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ABSTRACT

The field of tissue engineering is aiming to combine scaffolds, cells, and biologically ac-
tive molecules into functional tissues. In recent years, there has been a growing interest
in the use of hydrogels for tissue engineering due to their tunable physical and bio-
chemical properties. Alginate is a linear co-polymer consisting of two monosaccharides,
β-D-mannuronic acid (M) and α-L-guluronic acid (G) and form a hydrogel under mild
conditions. Alginate hydrogels also meets the requirements for a scaffold, in terms of
mechanical strength and being biocompatible. On the downside, the inability to interact
with cells and proteins poses a disadvantage when alginate is used in tissue engineering. A
way of functionalizing alginate toward cell interactions, is chemically modifying the struc-
ture with sulfate groups to produce sulfate alginate. Sulfated alginate have structural and
functional similarities to sulfated glycosaminoglycans (GAGs) found in the extracellular
matrix (ECM). Fucoidan is a sulfated polysaccharide that could also provide a structural
and functional similarity to the sulfated GAGs.
This study aims to evaluate the mechanical properties of alginate, alginate/sulfated al-
ginate and alginate/fucoidan gels for tissue engineering applications, in terms of elastic
modulus and Young’s modulus. Subjecting LF200S and UP-MVG alginate to formamide
and HClSO3 yielded sulfated alginate with a degree of sulfation (DS) of 0.71 and 0.55, re-
spectively. SEC-MALLS analysis of the sulfated alginates revealed that depolymerization
had occurred, resulting in Mw of 68.8 kDa and 119.9 kDa, respectively. Initial rheologi-
cal measurements with alginate gel gelled and stored with CaCl2-solution indicated that
when excess Ca2+-ions are present, the elastic modulus is altered significantly with re-
ducing gap. This hampers the quality of the data produced from these measurements.
To limit the alteration G’, due to additional Ca2+ cross-links, NaCl was utilized as the
storing solution. The rheological data obtained for 80/20 alginate/sulfated alginate gel
and 80/20 alginate/fucoidan gel revealed to obtain a realistic value for elastic modulus for
samples with CaCl2 as gelling solution and NaCl as storing solution. The rheological data
for alginate gels under the same condition, demonstrated that the normal force acted as
an artifact causing a steep increase in elastic modulus with reducing gap. To counteract
the effect of induced stiffness in alginate gels, the hold time increased, which resulted in
a more realistic value for the elastic modulus. The elastic modulus was determined to
be 5441 Pa for alginate gels, 5702 ± 1218 Pa for 80/20 alginate/sulfated alginate gels
and 4314 ± 1274 Pa for 80/20 alginate/fucoidan gels. The Young’s modulus was cal-
culated to be 11191 Pa for alginate gel, 26572 ± 3420 Pa for alginate/sulfated alginate
gels and 28389 ± 6934 Pa for alginate/fucoidan gels. The findings of this study highlight
that dependable rheological data is obtained for alginate gels with a smaller sample vol-
ume. This bears significance for accurately characterizing the rheological properties of
hydrogels containing valuable materials.
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SAMMENDRAG

Feltet vevsteknikk har som mål å erstatte eller reparere skadet vev eller organer, ved å
kombienere materialer, celler og biologisk aktive molekyler for å danne funksjonelle vev.
De siste årene har det vært en økende interesse for bruk av hydrogeler i vevsteknikk på
grunn av deres justerbare fysiske og biokjemiske egenskaper. Alginat er et lineært polymer
bestående av to monosakkarider, β-D-mannuronsyre (M) og α-L-guluronsyre (G), som
danner en hydrogel under fysiologiske forhold. Alginat hydrogeler oppfyller kravene til
materialer som brukes i vevsteknikk med hensyn til mekanisk styrke og biokompatibilitet.
Imidlertid, en ulempe med bruk av alginat i vevsteknikk er mangelen på interaksjon med
celler og proteiner. En måte å funksjonalisere alginat for å fremme celleinteraksjoner,
er å kjemisk modifisere strukturen for å danne sulfatert alginat. Sulfatert alginat har
strukturelle og funksjonelle likheter som sulfaterte glykosaminoglykaner (GAGer) som
finnes i den ekstracellulære matrisen (ECM). Fukoidan er en sulfatert polymer som kan
potensielt ha samme funksjon som sulfatert proteiner funnet i ECM.
Målet for dette studie er å evaluere de mekaniske egenskapene til alginat, alginat/sulfatert
alginat og alginat/fukoidan-geler for anvendelser innen vevsteknikk, med hensyn til elastisk
modulus og Young’s modulus. I tilegg evaluere kvaliteten på dataene som produseres når
målingene utføres på et betydelig lavt volum. Ved å behandle LF200S- og UP-MVG-
alginat med formamid og HClSO3 ble det dannet sulfatert alginat med en sulfaterings-
grad (DS) på henholdsvis 0,71 og 0,55. SEC-MALLS-analyse av de sulfaterte alginatene
antydet til en høyere grad av depolymerisering i LF200S alginat, i forhold til UP-MVG al-
ginat, med resulterende Mw på 68,8 kDa og 119,9 kDa, henholdsvis. Reologiske målinger
av alginatgeler lagret i CaCl2 løsning viste tydelige endringer i den elastiske modulusen
når det var et overskudd av Ca2+-ioner til stede med minkende gap mellom platene. For
å motvirke effekten av ytterligere Ca2+-kryss bindinger ble NaCl løsning brukt som la-
gringsløsning. Dataene for 80/20 alginat/sulfatert alginat gel og 80/20 alginat/fukoidan
lagret i NaCl løsning gel viste til at en realistisk verdi for elastisk modulus kunne opp-
nås, og at dataene kunne reproduseres. Når samme målinger ble utført på alginat gel
under de samme forholdene, ble det observert at normalkraften fungerte som en artifakt
som forårsaket en tydelig økning i den elastiske modulusen, med minkende gap mellom
platene. For å motvirke effekten av indusert stivhet i alginat geler ble tiden mellom
hver frekvenssveip økt. Dataen hentet fra disse målingene viste til en mer realistisk
verdi for elastisk modulus. Elastisk modulus for alginatgeler ble bestemt til å være 5441
Pa, for 80/20 alginat/sulfatert alginat 5702 ± 1218 Pa og 4314 ± 1274 Pa for 80/20
alginat/fukoidan-geler. Youngs modulus ble beregnet til å være 11191 Pa for alginat
gel, 26572 ± 3420 Pa for 80/20 alginat/sulfatert alginat geller og 28389 ± 6934 Pa for
alginat/fukoidan geller.
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ONE

