 13,76 2,56 193,31  11217,46 29,2 1,42 9,68 56,19
0.75% 2 17,23 13,70 2,58 224,01 1332651 286 1,39 9,60 55,71
TEMPO - oxidized CNF | 3 17,08 13,60 2,64 220,54 13818,68 27,0 1,38 9,76 57,12
+ 4 17,06 13,70 2,59 213,55  12676,66 28,4 1,44 969 56,81
0.375% M. pyrifera 5 17,03 13,65 2,55 208,00 1203523 29,5 1,33 9,58 56,24
6 17,12 13,66 2,59 207,51  12434,17 284 1,41 9,85 57,54
Average 17,12 13,68 2,59 211,15  12584,78 285 1,40 9,69 56,60

SD 008 0,05 0,03 10,96 92470 0,87 0,04 0,10 0,68
0.75% 1 16,26 13,78 2,51 423,68 2225231 30,6 2,94 9,59 5897
TEMPO - oxidized CNF | 2 1620 13,98 2,56 44583 2357874 29,2 2,89 9,46 58,42
! 3 1636 13,96 2,55 417,14 2216892 29,5 2,83 9,61 58,71
_ 4 16,33 13,96 2,51 431,41 2217296 30,6 2,8 941 57,65
0.75% M. pyrifera 5 16,28 13,66 2,52 440,97  23786,65 30,3 3,36 9,65 59,26
Average 16,29 13,87 2,53 431,81  22791,92 30,0 2,98 9,54 58,60

SD 006 014 0,02 11,85 817,16 0,65 022 0,10 0,62
0.75% 1 1621 14,00 2,57 660,14  35107,05 28,9 4,05 9,64 59,49
o 2 16,18 13,92 2,61 74528  41273,29 27,8 4,34 9,82 60,70
TEMPO -oxidized CNF | 315750 1399 2555 623,56 3267429 295 420 960 5923
+1.00% M. pyrifera | 4 1518 13,93 258 651,18  35186,94 286 442 962 5943
Average 16,19 13,96 2,58 670,04  36060,39 28,7 4,25 9,67 59,71

SD 002 004 0,03 52,52 366569 069 017 0,10 0,67
1 1577 12,89 2,12 14524 6031,90 41,3 1,46 9,92 62,91
0.375% 2 15,62 12,87 2,06 149,93 5841,37 43,0 1,29 9,51 60,85
TEMPO - oxidized CNF | 3 1564 12,87 2,04 146,54 5606,26 43,6 1,51 9,91 63,38
+ 4 1562 12,88 2,04 145,89 5565,63 43,6 1,60 9,77 62,55
0.375% M. pyrifera 5 1563 12,83 2,05 145,71 5660,88 43,3 1,27 9,37 59,96
6 1574 12,95 2,10 134,20 5407,69 41,9 1,26 9,49 60,27
Average 15,67 12,88 2,07 144,59 5685,62 42,8 1,40 9,66 61,65

SD 007 004 0,03 5,36 22033 0,93 0,14 024 1,47

Xl




Table A.7 Raw data from analysis of calcium concentration [mM] done with ICP-MS on pure M. pyrifera
alginate gels, CNF gels and CNF — alginate composites of various concentrations.

Gel type Calcium concentration (Cx) after x NaCl treatments, [mM]
M. pyr. alginate CNF Co C: C2
A 87,26 14,35 5,61
B 83,30 13,71 5,85
0.75% - C 82,82 10,42 6,38
Mean 84,46 12,83 5,95
SD 2,43 2,11 0,39
D 49,79 5,05 0,90
- 0.75% E 49,81 5,57 1,04
F 50,62 4,80 0,55
Mean 50,07 5,14 0,83
SD 0,47 0,39 0,25
G 67,85 9,01 2,33
H 64,87 9,83 1,78
0.2% 0.75% I 62,59 10,67 1,90
Mean 65,10 9,84 2,00
SD 2,64 0,83 0,29
J 45,92 5,15 1,58
K 37,67 7,89 1,95
0.375% 0.75% L 63,13 10,97 3,80
Mean 48,91 8,00 2,44
SD 12,99 2,91 1,19
M 66,53 14,90 5,62
N 71,09 13,35 5,89
0.75% 0.75% 0 69,44 17,65 5,96
Mean 69,02 15,30 5,83
SD 2,31 2,17 0,18
P 63,68 10,87 2,56
Q 58,31 11,19 3,23
0.375% 0.375% R 63,63 10,10 5,03
Mean 61,87 10,72 3,61
SD 3,08 0,56 1,27

X1




Table A.8 Weight data attained from examination of volume stability, of pure M. pyrifera alginate gels,
CNF gels and CNF — alginate composites of various concentrations, upon NaCl treatment.

Gel type Weight (wx) after x NaCl Weight fraction (wx/wo) after
treatments, [g] X NaCl treatments

Alginate CNF wo wi w2 wo/wo | wi/wo | wz/wo
A 0,155 0,256 0,340 1 1,655 2,201

B 0,176 0,279 0,361 1 1,591 2,055

0.75% - C 0,183 0,288 0,370 1 1,574 2,020
Mean 1 1,606 2,092

SD - 0,043 0,096

D 0,583 0,513 0,485 1 0,879 0,831

E 0,461 0,436 0,394 1 0,944 0,855

- 0.75% F 0,400 0,376 0,342 1 0,941 0,855
Mean 1 0,922 0,847

SD - 0,037 0,014

G 0,397 0,410 0,386 1 1,035 0,974

H 0,314 0,329 0,287 1 1,045 0,914

0.2% 0.75% I 0,387 0,398 0,406 1 1,028 1,051
Mean 1 1,036 0,980

SD - 0,009 0,069

J 0,336 0,360 0,386 1 1,069 1,146

K 0,316 0,342 0,369 1 1,083 1,170

0.375% 0.75% L 0,305 0,339 0,370 1 1,111 1,213
Mean 1 1,088 1,176

SsD - 0,021 0,034

M 0,266 0,326 0,383 1 1,225 1,442

N 0,439 0,494 0,569 1 1,125 1,296

0.75% 0.75% 0 0,325 0,376 0,441 1 1,158 1,360
Mean 1 1,169 1,366

SD - 0,051 0,074

P 0,243 0,285 0,308 1 1,173 1,269

Q 0,311 0,346 0,394 1 1,114 1,269

0.375% 0.375% R 0,402 0,437 0,518 1 1,089 1,289
Mean 1 1,125 1,275

SD - 0,043 0,011
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D Examples of calculations