INTRODUCTION

1.1 Background

In the last decade, modern techniques of transplanting tissue and organs from one indi-
vidual into another have been revolutionary and lifesaving [1]. Transplantation from one
individual into another, although very successful, has severe constraints. A significant
challenge lies in obtaining sufficient amounts of tissue and organs to meet the needs of
all patients requiring them. It is within this context that the field of tissue engineering
has emerged [1]. The idea of tissue engineering is that new and functional tissue can be
fabricated using living cells associated with a scaffolds guiding tissue development [2].
Over the past few years, there has been growing interest in the use of hydrogels for tis-
sue engineering application due to their tunable physical and biochemical properties [2].
Hydrogels have several characteristic that are similar to those of the extracellular matrix
(ECM) such as high water content and rapid diffusion of nutrients, oxygen and waste
products [3].

Alginate is an attractive material for tissue engineering, because of its biocompatibil-
ity and the possibility of forming hydrogels under physiological conditions, in addition to
exhibit a low immongenic profile and being a nontoxic material [4] [5]. Cell anchorage is
critical for the survival of many cell types and is also involved in cell migration prolifera-
tion, differentiation and apoptosis [6]. The hydrophilic surface of alginate hydrogels does
not encourage cell adhesion. One way to improve the ability of alginate to interact biolog-
ically is by coupling cellular adhesion molecules such as fibronectin, collagen or laminin to
the alginate [6]. Peptides such as the fibronectin-derived peptide arginin-glycine-aspatic
acid (RGD) from ECM proteins coupled with alginate can also obtain biological activity
[6]. An alternative approach to promote cell interaction is by chemically modifying algi-
nate by sulfation. The ECM is rich in sulfated glycosaminoglycans (GAGs) that have vital
roles in cell signaling and tissue homeostasis [7]. Heparin, a sulfated glycosaminoglycans,
binds directly to several adhesion proteins and may thus indirectly provide anchor points
for cell attachment [7] [8]. Sulfated alginate exhibit structural and functional similarities
to sulfated glycosaminoglycans and may functionalize alginate toward cell- and protein
interactions characteristics of sulfated GAGs [7]. There is a prospect that fucoidan from
brown seed incorporated with alginate could have the same effect as sulfated alginate, in
terms of functionalizing alginate towards cell interactions.

Natural ECMs are viscoelastic and ability of a substrate to either store (purely elastic)
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or dissipate (viscoelastic) cellular forces could provide a powerful cue to interacting cells
[9]. The ideal mechanical strength of the scaffold mimicking the ECM, should match the
desired tissue as the mechanical properties of a hydrogel may effect the cellular mechan-
otransduction [2]. Which is the conversion of mechanical information from the microen-
vironment into biochemical signaling [10]. Cells can recognize and respond to mechanical
forces of the surrounding environment, gradients of ligands and the topography of the
tissues in which they reside [10]. Hydrogel mechanical properties are characterized by the
elastic modulus (G’) or Young’s modulus (E) [10]. The mechanical and rheological be-
havior of hydrogels has long been recognized as fundamentally important to understand
the effect of using these materials for tissue engineering [10].

1.2 The aims of the study
The main objective for this thesis is to investigate the rheological properties of pure algi-
nate gels and alginate gels when a part is substituted with sulfated alginate and fucoidan,
with respect to its suitability as a tissue engineering material. This thesis has two main
objectives which are outlined below.

First objective is to chemically modify alginate with chlorosulfonic acid to produce
sulfated alginate, and characterize the material based of degree of sulfation and molecular
weight.

Second objective is to understand factors that contribute to the rheological behavior
in alginate-based gels. Understanding the driving factors for the rheological behavior of a
gel is crucial for determining a realistic value for its elastic modulus. The obtained values
will characterize the rheological properties of alginate, and the effect of substituting a
fraction of alginate with sulfated alginate or fucoidan. The mechanical properties of
alginate-based hydrogels, can be characterized by evaluating the elastic modulus and
Young’s modulus. The reliability of the rheological data obtained from measurements
performed on a smaller sample volume should be evaluated. Being able to measure the
rheological data on small volume sample is important for valuable material e.g. peptide
grafted alginate.
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2.1 Tissue engineering

Tissue engineering offers the potential to create functional tissues and organs in the labo-
ratory, reducing the reliance on donor organs and providing a viable solution to meet the
growing demand of organs and tissue[1]. New functional tissue can be fabricated using
living cells associated with a scaffold guiding tissue development [1]. A scaffold create
a three-dimensional structure or framework that serves as a support system for cells to
grow, adhere, and organize themselves into functional tissues [11]. The materials used
as scaffold must be biocompatible and accommodate for cell adhesion. Porosity and per-
meability of the material is important to allow for the diffusion of oxygen, nutrients and
waste products [11]. In addition, the material should have suitable mechanical strength
and stiffness to withstand physiological forces and provide mechanical cues for cells to
align, differentiate and form functional tissue [1] [12].

There is a growing interest in utilizing hydrogels for tissue engineering applications
[10]. This is due to their unique properties and versatility. A hydrogel is a three-
dimensional network of hydrophilic polymers that can absorb and retain large amounts
of water or biological fluids, resulting in a gel-like structure [10]. In addition, hydrogels
are hydrophilic solid materials that do not dissolve in aqueous or physiological medium
making them stable in physiological conditions, making hydrogels an attractive material
in the field of tissue engineering as they have physical properties similar to many tissues
[10]. Alginate is one of the natural polymers used to create hydrogels in tissue engi-
neering. Alginate possesses some interesting features like gelation, film formation and
thickening ability of solutions [13]. Where the ability to form a gentle hydrogel under
physiological conditions makes it suitable for application in tissue engineering, to facili-
tate the development of new tissue growth. However, despite such unique characteristics,
alginate has some limitations to develop the scaffold system [13]. The hydrophilic surface
and lack of cell interaction limit cell attachment, differentiation and proliferation [13].
Hence scaffold alginate mixed with other natural polymer like collagen or chitosan, or
synthetic peptides or any cellular materials is often used to promote cell interaction [13].