Young’s modulus, corrected for weight:

1000 - GRADIENT - HEIGHT _ 1000 - 347.72N/m - 14.36mm

Ecorr. = 5 = 11419.25P3
' DIAMETER 2 3.62mm\2 | _ (11.94mm\?2
(;"QEFFETE) ﬂ—(f) (1.83mm) 77( > )
Syneresis:

1.83
5= (1 — M) .100° /o = (1 — —g) .100° /4 = 49.41° /,
MBEFORE 3.62g

Percentage of deformation at rupture:

DEFORMATION AT RUPTURE o
( ) 1w,

( 10.33mm
HEIGHT

-100° /, = 71.96°
14.36mm ) /o /o
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Abstract: Alginate and cellulose nanofibrils (CNF) are attractive materials for tissue engineering
and regenerative medicine. CNF gels are generally weaker and more brittle than alginate gels, while
alginate gels are elastic and have high rupture strength. Alginate properties depend on their
guluronan and mannuronan content and their sequence pattern and molecular weight. Likewise, CNF
exists in various qualities with properties depending on, e.g., morphology and charge density. In this
study combinations of three types of alginate with different composition and two types of CNF with
different charge and degree of fibrillation have been studied. Assessments of the composite gels
revealed that attractive properties like high rupture strength, high compressibility, high gel rigidity at
small deformations (Young’s modulus), and low syneresis was obtained compared to the pure gels.
The effects varied with relative amounts of CNF and alginate, alginate type, and CNF quality. The
largest effects were obtained by combining oxidized CNF with the alginates. Hence, by combining
the two biopolymers in composite gels, it is possible to tune the rupture strength, Young’s modulus,
syneresis, as well as stability in physiological saline solution, which are all important properties for
the use as scaffolds in tissue engineering.

Keywords: alginate; TEMPO; cellulose nanofibrils; nanocellulose; composite; hydrogels;
mechanical properties

1. Introduction

Recently, composite materials of alginate and cellulose nanofibrils (CNF) have shown promising
results for bioprinting and tissue engineering applications [1-3]. In particular, the shear thinning
properties of CNF combined with the viscous alginate that form hydrogels with divalent cations at
physiological conditions, are attractive for bioprinting [1].

Alginates are linear copolymers of 1 — 4 linked f-D-mannuronic acid (M) and a-L-guluronic
acid (G). The monomers are arranged in a block-wise pattern along the chain with homopolymeric
regions of M and G termed M- and G-blocks, respectively, interspaced with regions of alternating
structure (MG-blocks) [4]. Alginate forms hydrogels by crosslinking with divalent cations where,
particularly, the G-blocks, but also the MG-blocks, are important for the mechanical properties of the
resulting gel [5,6]. Alginate hydrogels can be produced under physiological conditions [7,8]. This,
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together with a low immunogenic profile [9], makes them popular materials for biomedical
applications and, in particular, in tissue engineering [10]. Cellulose provides structural support in plant
cell walls and can be processed as fibres or nanoscaled fibrils of cellulose, known as cellulose
nanofibrils (CNF). Several procedures for preparation of CNF from cellulose pulp exist, among them
2,2,6,6-tetramethylpiperidine-1-oxyl radical (TEMPO)-mediated oxidation using sodium hypochlorite
as oxidant [11]. By this, aldehyde and carboxyl groups are introduced on the surfaces of the cellulose
fibrils and increase the negative charge of the fibrils. Aqueous dispersions of CNF have gel like
character at low concentrations (approx. 0.5%) held together by fibril entanglement and hydrogen
bonds. CNF hydrogels can be produced with cations, both monovalent and with higher valency [12],
where gels with higher valency ions form stronger gels [12,13].

Due to their availability, renewability, biocompatibility, and low toxicity, both alginate and
cellulose are attractive materials for a range of applications such as films, gels, and as viscosifiers.
Although being suggested for tissue engineering applications, not much is known about the
mechanical properties of composite gels of alginate and CNF. Composite gels of alginate and either
oxidized CNC (cellulose nanocrystals) or CNF have shown increased compression strength, suggested
to be the result of Ca?* mediated crosslinking of the two components [14]. TEMPO-oxidized BNC
(bacterial nanocellulose) have been used to improve the mechanical and chemical stability of an
alginate hydrogel, and the composite gel was used for encapsulation of fibroblasts. The nanofibrous
structure of the BNC was suggested to mimic the fibre structures of collagen and fibronectin found in
the extracellular matrix [15-17], and fibroblast viability and proliferation was found to be higher in
comparison to pure alginate gels [18]. For chondrocytes, the combination of sulfated alginate with
nanocellulose were promising regarding cell viability and phenotype [2]. It has previously been shown
that Young’s modulus of the matrix is important for the development of stem cells into differentiated
cell types/tissues [19]. Hence, the structure, chemistry, as well as the mechanical properties are of
importance in tissue engineering applications. Although composite gels of CNF and alginate have
been demonstrated in the literature, a systematic study of mechanical properties on combinations of
different types of alginate and CNF has not yet been reported.

We hypothesize that by combining alginate and CNF, the advantageous properties of the
individual constituents, i.e., the stiffness of CNF and the compressibility of alginate, could be
preserved in the composite gel making it possible to tailor the mechanical properties.

2. Materials and Methods

2.1. Materials

Alginates: Alginates extracted from Durvillea potatorum and Laminaria hyperborea stipe were
obtained from FMC Health and Nutrition (Sandvika, Norway), and Macrocystis pyrifera alginate were
purchased from Sigma-Aldrich (St. Louis, MO, USA). Molecular weight and NMR parameters are
given Table 1. For a detailed study on alginate fine structure see [20].

Table 1. Mwand sequence parameters in alginates used in this study [20] .

Alginate Mw (kDa) Pl Fe Fm Fec Fem  Fmm NG>1
FMGM FGGG
D. potatorum 163 1.76 0.32 0.68 0.20 0.12 0.56 0.07 0.16 6
M. pyrifera 177 1.94 0.41 0.59 0.21 0.20 0.40 0.18 0.17 5
L. hyperborea 200 2.23 0.67 0.33 0.56 0.11 0.23 0.08 0.52 13

! Molecular weight (My) and polydispersity index (PI = M,/M,) were determined from SEC-MALLS. Sequence parameters were
calculated from *H-NMR spectra. Fgand Fy denotes the fraction of guluronic and mannuronic acid, respectively. Fractions of
dimers and trimers of varying composition are denoted by two and three letters, respectively.