3
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2.1.1 Cell encapsulation

This part is retrived from my specialization project [14].

Hydrogels provide a suitable environment for cell encapsulation [10]. Cells can be
embedded within the hydrogel matrix, protecting them from mechanical stresses and
immune responses [15]. This encapsulation can enhance cell survival, promote their dif-
ferentiation, and facilitate the formation of tissue-like structures [16]. Cell encapsulation
have been proposed as an alternative approach to treat diseases, since they allow localized
and controlled delivery of therapeutic cells to specific physiological sites to restore the
lost function and protection from potential hazardous processes in a physiological environ-
ment[17] [16]. The cells are immobilized within a semipermeable membrane that forms a
three-dimensional hydrogel environment to enhance cell-cell interaction and maintain cell
function [17]. Diabetes type 1 is a autoimmune disease where the immune system attacks
the body’s own beta-cells that produces insulin needed to regulate the blood glucose.
Cell encapsulation is a functional way to cure autoimmune diseases like diabetes type 1
[18], by enveloping the cell in artificial, partially permeable membrane that potentially
allows the grafting of the cells without using immunosuppressant drugs [17].

2.2 Alginate
Alginate is an unbranched anionic biopolymer consisting of 1,4-β-D-mannuronic acid (M)
and 1,4-α-L-guluronic acid (G) monomers [19]. Alginate is synthesized as a homopolymer
of mannuronic acid before conversion of M residues to G residues occurs, by mannuronan
C-5 epimerases inverting the stereocenter at C-5 [4]. Alginate do not consist of regular
repeating unit, and it is described as a binary copolymer of 1−→4-linked M and G residues
arranged in blockwise pattern. The sequential arrangement of M and G, together with
the molecular weight, determines to a great extent the properties of the alginate [20]
[15]. M-blocks follows a ribbonlike chain conformation due to the diequatorial linkages
connecting mannuronic acid residues. G-blocks have a buckled and rigid structure, due
to the diaxially linked guluronic acid residues. The diaxially linked residues originate
for specific ion binding and gel formation [21]. The MG-block consist of alternating
axial-equatorial and equatorial-axial glycosidic bonds connecting residues. The variation
between the bond leads to greater flexibility of the MG-block compared to other sequences
[22]. Figure 2.2.1 present the structure of alginate with the monomer units, fragment of
the polysaccharide chain with different MG sequences and M and G blocks distribution
in the alginate chain.
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Figure 2.2.1: Structural characteristics of alginate: (a) alginate monomers: β- D- man-
nuronate (M) and α-L- guluronate (G). (b) The conformation of β-D-mannuronic and
α-L-guluronic acid residues in an alginate chain, showing how neighbouring G-residues
form a cavity between them because of their diaxial linkage. (c) Sequential arrangement
of M and G residues arranged in blockwise pattern. Retrieved from [4]

2.2.1 Gelling of alginate

Alginate is notable for its ability to form hydrogels via ionic cross linking process making
it easily amendable to cell encapsulation and cell recovery for downstream applications
[2]. Gelation of alginates is conventionally described by the "egg box model". This im-
plies that junction zones are formed by two facing helical G-sequences. Each cross-linking
ion e.g Ca2+, interacts with two adjacent G residues, in addition to two G residues in
the opposing chain [22] [7]. The subsequent gel formation capacity is a direct function of
the average length of the G-blocks. Calcium has extensively been used in crosslinking for
the production of alginate films, coating and beads for food production and drug delivery
applications [21] [15]. However, other cations have higher affinity toward alginate and
can form stronger gels compared to calcium. The affinity of alginate for divalent ions
have been shown to decrease in the following order [23]: Pb2+> Cu2+ > Cd2+ > Ba2+ >
Sr2+ > Ca2+> Co2+ > Ni2+ > Zn2+ > Mn2+.
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Figure 2.2.2: Illustration of the "egg box model" gelation of alginate. Junction zones are
formed by two facing G-sequences that each cross-links a ion e.g Ca2+ that interacts with
two adjacent G-residues, in addition to two G-residues in the opposing chain. Retrieved
from [24]

Two different approaches are used to obtain calcium-alginate gels. The diffusion
method is characterized by allowing a cross-linking ion (e.g Ca2+) to diffuse into the algi-
nate solution from a larger external reservoir [25]. When divalent metal ions diffuse into
an alginate solution, the rapid ion binding and formation of a network produce an in-
wardly moving gelling zone. Alginate will diffuse towards this gelling zone from the center
of the gel [20]. Diffusion setting is characterized by rapid gelling kinetics, and is utilized
for immobilization purposes [25]. While a external gelation is the preferred method for
immobilization purposes, internal gelation can be used to obtain a more homogenous gel
when this is desirable [26] [27]. In internal gelation, complexed calcium or calcium-salts,
like CaCO3 of low solubility is mixed into the alginate solution with glucono-δ-lactone
(GDL). GDL is a slow hydrolyzing acid that allows a slow and controlled release of Ca2+-
ions which results in gelation [28]. When CaCO3 and GDL is used for internal gelation,
homogenous alginate gels are formed over a wide range of pH, leaving the non-toxic by-
products CO2 and D-gluconic acid behind [28].

Syneresis refers to the process where a gel undergoes contraction and releases liquid
[29]. Previous research demonstrate that alginate gels gelled with Ca2+-ions are prone
to syneresis. During gel formation of alginate hydrogel, negatively charged carboxylate
groups (COO−) of alginate interacts with cations (e.g Ca2+) that results in shrinkage of
the hydrogel [30], as a consequence of the electrostatic attraction. This may result in
exudation of water from the gel network, leading to a higher concentration of alginate in
the gels.