Nanocellulose: Never-dried bleached kraft softwood pulp fibres were used as the source material
for production of two types of nanocellulose. The first type was produced using a mechanical
pretreatment (beating in a Claflin mill; 1000 kWh/ton for 1 h) followed by homogenization (denoted



as mechanically-fibrillated CNF). Production of the second type (referred to as oxidized CNF) was
performed using TEMPO-mediated oxidation as pretreatment, as described by Saito and colleagues
[11]. NaCIO (2.3 mmol per gram of cellulose) was used in the oxidation. The fibrillation was done by
using a Rannie 15 type 12.56x homogenizer (APV, SPX Flow Technology, Silkeborg, Denmark) with
a pressure drop of 1000 bar in each pass. Mechanically-fibrillated CNF was homogenized using five
passes, the oxidized CNF using 1 pass. The concentration of the pretreated samples was 1% (w/v)
before fibrillation.

The composition of carbohydrates was determined according to the standard method NREL/ TP-
510-42618, using sulphuric acid hydrolysis. The composition of carbohydrate monomers produced
during the hydrolysis was analysed using high-performance anion-exchange chromatography with
pulsed amperometric detection (HPAEC-PAD; Dionex ICS-5000, (Thermo Fisher Scientific,
Waltham, MA, USA) with a CarboPac PA1 column (Thermo Fisher Scientific, Waltham, MA, USA)
and gradient elution using sodium hydroxide for elution. The carbohydrate composition of the two
CNF samples is shown in Appendix A.

The intrinsic viscosity was determined as described in 1ISO-standard 5351:2010, using
cupriethylenediamine (CED) as a solvent. The oxidized CNF was subjected to a second oxidation
before the analysis. This is due to a significant amount of aldehyde groups in the oxidized samples
which induce depolymerization through a p-elimination reaction [21]. In order to avoid this, a
selective oxidation of the aldehyde groups was performed using sodium chlorite under acidic
conditions.

The carboxylate content was determined using conductometric titration as previously described
[22,23]. The equipment used was a 902 Titrando, an 856 conductivity module and Tiamo software
(Metrohm). Residual fibres were quantified with a FibreTester device, as previously described by
Chinga-Carrasco and colleagues [24]. The fibrillated structure and analyses of the fibre structure from
atomic force microscopy (AFM) imaging with resulting characteristics of the cellulose nanofibrils
have previously been described [25]. A summary of nanocellulose characteristics is shown in
Appendix A.

Control polymers: Hyaluronic acid (My, = 8.7 x 10° Da) was a gift from Novamatrix (Norway),
xanthan (My = 9.6 x 10° Da) was a gift from CP Kelco (USA), and dextran (M, = 2.0 x 10° Da) was
purchased from Pharmacia AB (Stockholm, Sweden). The molecular weight of the samples were
determined using a HPLC system consisting of serially connected TSK G6000 PWxI and G5000PWxI
columns (Tosoh Bioscience LLC, Tokyo, Japan) followed by a Dawn Helios Il MALLS photometer
and an Optilab T-rEX differential refractometer (Wyatt Technology, Santa Barbara, CA, USA). The
elution buffer (0.15 M NaNOz with 1 mM EDTA, pH 6.0) was applied at a flow rate of 0.5 mL/min.
Data were collected and processed using ASTRA 6.1 software. Refractive index increment values
(dn/dc) used in the calculations were set to 0.148 for dextran and 0.150 for alginate, hyaluronic acid
and xanthan.

2.2. Preparation of Gel Cylinders

Alginate gels were prepared by internal gelling with CaCOsand D-glucono 3-lactone (GDL) as
previously described [26]. Briefly, CaCOs (56.25 mg, particle size 4 um) suspended in 5 mL MQ
water was added to 25 mL, 1.5% (w/v) of alginate solution. The mixture was degassed under vacuum
suction before addition of 7.5 mL of a freshly made solution of GDL (200.36 mg). The mixture was
immediately poured into 24-well tissue culture plates (16/18 mm, Costar, Cambridge, MA, USA) and
left at room temperature for minimum 20 h. The gel cylinders were removed from the tissue culture
plates and weight was measured on the calcium unsaturated gels before being immersed in a solution
of 50 mM CaCl;and 200 mM NaCl (100 mL per gel) and left for 24 h at 4 °C for calcium saturation
before syneresis and compression measurement.

Two-component gels of alginate and either xanthan, dextran or hyaluronic acid were made by a
simillar procedure as for pure alginate gels. The two components were dissolved together in 25 mL
MQ water, yielding a final concentration in the gelling solution of 1% (w/v) M. pyrifera alginate and
0.30% or 0.75% (w/v) of the other component.

Alginate—CNF composite gels were made by mixing 450 mg alginate powder with MQ water
and CNF dispersion corresponding to final concentrations of 1% (w/v) alginate and 0.15-0.75% (w/v)
CNF and a total volume of 30 mL. The blends were dissolved for at least 18 h under constant stirring



and homogenized for 5 min with a Vdi 12 Ultra Turrax at 11,500 rpm. Twenty-five grams of the blend
was weighed out and added CaCOs and GDL as described above.

2.3. Syneresis and Gel Strength Measurements

Syneresis was determined after calcium saturation as (Wo— W)/W,) x 100, where Woand W are
the initial weights of the samples before calcium saturation and final weights of the calcium saturated
gels, respectively. Force/deformation curves was recorded at 22 °C on a Stable Micro Systems TA-
XT2 texture analyser equipped with a P/35 probe and at a compression rate of 0.1 mm/s [26]. The gels
were subjected to uniaxial compression surpassing the point of rupture, where force and deformation
was recorded. Young’s modulus was calculated as G-(h/A) where G is the initial slope (N/m) of the
stress deformation curve and h and A is the height and area of the gel cylinder, respectively. In order
to compare Young’s modulus of gels with different degree of syneresis, the relationship E = k-c?was
applied [27] where k is characteristic for each type of alginate, and ¢ is the weight concentration.

2.4. Volume Stability and Calcium Binding

The weight and calcium content of pure and composite gels of M. pyr. alginate and oxidized CNF
were measured before and after saline treatments. Gel cylinders immersed in a solution of 50 mM
CaCl;and 200 mM NacCl for 24 h were cut in three approximately equal pieces, weighed and
immersed separately in 40 mL of 150 mM NaCl solution at room temperature for 24 h. The gel pieces
were gently removed from the solution, weighed and subjected to a second saline treatment. After
weighing, the gels were added 0.5 mL of 100 mM Na-EDTA, pH = 7.0. All samples were vortexed
and centrifuged

(2400 rpm, 5 min) before they were diluted 100 x in 5% HNO3sand calcium content analysed with
ICP-MS (type 8800 Triple Quadrupole ICP-MS with ASX-520 Autosampler from Agilent
Technologies, Santa Clara, CA, USA). As internal standards *°In and Y were used.

2.5. Light Microscopy

Homogeneity of the gels were assessed on a Nikon Eclipse TS100 microscope (Nikon
Instruments, Tokyo, Japan) by placing a drop of gelling solution between two microscopy slides and
observing the gellation in the microscope using 40 x magnification.

2.6. Preparation of Aerogels for Scanning Electron Microscopy (SEM)

After the gels had been cast, the cylinders where cut, in the hydrated state, into 200 pum thick sections
using a vibrating blade microtome (VT1000S, Leica Biosystems, Nussloch GmBH, Wetzlar,
Germany). The sections where dehydrated in increasing concentrations of ethanol, before substitution
with acetone and finally critical-point dried using liquid CO, (Emitech K850 critical point dryer,
Quorum Technologies, Lewes, UK). The sections were mounted on aluminum stubs using carbon tape
and sputter coated (208 HR, Cressington, Watford, UK) with a 5 nm layer of Pt/Pd (80/20). SEM
analysis was performed with an acceleration voltage of 5 kV (S-5500 S(T)EM, Hitachi, Tokyo,
Japan).

2.7. Fourier Transform Infrared Spectroscopy (FTIR) Characterization

The infrared spectra of vacuum dried samples were collected on a Bio-Rad Excalibur series FTS 3000
spectrophotometer (Bio-Rad, Hercules, CA, USA). The spectra were acquired in transmission mode
on the films at a spectral range of 4000-500 cm™.
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2.8. Statistical Analysis

All values are expressed as means * standard deviations. Comparisons between groups were
made using a two-sided Student’s t-test and Microsoft Excel worksheet (2011). Statistical outcomes
(p-values) are presented in Appendix B.

3. Results and Discussion

3.1. Composite Hydrogels of Alginate and CNF

Composite gels of D. pot., M. pyr., and L. hyp. alginates and CNF (mechanically-fibrillated or
oxidized) saturated with calcium were measured with respect to gel rigidity (Young’s modulus) and
volume reduction upon gel formation (syneresis, Figure 1). Secondly, resistance to breakage and
deformation at breakage was determined (Figure 2).
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Figure 1. Young’s modulus (E, left panel) and syneresis (right panel) of alginate-CNF
composite Ca-gels made from 1% (w/v) D. potatorum (A), M. pyrifera (B), and L.
hyperborea (C) alginates and 0-0.75% (w/v) mechanically-fibrillated (&) and oxidized CNF
(D). Bars are means =* standard deviations, shown for n = 5-8 gels. P-values are presented
in Tables A3 and A4 in Appendix B.
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Figure 2. Rupture strength measured as the force at rupture (left panel) and compression at
rupture (right panel) for D. potatorum (A), M. pyrifera (B), and L. hyperborea (C) Ca-alginate
gels and mechanically-fibrillated (N) and oxidized () CNF. Bars are means +/— standard
deviations, shown for n = 5-8 gels. P-values are presented in Tables A3 and A4 in Appendix B.

The composite gels of alginate and CNF showed increased Young’s modulus and reduced
syneresis compared to pure alginate gels. An increase in Young’s modulus was observed for
composite gels of both mechanically-fibrillated CNF and oxidized CNF relative to the alginate gels
alone. The largest effect was seen for composite gels of oxidized CNF and alginates with intermediate
to low G-content (M. pyr. and D. pot.) with a 3-5 fold increase in Young’s modulus for the gels
containing 0.75% (w/v) oxidized CNF relative to no addition of CNF. Additionally, for the alginate
with a high G-content (L. hyp. stipe) that is known to form stiff gels with calcium [27], the effect of
addition of CNF on Young’s modulus was profound with about two times increase for the highest
concentration. Syneresis was reduced for the composite gels relative to the alginate gels, meaning that
the gels shrunk less after saturation with calcium when CNF was added to the hydrogels. As seen from
Figure 1, the alginate gels are highly syneretic when saturated with calcium. The syneresis is known to
be linked to the content of G-blocks, but indeed also to MG-blocks in the alginate [5,26], hence, the
high degree of syneresis for the alginate from M. pyr. is as expected. Regardless of the composition of
the alginate, CNF reduced the syneresis with increasing effect at increasing concentrations.
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Although the reduction in syneresis was highest for the oxidized CNF—M. pyr. alginate composite gel
(49% to 29%), the largest relative decrease was observed for D. pot. alginate where the syneresis was
reduced from 25% to 7% with the addition of 0.75% (w/v) oxidized CNF.

No significant effect of the presence of fibrils was seen on the rupture strength of the gels, except
for the increase in rupture strength for the gels of alginate from M. pyr. upon the addition of
mechanically-fibrillated CNF (Figure 2). An overall trend was a slight reduction in the rupture
strength when oxidized CNF was added to the alginate relative to the mechanically-fibrillated CNF.
However, the alginate concentration is higher in the pure alginate gels than in the composite gels, due
to the large differences in syneresis. The rupture strength per concentration unit alginate is, therefore,
increased in the composite gels. Calcium alginate gels with a high content of G-blocks, such as the
alginate from L. hyp stipe, are known to form strong gels due to the high numbers of crosslinks, as
also reflected in the Young’s modulus (Figure 1). Alginate from M. pyr. has a high content of MG-
blocks and is known to withstand large deformation. This has been explained in terms of energy
dissipating effects of collapsing MG block junction zones during deformation [28]. Surprisingly, the
force at rupture increased by about 30% when mechanically-fibrillated CNF was added to this alginate
gel, independently of the concentration of fibrils.