2.3 Sulfated alginate

The free hydroxyl group of alginate can be chemically sulfated to facilitate electrostatic
interaction with a range of proteins and other cationic surfaces in a manner similar to sul-
fated glycosaminoglycans (GAGs) such as heparin sulfate (HS) and heparin [7]. Methods
for chemically modifying alginate is presented in Figure 2.3.1. Sulfated alginate exhibit
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biological properties like anticoagulation and particularly influence the intrinsic pathway,
compared to unmodified alginate [8]. These properties are analogous to naturally occur-
ring highly negatively charged linear glycosaminoglycan heparin, that is widely used as
an anticoagulent [31].

Sulfated polysaccharides generally have more complex interactions with the immune
system, resulting in a variety of interlinked pro- and anti-inflammatory responses. In-
troduction of charged and relatively bulky substituent, will notably alter the chemical
structure of alginate that may alter inherent properties such as solubility or gelation [7].
Sulfation of alginate has a declining effect on the gelling ability of alginates; where the
resulting gels have a lower stiffness and increased rate of swelling and destabilization com-
pared with unmodified alginate [7]. Negatively charged sulfate groups do associate with
divalent cations through electrostatic interactions, but disrupt the long G-blocks that are
responsible for the cooperative binding of ions and forming of cross-linking junction zones
in the gel network [31][7].

Figure 2.3.1: Published methods for chemical sulfation of alginate using different reagents.
Retrieved from [7]

2.4 Fucoidan

Fucoidans are a diverse class of sulfated polysaccharides integral to the cell wall of brown
algae [32]. Depending on the species, the structure of fucoidan varies in terms of com-
position, glycosidic linkages, branching and degree of sulfation and acetylation [33] [34].
Fucoidans are therefore classified into homofucans and heterofucans. Homofucans have a
backbone of α-1,3 L-fucose with sulfate groups mainly at C2 and C4. Heterofucans have
an alternating α-1,3/α-1,4 linked L-fucose sulfated at C2 or C3 [32] [34]. Homofucans
have branches of fucose and/or galactose, glucuronic acids, xylose, mannose and acetate.
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While heterofucans have a non-fucose backbone with galactose or glucuronic acid with
a side branches of sulfated fucose [35] [33]. The structural backbone of fucoidan is pre-
sented in Figure 2.4.1.

Fucoidan are of high pharmaceutical interest as they display anticoagulent, antiviral,
antitumor and immune-inflammatory bioactivtites [32] [36]. For instance the activated
partial thromoplastin time (APTT) assay showed that fucoidan induced anticoagulant
activity in a dose dependent manner [37], making fucoidan a promising candidate for
pharmacological use. Fucoidans are generally a water-soluble molecule with lower vis-
cosity relative to alginate. In addition, fucoidan lack gelling properties and do not form
hydrogels with divalent ions on its own [38].

Figure 2.4.1: The structural backbone of fucoidan, dominating of 1−→3 (left) and 1−→4
(right) glycosidic linkages. Retrieved from: [39]

2.5 Rheology

Rheology is the study of how materials deform when forces are applied to them [40]. The
amount of deformation will depend upon the area over which the force acts and is defined
as stress. Stress is the measure of an external force acting over the cross sectional area
of an object.

σ =
F

A
(2.1)

Stress has units of force per area, such as newtons per square meter (N/m2) or pascal
(Pa) [40].

The amount of deformation is measured as strain induced. Strain represents the
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displacement between particles in the body relative to a reference length [41].

ϵ =
δ

l
(2.2)

A material can deform in two ideal ways depending on their properties [42]. The differen-
tiation between liquids and solids can be determined based on the behavior exhibited by
the material when stress is applied [40] Ideal material exhibit purely elastic deformation.
This implies that when stress is applied, the material will deform and remain in that
state until the force is removed and return to its native state once the stress is removed
[40]. This kind of perfectly recoverable deformation is called elastic, as the energy or
work that was done to produce the deformation is stored within the deformed material
and is recoverable once the force is removed [41].
When a force is applied, an ideal liquid will deform without limit for as long as the force
is applied and remain in the deformed state after the force is removed. The extent of
deformation is not limited and the rate at which the liquid will deform and flow is de-
termined by the magnitude of the force [42]. Viscosity (η) is the primary property that
dictate the deformation of liquid and is defined as the ratio of force to rate of deformation
[40].

2.5.1 Viscoelasticity

Real materials exhibit both elastic and viscous responses when deformation is applied
and are therefore categorized as viscoelastic materials [41]. They are also often highly
anisotropic meaning that the material exhibit different viscoelastic properties in different
directions. Viscoelastic properties of a material could be quantified with rheological ex-
periments. Rheological information for viscoelastic systems is often obtained by applying
small amplitude oscillatory strains or stresses to the sample. When a material is exposed
to a harmonic, oscillating force/deformation with an angular velocity/frequency (ω/f),
the response is measured. The resulting data is used to calculate various rheological pa-
rameters, such as storage modulus (G’), loss modulus (G”), complex modulus (G∗), phase
angle (δ) and viscosity (η) that provide a insight to the material’s viscoelastic property
[42].

G’ (storage modulus) represents the elastic or solid-like component of a viscoelas-
tic material. It quantifies the ability of the material to store under deformation. G”
(loss modulus) represents the viscous or liquid-like component of a viscoelastic material.
This parameter quantifies the energy dissipation of loss that occurs when deformation
is applied on the material. The phase angle indicate the degree of viscoelasticity or the
balance between the elastic and viscous properties of the material [40]. A phase angle
of 0 ° corresponds to a material with purely elastic behavior, while a phase angle of 90 °
indicates a purely viscous behavior [42]. The viscoelastic character at any given frequency
of oscillation is characterized by storage/elastic modulus (G’) and the loss/viscous mod-
ulus (G”) which quantify the solid-like and liquid-like contribution to the measured stress
response, respectively.
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2.5.2 Rheometer

A rheometer is any instrument that enables the determination of rheological properties by
measuring the stress -strain relationship to understand the flow/deformation properties of
the material. This allows researchers to determine properties such as viscosity, elasticity,
and shear stress, which are important in understanding the behavior of materials under
different conditions [42] [40]. Rheometers that are rotational type use either cone and
plate, parallel plate or concentric cylinder geometrics. A parallel plate rheometer is
presented in Figure 2.5.1.