3.2. Composite Hydrogels of Oxidized CNF and Alginate

In order to better evaluate separate and combined effects of the two biopolymer components,
calcium crosslinked gels with either oxidized CNF or alginate solely (0.75% (w/v)) were prepared
and measured with respect to gel rigidity, syneresis, deformation, and force at rupture (Figure 3).
Hydrogels of TEMPO-oxidized CNF have previously been produced with both monovalent and
divalent ions [12]. Although the Young’s modulus of alginate and oxidized CNF gels were
similar in our study, large differences were seen for the syneresis and the rupture strength
underlining the contribution of the two components to the composite system. Oxidized CNF gels
displayed almost no syneresis in contrast to the highly syneretic gels from M. pyr. alginate. For
the rupture strength, the alginate contributed with a high degree of compressibility as shown by
the compression to 70% before rupture at about 4 kg force. The oxidized CNF, on the other hand,
had a rupture strength of less than 0.1 kg. A dose-dependent increase in syneresis and rupture
strength upon the addition of alginate to oxidized CNF was observed. The potential effect on the
properties by increasing the dry weight content in the hydrogels were studied by a control
containing half concentration of the two components and thus same dry matter content as in the
systems of alginate and CNF alone. Additionally, here, a combined effect of the two components
could be seen on the syneresis and rupture strength. A combination of 0.75% alginate with 0.75%
oxidized CNF resulted in a more than four-fold increase in Young’s modulus, exceeding a solely
additive effect of the two separate systems. Representative force-deformation curves of
composite gels of alginate and oxidized CNF is shown in Appendix D.
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Figure 3. Young's modulus (E, (A)), syneresis (B), rupture strength (C) and deformation at rupture
(D) of a pure 0.75% (w/v) M. pyrifera alginate gel (D), a pure (0.75% w/v) oxidized CNF gel (.),

and composite gels of 0.75% (w/v) of each of the two materials (). Mean +/— standard deviation shown for n = 5-8
gels.

3.3. Composite Hydrogels of Alginate and Other Polysaccharides

To study more specifically the effect of addition of the long cellulose nanofibrils to alginate,
control experiments using other polysaccharides in composite alginate hydrogels were conducted.
Polysaccharides with approximately the same molecular weight, but different charge density and
flexibility were added to calcium-alginate hydrogels of M. pyr. alginate to study the effect on
mechanical properties. Dextran, having an a-(1,6)-linked glucose backbone with varying degree of a-
(Glc-1,3) branching, is a highly-flexible polysaccharide without charges. Sodium hyaluronate is a
stiffer molecule, with alternating 4-linked -D-glucuronic acid and 3-linked N-acetyl-p-D-
glucosamine, with negative charges due to the guluronic acid, but with no specific calcium affinity.
Xanthan consists of a (1,4)-p-D-Glc main chain where every second unit is (3,1) linked to a D-Man-
(1,4)-B-D-GlcA-(1,2)-a-D-Man side chain with varying degree of acetyl and pyruvate groups on the
internal and terminal mannose. Xanthan has the ability to form very stiff double-stranded structures.
Finally, increasing concentrations of alginate were investigated to compare the effects relative to the
effects of addition of CNF on Young’s modulus, syneresis, and resistance to rupture (Figure 4).
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Figure 4. Young’s modulus (E, (A)), syneresis (B), rupture strength (C), and deformation at rupture
(D) of M. pyrifera alginate gels (1% w/v) with 0.30 and 0.75% (w/v) addition of M. pyrifera alginate
(D), dextran@), hyaluronic acid (@), xanthan (M), mechanically-fibrillated CNF (8) and oxidized
CNF (). Bars are means +/— standard deviations, shown for n = 5-9 gels. P-values are presented in
Tables A5 and A6 in Appendix B.

Addition of dextran and sodium hyaluronate to the alginate did not affect the Young’s modulus
for any concentration showing that neither the increase in dry matter nor net charge by itself result in
an increase in gel stiffness. A concentration-dependent increase in stiffness was seen for alginate from
M. pyr. Although having a relatively high content of MG-blocks, the alginate from M. pyr. also
contains a fraction of very long G-blocks [20]. Both G-blocks and MG-blocks are known to contribute
to the crosslinking with calcium [5], hence, an increase in stiffness upon increase in concentration of
alginate for the calcium saturated gels is as expected with increasing numbers of crosslinks per unit
volume. For 0.75% (w/v) added polysaccharides, xanthan, and mechanically-fibrillated CNF gave
about a doubling in the Young’s modulus, compared to the pure alginate gel (1% (w/v)). Xanthan,
which can be viewed as rigid rods at the length scale of a G-block junction zone, shows similarities
with the addition of long G-blocks to alginate gels that results in stiffer gels with reduced syneresis
[29]. The very long G-blocks have been suggested to act as reinforcement bars in the alginate
hydrogel network. However, the largest increase was obtained by the addition of oxidized CNF with a
3.5 times increase in Young’s modulus compared to the 1% alginate gel and also a 50% increase in
Young’s modulus compared to the 1.75% alginate gel for the composite gel of 1.0% alginate and
0.75% oxidized CNF. This emphasizes the combined effect of both stiffness and length of the fibres
combined with the charge being important for the final stiffness of the composite gels.

In general, all the added biopolymers caused a concentration-dependent reduction in syneresis

(Figure 4). Least effect was seen for the dextran, which caused slightly more syneresis than increasing
the concentration of alginate. The syneresis was markedly reduced by adding xanthan and hyaluronic
acid, compared to alginate alone (Figure 4). This suggests that osmotic pressure, rather than
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interference with G-block junction zones, affects the degree of syneresis for these composite gels. The
addition of mechanically fibrillated CNF resulted in same syneresis as for the increased alginate
concentrations, however, again the oxidized CNF caused less syneresis.

The rupture strength of the alginate gels was highly influenced by the alginate concentration
(Figure 4). By increasing the concentration of alginate from 1.0% to 1.75% (wi/v), the rupture strength
increased from 4 kg to 9 kg. None of the other additives were near this increase of rupture strength.
Again, there was a slight positive effect on the rupture strength by the addition of mechanically-
fibrillated CNF, and no effect was seen on the addition of oxidized CNF although a slight reduction in
deformation at rupture could be observed. Hence, ionic interactions between the alginate and cellulose
may be weak, although significant, for the initial resistance against compression, however, they are
not comparable to the alginate crosslinking when it comes to resisting the force at high deformations.
Dextran had a slight positive effect on the rupture strength, however, both hyaluronan and xanthan
caused a reduction in the rupture strength.

3.4. Composite Gel Morphology and Homogeneity

Investigation of the composite gels with microscopy revealed that the cellulose was
homogeneously distributed in the alginate gel that appear as transparent in the light microscope
(Figure 5). No phase separation was seen either by optical microscopy or scanning electron
microscopy, which further indicates a good integration between the alginate and the cellulose fibrils.
The oxidized CNF has a higher (negative) charge than the fibrils in the mechanically-fibrillated
quality (Table A2 in Appendix A). Additionally, the cellulose fibrils differed in size as seen in Figure
5, Appendix A Table A2, and from [25]. Although the oxidized CNF sample contains a large fraction
of nanosized fibrils (optically inactive in Figure 5), it contains a major fraction of residual fibres
(Figure 5, Appendix A, Table A2). It is, thus, a potential for further improvements of the mechanical
properties of the composite hydrogels by increasing the yield of the fibrillation. However, the oxidized
fibrils are much thinner and more homogeneous than the mechanically-fibrillated fibrils. Previous
studies on composite films based on Ca?* crosslinked alginate and cellulose showed increasing
mechanical properties by increasing the amount of the fibrils in the biocomposite and by decreasing
the fibril size. However, the introduction of negative charges on the surface of the cellulose fibrils
increased the mechanical crosslinking even further [30]. Hence, this suggests that the charges, more
than the size of the fibrils, influence the mechanical properties of the composite material.
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Figure 5. Microscopy of hydrogels of M. pyrifera alginate (1% (w/v)) (A), and composite
gels with 0.30% mechanically fibrillated (B), and 0.30% oxidized CNF (C) at 40 x
magnification. SEM images of supercritically-dried gels of the same composition (D-F).
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In SEM, all the samples, including the alginate sample, show tread-like structures caused by the
drying step which is necessary before SEM imaging (Figure 5). This is commonly seen for alginate
hydrogels also when using supercritical drying, intended to preserve the original structure in the
samples [31]. No formation of honeycomb structure, which is typically formed when freeze-drying
CNF-samples, is observed [32]. A structural difference is observed upon the addition of CNF where
some larger fibre structures was observed, both for the mechanically-produced and oxidized CNF.
Additionally, here, for both types of cellulose fibrils, the fibrils seem to be well-integrated with the
alginate with no indication of phase separation.

3.5. Volume Stability and Calcium Binding

The alginate and oxidized CNF gels were finally exposed to physiological saline solution (150
mM NacCl) to assess the volume stability and the binding of calcium in the gels (Figure 6).
Surprisingly, the weak Ca-CNF gels (Figure 4) and all gels of alginate and oxidized CNF were stable
during the exposure to NaCl solution. This is in contrast to the well-known swelling of Ca-alginate
gels [33] recognized by the exchange of calcium ions with sodium ions and ingress of water into the
gel. The stability in physiological solutions is important both for handling and in vitro studies of the
biomaterial construct as well as for in vivo use. When the content of calcium was measured in the
gels, an accumulation of calcium was found in the gels containing alginate for the Ca-saturated
systems, with more calcium in the gels containing alginate solely than in the mixed system of same
concentrations of alginate and oxidized CNF. Upon treatment with saline solution, increasing
concentrations of calcium were found for increasing alginate concentrations. Similar calcium content
was found in the gels containing alginate alone and alginate with oxidized CNF, pointing towards a
more complex explanation of the increase in Young’s modulus (Figure 1, Figure 3, and Figure 4) than
calcium binding solely.
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Figure 6. Calcium gels of M. pyr. alginate and oxidized CNF subjected to treatments with 0.9% (w/v)
NaCl. Stability of gels (w/wpg, (A)) and calcium concentration (B) before and after dialysis against

150 mM NaCl solution. 0.75% (w/v) M. pyr. alginate (J), 0.75% (w/v) oxidized CNF (), 0.375% (w/v)
oxidized CNF + 0.375% (w/v) M. pyr. &), 0.75% (w/v) oxidized CNF + 0.2% (w/v) M. pyr.(@), and
0.75% (w/v) oxidized CNF + 0.75% (w/v) M. pyr. (l). Mean + standard deviation are shown for three
gels.

3.6. Intermolecular Interaction Studied by FT-IR

FT-IR spectra of selected samples were obtained in an attempt to detect intermolecular
interactions (Figure 7 and Appendix D). The spectra were normalized with respect to the characteristic
v(COO)asym Vibration band around 1600 cm™. This was done for better comparison of the wavenumber
region where calcium-polymer interaction is most likely to be observed. Both calcium-saturated and —
unsaturated composite gels were studied to see if the calcium content influenced the carboxylic
groups, as well as to compare our results to previous observations. Calcium-unsaturated gels
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contained only the calcium released from CaCOs(s) as a result of the hydrolysis of GDL during gel
formation, whereas the calcium saturated gels were obtained after incubation in 50 mM CacCl, + 200
mM NaCl for 24 h. As the spectra of the hydrogel composite itself are disturbed by the high water
content, FTIR spectra of dried samples were obtained. Spectra of alginate powder and oxidized CNF
powder were also compared with the dried CNF-alginate composite hydrogels.

It has previously been reported that the (C=0) stretching band from alginate is shifted from 1602
to 1612 cmtin oxidized CNF-alginate composite films with excess calcium removed. This has been
attributed to the carboxylic groups on oxidized CNF linking alginate molecules to form a crosslinked
network [34]. In the calcium-unsaturated samples we do not observe the same shift in signals. The
calcium unsaturated samples gives v(COO)asym Signals from 1602 to 1604 cm™?, for the pure alginate
gel and for composite gel of alginate and oxidized CNF, respectively. The v(COO)asym Signal from M.
pyrifera alginate powder devoid of calcium is at 1583 cm*and oxidized CNF devoid of calcium is
1606 cmL. The samples are, however, not directly comparable with [34], due to differences in sample
preparation, charge density on oxidized CNF, fibril characteristics, alginate composition, and
molecular weight. From our measurements, wedo not have strong evidence to support intermolecular
interactions between oxidized CNF and M. pyrifera alginate mediated by calcium in the unsaturated
calcium gels.
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Figure 7. FT-IR spectra of freeze dried gel cylinders of 1.0% M. pyr. alginate and 0.75%
CNF. (A) Calcium unsaturated samples and starting materials; (B) calcium saturated
samples. M. pyr. powder, no calcium. (a); M. pyr, Ca-unsaturated (b); ox. CNF powder, no
calcium (c); M. pyr. + ox CNF, Ca-unsaturated (d); Ox. CNF, Ca-saturated (e); M. pyr., Ca-
saturated (f); M. Pyr. + ox. CNF, Ca-saturated (g); and M. Pyr. + mechanically-fibrillated
CNF, Ca-saturated (h).