Figure 2.5.1: A parallel plate rheometer with two parallel plates. The bottom plate is
stationary, while the top plate is moveable and cant extert a controlled force or displace-
ment of the sample. Retrieved from [43].

Strain and stress are computed from two signals, the angular position and the torque,
obtained from the rotational rheometer. The maximum strain is obtained at the perimeter
of the measuring plate, where the strain is zero at the rotational axis. The angle of
rotation, ϕ, is proportional to the strain and the proportional to the strain and the
proportionality constant depends on gap size and geometry [40]. A oscillatory rheometer
apply a sinusoidal deformation to the sample and measure the resulting stress. When a
oscillatory test is performed, the computer monitors both the position and torque signals
as a function of time. The stress and strain amplitude and the phase shift are fitted to
sine waves and G’ and G” are calculated from the fits. G’ and G” are only defined in the
linear range where both strains and stresses are simple sinusoidal curves [42] [17]. Figure
2.5.2 present the difference between stress and strain during sinusoidal oscillation.



CHAPTER 2. THEORY 11

Figure 2.5.2: The difference between stress and strain during sinusoidal oscillation relays
on the phase angle values, which is a measure of the amount of liquid and solid properties
in a sample. Retrieved from [44]

2.5.3 Young’s modulus

Young’s modulus is a measure of a material’s stiffness or rigidity and is another way
to quantify how much a material deforms when subjected to an external force (stress).
Young’s modulus (E) is the ratio of principal stress in one direction to corresponding
strain in the elastic range in the same direction.

E =
σ

ϵ
(2.3)

Stress (σ) is defined as a force acting per unit area of an object, while strain (ϵ) is stated
as the amount of relative deformation caused by the force acting on an object [42] [45].
Hence, the Young’s modulus is normally obtained as the initial slope of a stress-strain
curve.

2.6 Structural Characterization

2.6.1 ICP-MS

This part of is retrieved from my specialization project [14].

Inductively coupled plasma mass spectroscopy (ICP-MS) is an analytical technique
that is utilized to measure elements at trace levels in biological fluids. A plasma is an
ionized gas consisting of positively-charged ions and free electrons, and argon plasma is
the most used [46] [47]. A 1-2.5 kW plasma is generated by radiofrequency (rf) magnetic
fields induced by a coil wound around the end of quartz torch through which argon flows.
A high-voltage spark is used to seed the argon with electrons, which collide with argon
atoms, ultimately causing ionization and plasma ignition [46]. The motion of electrons
and ions are continuously induced by oscillating magnetic field. When the sample reaches
the high-temperature plasma, the sample is desolvated, vaporized, atomized and ionized
[46]. Most elements have a first ionization potential much lower than argon, and therefore
efficiently ionized in the plasma. The ionized entities are transferred through a quadruple
mass analyzer, a mass filter that separates the ions on the basis of their mass-to-charge
(m/z) ratio. By pre-configuring the system with respect to m/z ratio, their type and
relative abundance can be recorded [46]. In this study, ICP-MS analysis was conducted
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to determine the sulfate content in alginate after sulfation, to determine the degree of
substitution [47].

2.6.2 SEC-MALLS

Size exclusion chromatography (SEC) is a convenient method to determine the average
molecular weight and the molecular weight distribution in a sample [48]. With SEC the
polymers are separated based on hydrodynamic column or size [19]. This method consist
of a solid phase of porous particles with a known pore size packed in a column and a
mobile phase. The sample is dissolved in a solvent, usually the same solvent as the mo-
bile phase and is injected into a column. Particles that are too large to enter the pores
are eluded from the column first. While the smaller molecules will spend time getting
through the column due to the pores and will elude lastly. This will give a size based
separation of the molecule. [48]

Multiangle laser light scattering (MALLS) is used to determine the molecular weight
of the samples from the SEC column. The basic principle behind MALLS is that when a
beam of laser light passes through a sample, it interacts with the particles or molecules
present in the solution [49]. As the light scatters off these particles at various angles,
detectors positioned at different angles collect the scattered light. By measuring the
intensity of scattered light at different angles, MALLS provides information about the
size distribution and molecular weight of the particles or molecules in the solution. Larger
particles scatter light more intensely at low angles, while smaller particles scatter light
more intensely at high angles. By analyzing the scattering pattern at multiple angles,
MALLS can generate a complete size distribution profile [49].
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MATERIALS & METHODS

3.1 Alginate
Two different alginates were used in this project. One being the commercial sodium
alginate LF200S S21483 acquired from DuPont (Sandvika, Norway) and the other one
is a high molecular weight, ultrapure sodium alginate (UP-MVG) with medium viscosity
provided by NovaMatrix (Sandvika, Norway). The sequence characteristics and average
molecular weight of alginates used in the project is given in Table 3.1.1.

Table 3.1.1: Sequence characteristics and average molecular weight (Mw) of alginates
used in this project.

Alginate FG FM FGG FGM FMM FGGM FMGM FGGG NG>1 Mw [kDa]
UP-MVG 0.66 0.34 0.55 0.22 0.12 0.05 0.09 0.50 13 162
LF200S 0.68 0.32 0.57 0.11 0.21 0.04 0.007 0.53 16 298

3.2 Fucoidan
The fucoidan used in this project is obtained from the brown algae L.hyperborea. Fucoidan
sample was provided by prof. Finn L. Aachmann at The Department of Biotechnology
and Food Science. The source, composition, molecular weight and degree of substitution
for the fucoidan is given in Table 3.2.1.

Table 3.2.1: Type, source, composition, molecular weight (Mw), and degree of sulfation
(DS) for the fucoidan materials.