The calcium saturated composite samples were strikingly different, displaying a split in the carboxyl
groups (C=0) stretching band around 1600 cm™. This is not seen for the spectra of pure, calcium
saturated oxidized CNF, but is observed for the pure alginate gel saturated with calcium. Our
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hypothesis is that the splitting of the bands for the alginate-containing samples is due to differences in
Ca?* binding of carboxylic acid groups from mannuronic acid and guluronic acid. The G-block
junction zones will tend to associate laterally at high calcium concentrations [35], and this may shift
the signal from guluronic acid towards higher wavenumbers while the carboxylic group in
mannuronic acid does not bind calcium in a specific manner and, therefore, does not shift.

As a last comment one should be careful to extrapolate results obtained on dried composite films
to composite hydrogels as there will be large differences in both polymer concentration and ionic
strengths. It would, therefore, be desirable to be able to study molecular interactions with methods
where water interference is not an issue.

4, Conclusions

This study shows that tightly integrated composite hydrogels with tailored mechanical properties
can be made from alginate and nanofibrillated cellulose in calcium saturated gels. The alginate
contributes with elastic properties and increased mechanical resistance at large deformations. The
cellulose nanofibrils reduces the syneresis of the alginate gels and contributes to increased resistance
against compression at small deformations as seen by an increase in Young’s modulus. The effect was
increased using oxidized nanofibrils where composite gels also were volume stable upon saline
treatments. No net increase in calcium concentration was found in the composite gels relative to the
alginate gel alone. Additionally, no change in FT-IR spectra of the (C = O) stretching band was found
for dried composite gels relative to dried alginate gel alone. Although no specific calcium binding
event could be identified, we cannot rule out possible calcium mediated CNF-alginate or CNF-CNF
interactions, as the oxidized cellulose fibrils by themselves form gels with calcium ions and as more
than an additive effect on Young’s modulus was seen for the combined system. The increase in
Young’s modulus was not seen when other relevant biopolymers were added to the alginate gel.
Hence, mechanical properties of the composite hydrogels can be tailored by selecting alginates with
varying block compositions and charge/concentration of cellulose fibrils. This is relevant for the use
of this composite system in films and membranes in addition to the direct use of these composite
hydrogels in, e.g., bioprinting and tissue engineering applications.
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Appendix A

Table Al. Carbohydrate composition in the different CNF-samples.
Carbohydrate Composition (Weight %)

Sample .
Glucan Xylan Mannan Arabinan Galactan

Softwood pulp 85.32 8.48 6.63 0.62 0.59

Mechanically
fibrillated 84.46 7.98 5.96 0.61 0.67
CNF

Oxidized CNF  66.25 6.63 2.67 0.03 0.00
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The discrepancy in total monosaccharides between mechanically fibrillated CNF and oxidized
CNF is due to conversion to uronic acids upon axidation in the oxidized sample, which were not
quantified.

Table A2. Nanocellulose characteristics. All data, except residual fibres, are previously published in

[25].
Charge Density Intrinsic Fibril Fibril Length Residual
Sample (mmol/qg) Viscosity Diameter (um) Fibres
(mL/g) (hm) (%)
Mechanically
fibrillated 0.1 620 <100 >1 1.3
CNF
Oxidized n
CNE 0.9 450 <20 >1 28.5
! Aldehyde content was determined for the oxidized quality; 0.2 mmol/g CNF.
Appendix B

Table A3. Statistical outcomes, Figure 1: E = Young’s modulus, standard deviation (SD), number of
samples (n), and p-value (p) of samples compared to the respective pure alginate sample.

Sample n E (kPa), SD  p (%) Syneresis (%), SD  p (%)
Mean Mean
D. pot. 9 3.794 0.256 - 24.74 0.72 -
0.15% CNF 7 4.930 0.152 <0.01 22.95 0.79 0.08
0.30% CNF 6 5.134 0.399 <0.01 22.27 081 0.01
0.50% CNF 7 8.318 0.356 <0.01 15.60 1.01 <0.01
0.75% CNF 5 11.017 0.546 <0.01 13.53 1.11 <0.01
0.15% ox. CNF 7 5.036 0.272 <0.01 21.25 0.72 <0.01
0.30% ox. CNF 5 7.704 0.294 <0.01 17.78 0.50 <0.01
0.50% ox. CNF 6 12.786 0.549 <0.01 12.46 0.76 <0.01
0.75% ox. CNF 5 18.243 1.380 <0.01 7.17 1.45 <0.01
M. pyr. 7 11.492 0.633 - 49.09 0.65 -
0.15% CNF 8 14.895 0.743 <0.01 47.16 0.31 <0.01
0.30% CNF 7 17.437 1.259 <0.01 43.27 0.49 <0.01
0.50% CNF 5 18.273 0.779 <0.01 39.81 0.52 <0.01
0.75% CNF 5 24.297 2.950 <0.01 34.26 1.66 <0.01
0.15% ox. CNF 6 14.884 1465 0.02 47.24 0.44 0.01
0.30% ox. CNF 5 19.210 1504 <0.01 40.95 0.69 <0.01
0.50% ox. CNF 5 25.444 1533 <0.01 31.83 2.20 <0.01
0.75% ox. CNF 5 36.060 3.666 <0.01 28.74 0.69 <0.01
L. hyp. 7 32.369 1.181 - 28.81 0.57 -
0.30% CNF 8 36.668 1551 <0.01 27.26 0.87 <0.01
0.75% CNF 6 61.167 3.694 <0.01 20.20 0.42 <0.01
0.30% ox. 8 42.991 1.970 <0.01 23.39 0.54 <0.01
CNF
0.75% ox. 6 70956  3.735 <0.01 15.82 1.18 <0.01
CNF
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Table A4. Statistical outcomes, Figure 2: Rupture strength (mean), deformation (mean) standard
deviation (SD), number of samples (n), and p-value (p) of samples compared to the respective pure

alginate sample.