Fucoidan type Source Fucose cont. [%](w/w) Galactose cont. [%](w/w) DS Mw [kDa]
FD L.hyperborea 97.8 2.2 1.7 1547

3.3 Preparation of Sulfated Alginate
Alginate LF200S and Alginate UP-MVG was subjected to sulfation by adding formamide
(200 mL) to dried alginate (5000 mg) to a final concentration of 2.5 % (w/v). Chlorosul-

13
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fonic acid (6 mL) was added dropwise to the suspension to a approximate final concen-
tration of 3 % (w/v). The reaction mixture was incubated at 60 °C at constant agitation
for 2.5 h. The alginate was transferred to a centrifuge tube (50 mL) and precipitated
with acetone (2x reaction volume). Further, the solution was centrifuged at 4700 rpm
for 7 minutes at 10 °C. The precipitated alginate was then redissolved in deionized water
and the pH neutralized by 1M NaOH. All solution was dialyzed with NaCl (0.1M) then
with ionized water until the conductivity was below 2 microS/cm and freeze dried. The
sulfur content was measured by ICP-MS by the NTNU Dept. of Chemistry, Trondheim,
Norway. The sulfation degree was then estimated from mass balance equation provided
in Appendix A.

3.4 Characterization of sulfated alginate

The sulfur content in the samples was measured by high-resolution inductively coupled
plasma mass spectromy (ICP-MS) at the NTNU department of Chemistry, Trondheim,
Norway. Estimated theoretical degree of sulfation was calculated.

Size-exclusion chromatography (SEC) with online multi-angle static laser light scat-
tering (MALS) were performed at ambient temperature on an Agilent 1260 Infinity II sys-
tem consisting of a solvent reservoir, isocratic pump, automatic sample injector, OHpak
LB-G 6B guard and OHpak LB 806M main column. The column outlet was connected
to a Dawn HELEOS-II multi-angle laser light scattering photometer (Wyatt, U.S.A.)
(λ0=663.8 nm) followed by a RI-501 refractive index detector (Shodex). The eluent was
0.15M NaNO3, pH 6.0 with 10mM EDTA and the flow rate was 0.5 mL/min. The sample
was dissolved over night in mobile phase (0.5 mg/ml) and filtered (pore size 0.45µm)
before injection. The sample was analyzed two times, injection volume was 50-100 µL.
Data were collected and processed (with dn/dc = 0.150 mL/g) for unmodified and 0.130
for sulfated alginate. A2 = 5 · 10 −3 ml · mol/ g2 using the Astra (v. 7.3.21) software
(Wyatt, U.S.A.).

3.5 Preparation of samples for gels

Alginate solution (1.8% (w/v))) was prepared by dissolving alginate LF200S (90 mg)
to deionized water (2.5 mL). NaCl (100mM, 2.5 mL) was added to alginate solution
mixture to achieve a more homogeneous gel. The solution was stirred with a magnet
overnight. Fucoidan solution (1.8% (w/v))) was made by weighing fucoidan (54.0 mg)
and adding deionized water (3.0 mL). Sulfated alginate (36 mg) was dissolved in deionized
water (2.0 mL) to a sulfated alginate solution (1.8%(w/v)). The different compositions
of alginate/fucoidan and alginate/sulfated-alginate samples were prepared by weighing
the required volumes of alginate and fucoidan and then mixed for a few minutes with a
magnet. It was assumed that the alginate solution had a density of 1 g/mL, due to the
solution being too viscous and a accurate pipetting of the volume was not possible. The
final ratio between the alginate and fucoidan, as well as for sulfated-alginate and alginate
for the different samples are given in Table 3.5.1.
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Table 3.5.1: Final concentration (% (w/v)) of alginate hydrogels mixed with sulfated
alginate or fucoidan. Total polymer concentration was 1.8 % (v/w) for all samples.

Type of gel [%(w/v)] final concentration
Alg 1.8
80/20 Alg/FD 1.44/0.36
80/20 Alg/SA 1.44/0.36

3.6 Rheology

All rheological measurements were carried out using Malvern Kinexus ultra+ Rheome-
ter). A 8 mm roughened/texture (to prevent slip) parallel upper geometry and a lower
geometry were used for all measurements. Measurements were carried out at 20°C. To
prevent the samples from drying during the measurements, a plastic cover was fitted
round the sample. rSpace version 2.0.0 was used for instrument control and data analy-
sis. A relevant volume between a 8 mm probe and lower geometry was determined to be
60 µL. A 8 mm probe was used for the experiments to establish procedures for rheologi-
cal characterization of small alginate gel volumes. The purpose of using a smaller probe
diameter will allow for future characterization of valuable samples of e.g enzymatically
or chemically modified alginates. The sample (60 µL) was loaded to the lower geom-
etry. The gap between the plates was adjusted to 1 mm, to ensure proper loading of
the sample. (50 mM) CaCl2 solution (2mL) was added to lower geometry and gelation
occurred for one hour, before the height between the plates were reduced by 0.01 mm
stepwise. A schematic presentation of the experimental setup is presented in Figure 3.6.1.

Figure 3.6.1: A schematic presentation of the experimental setup for the parallel rheome-
ter. Sample (60 µL) was loaded to the lower geometry. The gap between the plates was
adjusted to 1 mm. Gelling solution (2 mL) was added to the lower geometry. One hour
of gelation occurred, before the gap between the plates was reduced by 0.01 mm stepwise.

Further, the sequence used for the measurements was developed throughout the course
of the thesis. This was a consequence of working with alginate gels, that are known to
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be prone to syneresis, that made it challenging to get accurate data which characterized
the different gels. Therefore, the sequence was changed as the results were analyzed
to improve the resulting data. The different sequence used in this thesis are given in
chronological order relative to when the changes occurred.

3.6.1 Sequence 1: Alginate-based gels stored in CaCl2 - solution

• Set temperature to 20°C.

• Load sample (60 µL) with reverse pipetting.

• Adjust gap and distance between the plates to 1 mm to ensure proper loading.

• Add CaCl2 solution (50mM, 2 mL) to the lower geometry to allow for gelation upon
diffusion of Ca2+-ions into the sample.

• Gelling for one hour.

• Frequency sweep (1-0.05 Hz, 0.1 % shear strain, 10 samples per decade)

• Probe height reduction by 1 % hold (120 s).

• Loop (20)

– Frequency sweep (1-0.05 Hz, 0.1 % shear strain, 10 samples per decade).
– Probe height reduction by 1% hold (120 s).
– Oscillation frequency sweep was measured until probe height was reduced by

20 % in total.

3.6.2 Sequence 2: Alginate-based gels stored in NaCl solution

• Set temperature to 20°C.

• Load sample (60 µL) with reverse pipetting.

• Adjust gap and distance between the plates to 1 mm to ensure proper loading.

• Add CaCl2 solution (50mM, 2 mL) to the lower geometry to allow for gelation upon
diffusion of Ca2+-ions into the sample.

• Gelling for one hour.

• Remove CaCl2 solution from lower geometry and add NaCl-solution (150 mM, 2
mL).

• Frequency sweep (1-0.05 Hz, 0.1 % shear strain, 10 samples per decade)

• Probe height reduction by 1 % hold (120 s).

• Loop (20)

– Frequency sweep (1-0.05 Hz, 0.1 % shear strain, 10 samples per decade).
– Probe height reduction by 1% hold (120 s).
– Oscillation frequency sweep was measured until probe height was reduced by

20 % in total.



CHAPTER 3. MATERIALS & METHODS 17

3.6.3 Sequence 3: Alginate-based gels stored in NaCl solution
with increased hold time

• Set temperature to 20°C.

• Load sample (60 µL) with reverse pipetting.

• Adjust gap and distance between the plates to 1 mm to ensure proper loading.

• Add CaCl2 solution (50mM, 2 mL) to the lower geometry to allow for gelation upon
diffusion of Ca2+-ions into the sample.

• Gelling for one hour.

• Remove CaCl2 solution from lower geometry and add NaCl-solution (150 mM, 2
mL).

• Frequency sweep (1-0.05 Hz, 0.1 % shear strain, 10 samples per decade)

• Probe height reduction by 1 % hold (120 s).

• Loop (10)

– Frequency sweep (1-0.05 Hz, 0.1 % shear strain, 10 samples per decade).

– Probe height reduction by 1% hold (120 s).

– Oscillation frequency sweep was measured until probe height was reduced by
10 % in total.
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CHAPTER

FOUR

RESULTS & DISCUSSION

4.1 Sulfatation of Alginate
The sulfur content in the samples after sulfation of alginates, was measured by performing
ICP-MS analysis. The results from the analysis was then used to calculate the theoretical
degree of sulfation (DS), as presented in Appendix A. The DS value for the alginates are
given in Table 4.1.1.

Table 4.1.1: Calculated degree of sulfation (D.S) of sulfated alginates (LF200S & UP-
MVG).

Alginate Sulphur concentration [µg/g] Estimated D.S-value
LF200S 77634.46 0.71
UP-MVG 62144.01 0.55

Molecular weight averages and dispersity were determined with size exclusion chro-
matography with multi-angle laser light scattering (SEC-MALLS). Table 4.1.2 present
Number average molecular weight (Mn), Molecular weight averages (Mw) and polydis-
persity index for LF10/60, sulfated LF200S alginate and sulfated UP-MVG alginate after
sulfation.

Table 4.1.2: Number average molecular weight (Mn), Molecular weight averages (Mw)
and polydispersity index for sulfated LF200S alginate and sulfated UP-MVG alginate
after sulfation.

Alginate Mn [kDa] Mw [kDa] Mw

Mn

Sulfated LS200S 30.9 68.6 2.2
Sulfated UP-MVG 66.2 119.9 1.8

The sulfation of the alginate has been using methodology described in Section (3.3).
The degree of sulfation per alginate monomer is dependent on the concentration of chloro-
sulfonic acid in formamide utilized during the preparation [8]. In this study, the degree

19
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of sulfation was estimated to be 0.71 for LF200S alginate and 0.55 for UP-MVG alginate.
This indicate that approximately 71 % and 55 % of the monomer units in the alginate
have substituted hydroxyl-group with sulfate on the C2 or C3 [50]. Previous studies with
the same methodology on sulfation of alginate, resulted in a DS value of 0.76 and 0.83,
where the sulfation was performed on ultra-pure alginates with varying viscosity [18].
The difference in DS value could be due to the batch size used in this study being larger.
It is reasonable to expect a change in conformation and orientation of the alginate when
sulphate groups are introduced, as the sulfate group is charged and relatively bulky. This
could lead to limitation for the number and position of the sulfates to various extents in
different monosaccharide sequences, that results in a lower D.S value than expected [8].
Moreover, during the preparation the solution was placed in a shaking water bath for 2.5
h, however it was discovered that the bath had been turned off for the last 10-15 minutes
leading to a decrease in temperature for both alginate samples. As the temperature acts
as the catalyst for the sulfation reaction, the decrease in temperature could have led to
a lower sulfation degree, compared to previous research [18].

The samples were analyzed by performing SEC-MALLS analysis. The results reve-
laed that the molecular weight of LF200S alginate was 68.6 kDa, while UP-MVG had a
molecular weight of 119.9 kDa after sulfation. LF200S had a considerable reduction in
Mw indicating that depolymerization in the sample, as presented in Table 4.1.2. Further,
there was some reduction in Mw for UP-MVG alginate, indicating some depolymeriza-
tion. Depolymerization of alginates as a result of sulfation has previously been reported
[51], for experiments for alginates above 100 000 Da. The methodology used in this study
have previously proven to that the DS can be systematically tuned under conditions mild
enough to ensure good reproducibility while minimizing depolymerization and unwanted
side reactions [8]. However, the findings of the current study contradict those of the
previous study. One possible explanation could be that alginate, in the aforementioned
study, was subjected to hydrolysis to reduce the molecular weight to ∼ 14 000 Da prior to
sulfation [8]. In the current study acid hydrolysis did not take place. This could explain
the depolymerization of both alginates in the current study.

4.2 Rheological analysis of alginate gels stored in CaCl2-
solution

The aim for this section is to characterize the rheological properties of alginate gels. For
all measurements 1.8 % (w/v) alginate solution (60 µL) was loaded to the lower geometry.
Gap between the measuring plates were adjusted by lowering the upper geometry to a
gap distance of 1 mm between the plates, to ensure proper loading of sample. (50 mM)
CaCl2 solution (2mL) was added for gelation and one hour of gelation occurred, before
the gap was reduced by 0.01 mm stepwise.