Rupture Strength Deformation
Sample n P 0 Mgan SD  p (%) 0%, Mean SD ?% )
D. pot. 9 1.42 012 - 63.55 113 -
0.15% CNF 7 1.32 0.17 227 58.89 1.45 <0.01
0.30% CNF 6 1.23 0.14 245 57.70 1.39 <0.01
0.50% CNF 7 1.63 0.14 0.79 58.92 1.05 <0.01
0.75% CNF 5 1.66 0.11 0.35 58.67 0.96 <0.01
0.15% ox. CNF 7 1.15 0.03 0.02 55.70 0.60 <0.01
0.30% ox. CNF 5 1.35 0.02 19.1 56.56 0.35 <0.01
0.50% ox. CNF 6 1.59 0.05 0.79 55.44 0.61 <0.01
0.75% ox. CNF 5 1.39 0.09 66.3 51.63 1.35 <0.01
M. pyr. 7 4.09 056 - 71.76 1.09 -
0.15% CNF 8 5.50 0.42 0.03 71.40 1.02 50.3
0.30% CNF 7 5.31 0.20 0.03 69.27 1.08 0.11
0.50% CNF 5 5.15 0.30 0.35 69.25 0.62 0.06
0.75% CNF 5 5.43 0.31 0.07 66.99 0.68 <0.01
0.15% ox. CNF 6 4.16 0.07 754 67.41 0.38 <0.01
0.30% ox. CNF 5 4.07 0.04 95.2 63.99 0.34 <0.01
0.50% ox. CNF 5 454 022 121 62.96 0.59 <0.01
0.75% ox. CNF 5 4.25 0.17 55.0 59.71 0.67 <0.01
L. hyp. 7 5.11 081 - 64.38 189 -
0.30% CNF 8 4.25 0.15 <0.01 60.16 0.70 <0.01
0.75% CNF 6 5.38 0.45 <0.01 60.07 0.93 <0.01
0.30% ox. CNF 8 3.88 0.17 <0.01 57.18 0.81 <0.01
0.75% ox. CNF 6 4.38 0.41 <0.01 55.32 1.43 <0.01

Table A5. Statistical outcomes, Figure 4A,B: E = Young’s modulus, standard deviation (SD), number
of samples (n), and p-value (p) of samples compared to the 1.0% alginate sample for control polymers.
P-values for CNF (*) are comparisons to the respective dry weight concentrations of alginate (1.30%

and 1.75%).

Sample n E(kPa) SD p (%) Syneresis SD p
(%) (%)

1.0% M.pyr. 7 11.493 633 - 49.09 0.65 -
0.30% M.pyr. 8 15.916 1.285 <0.01 43.22 0.29 <0.01
0.30% dextran 9 12,168 0.967 14.2 44,81 0.90 <0.01
0.30% hyaluronan 8 13.150 0.710 0.08 38.01 0.60 <0.01
0.30% xanthan 8 14.829 0.330 <0.01 38.59 0.80 <0.01
0.75% M.pyr. 8 22.773 1.092 <0.01 34.31 0.51 <0.01
0.75% dextran 9 12.314 0.560 2.05 41.77 0.61 <0.01
0.75% hyaluronan 9 12.674 2555 26.3 23.42 1.65 <0.01
0.75% xanthan 9 19.483 1.237 <0.01 26.57 0.79 <0.01
0.30% CNF* 7 17.437 1.259 4.37 43.27 049 81.9
0.30% ox. CNF* 5 19.210 1.504 0.18 40.95 0.69 <0.01
0.75% CNF* 5 24297 2950 20.7 34.26 1.66 94.0
0.75% ox. CNF* 5 36.060 3.666 <0.01 28.74 0.69 <0.01
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Table A6. Statistical outcomes, Figure 4C,D: Statistical outcomes, Figure 4: E = Young’s modulus,
standard deviation (SD), number of samples (n), and p-value (p) of samples compared to the 1.0%
alginate sample for other polymers CNF. P-values for CNF (*) are comparisons to the respective dry
weight concentrations of alginate (1.30% and 1.75%).

Rupture Strength Deformation
Sample n P (kg), Mgan SD  p (%) (%), Mean SD ?%)
1.0% M.pyr. 7 4.09 056 - 71.76 1.00 -
0.30% M.pyr. 8 5.99 0.29 <0.01 71.17 125 34.0
0.30% dextran 9 5.07 0.23 0.08 72.17 0.82 38.3
0.30%
hvaluronan 8 3.69 0.60 21.0 74.86 3.87 6.76
ya
0.30% xanthan 8 3.18 0.21 0.16 63.70 0.61 <0.01
0.75% M.pyr. 8 9.67 0.44 <0.01 69.74 1.24 0.64
0.75% dextran 9 4.81 0.41 1.37 70.79 131 13.6
0.75% 9 2.54 0.33 <0.01 64.02 1.78 <0.01
hyaluronan
0.75% xanthan 9 2.81 0.08 <0.01 60.76 0.40 <0.01
0.30% CNF* 7 5.31 0.20 0.04 69.27 1.08 1.06
0.30% ox. 5 4.07 0.04 <0.01 63.99 0.34 <0.01
CNF*
0.75% CNF* 5 5.43 0.31 <0.01 66.99 0.68 0.015
0.75% ox. 5 4.25 0.17 <0.01 59.71 0.67 <0.01
CNF*
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Appendix C
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Figure Al. Stress-deformation curves of gel cylinders presented in Figures 1B and 2B (A) and Figure 3
(B). The inserted picture shows the initial compression where the gels display elastic behaviour. Young’s
modulus is calculated from 0.1 to 0.3 mm. (A) 1% (w/v) M. pyr. (=), 1% (w/v) M. pyr. + 0.15% (w/v)
0X. CNF (==), 1% (w/v) M. pyr. + 0.30% (W/v) 0X. CNF (===), 1% (w/v) M. pyr + 0.50% (w/v) ox. CNF
(=) and 1% (w/v) M. pyr + 0.75% (w/v) ox. CNF (===); (B) 0.75% (w/v) M. pyr (===), 0.75% (w/v) OX.
CNF (==), 0.375% (w/v) ox. CNF + 0.375% (w/v) M. pyr (=), 0.75% (w/v) ox. CNF + 0.2% (w/v) M.
pyr (=), 0.75% (w/v) ox. CNF + 0.375% (w/v) M. pyr (=) and 0.75% (w/v) ox. CNF + 0.75% (w/v)

M. pyr (==).

Appendix D
Table A7. FTIR peaks for v(COO)asym (cm™?) for samples shown in Figure 7.
Sample Calcium Saturated Gel v(COO)asym
(cm™)
a M. pyr. powder, no calcium pristine 1583
b 1.0% (w/v) M. pyr no 1602
c 0x. CNF, no calcium pristine 1606
d 1% (w/v) M. pyr + 0.75% (w/v) ox. CNF no 1604
e 0.75% (w/v) ox. CNF yes 1624
f 1.0% (w/v) M. pyr. yes 1589/1633 *
g 1.0% (w/v) M. pyr. + 0.75% (w/v) ox. CNF yes 1593/1635 *

1.0% (w/v) M. Pyr. + 0.75% (w/v) *
h mechanically fibrillated CNF yes 1591/1639

* Two unresolved signals centered around 1620 cm ™.,
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