4.2.1 Evaluating syneresis in Alginate gels stored with CaCl2-
solution

Over time various systems undergoing a solution-gel transition often results in exudation
of liquid, known as syneresis, it is macroscopically characterized by a slow, time-dependent
de-swelling of a gel [29] [52]. This phenomena often represent a challenge when measuring
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the rheological properties of a hydrogels, as syneresis lead to changes in main parameters
that effect the accuracy of measured modulus. Alginate hydrogels are known to be sus-
ceptible to syneresis [13]. Establishing a contact point between the instrument and the gel
is crucial for accurately characterizing the rheological properties of the gel. Normal force
was therefore monitored through gap reduction to assist determining the contact point.
Initial increase in normal force is an indication for reaching a contact point between the
instrument and gel.

Gap was reduced by 0.01 mm stepwise and a frequency sweep was performed on the
gel at each measuring height, in order to get a comprehensive understanding of the gel’s
response to the mechanical deformation. The values for the measured normal force was
plotted against gap height, resulting in Figure 4.2.1.

Figure 4.2.1: Normal force as a function of measuring height for Alg-Ca(1) gel. 1.8
% (w/v) alginate solution (60 µL) was loaded to the lower geometry and the distance
between the plates was set to 1 mm. 50 mM CaCl2 (2mL) was added to the lower
geometry for gelling. One hour of gelation occurred before the gap was reduced by 0.01
mm stepwise to a total reduction to 0.80 mm.

Figure 4.2.1 present the normal force measured at each gap reduction. A increase in
measured normal force was measured at 0.98 mm, indicating a contact point between the
probe and gel could have occurred. The corresponding y-value (x= 0.98 mm) was set
to zero and the remaining value for normal force measured at each height was adjusted
to match the respective y-value. After a contact point had been established, the gap
was further reduced. As the height kept reducing the normal force was measured to be
decreasing to 0.90 mm. The decrease in normal force initially might be attributed to the
lack of sufficient contact between the probe and the gel or possibly caused by a degree
of slip, which can be due to by the syneretic nature of alginate gel. At 0.90 mm the
instrument has sufficient contact with the gel, as the normal force is measured to be
increasing rapidly subsequently. The rapid increase in normal force suggests that the gel
is undergoing compression for decreasing height. Moreover, after each height reduction a
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hold time was included to the protocol to allow the gel to relax. Relaxation of the gel is
observed as the decline in normal force.

To determine if the initial increase in normal force is likely due to a contact point being
established, the frequency sweep performed at 0.98 mm and 0.97 mm height reduction
was further investigated. The obtained value for elastic modulus (G’), viscous modulus
(G”) and change in phase angle (δ) at each gap height was plotted against the frequency
range. The resulting data is presented in Figure 4.2.2.

(a) Frequency sweep of Alg-Ca(1) gel at 0.98 mm

(b) Frequency sweep of Alg-Ca(1) gel at 0.97 mm

Figure 4.2.2: (a) Frequency sweeps of Alg-Ca(1) gel at 0.98 mm. (b) Frequency sweep of
Alg-Ca(1) at 0.97 mm. Elastic modulus (blue), viscous modulus (red) and phase angle
(green) is plotted on y-axis against the frequency on the x-axis. For 1.8 % (w/v) alginate
gel gelled with 50 (mM) CaCl2 solution. Frequency sweeps (1-0.05 Hz) was performed at
20°C with a constant at shear strain at 0.1 % and 10 measurements per decade.

A study on characterizing the elastic modulus of 2 % (w/v) alginate hydrogel with
CaCl2 after 1 hour postfabrication, presented that the average elastic moduli of 2% al-
ginate gels ranged from ∼ 5 to 20 kPa [53]. These range of values were observed in
a different study, when dynamic measurements was performed to characterize alginate
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gels [54]. The aforementioned study also provide the values for viscous component and
the phase angle as a function of frequency. The viscous component is measured ranging
between ∼ 100-700 Pa for alginate concentration between 1.0-1.75% (w/v). The values
for the phase angle obtained in the same study is measured to be from ∼ 7° at low fre-
quency and ∼ 12° at higher frequency [54]. The values obtained from these studies is also
supported by additional papers, where the obtained values for G’, G” and δ range in the
same magnitude of values, despite different methodology [55][56] [57] [54]. In light of the
prior research, specific criteria have been established for the current study to evaluate
the quality of the obtained data for G’, G”, and δ.

The frequency sweep graph visualizes the gel’s response to oscillatory forces at dif-
ferent frequencies. When the height was 0.98 mm the elastic modulus is measured to be
5828 Pa at 0.05 Hz and 8222 Pa at 1 Hz 0.05 Hz, as presented in Figure 4.2.2a. At 0.97
mm the elastic modulus is 7344 Pa at 0.05 Pa and 9415 Pa at 1 Hz. In a biopolymeric gel
the storage modulus is greater than the loss modulus, indicating predominance of elastic
behavior [40], which is observed for the frequency sweeps at 0.98 mm and 0.97 mm.

Moreover, the phase angle is measured to be 13.8° at 0.05 Hz and 8.8° at 1 Hz. The
obtain value at 0.05 Hz for the phase angle is higher than the expected initial value based
on previous frequency sweeps performed on alginate gels [57] [58]. Based on these ob-
servation, it can be hypothesized that the initial increase in normal force was due to the
instrument being in contact with a part of the gel. When Ca2+-ions are introduced to the
alginate structure the rapid ion-binding and formation of network produce an inwardly
moving gelling zone [20]. Syneresis can be influences by by excess, insufficient, or non-
uniformly distributed cations in the alginate gels [59]. This differential gelation can result
in uneven shrinkage or expansion, leading to a curved surface. This would also result in
a a weaker gel network on the surface of the gel, which could results in a higher value for
phase angle. Based on the established research for the expected values, frequency sweep
for Alg-Ca(1) at 0.98 mm do not meet the criteria of values for G’ and δ for a pure alginate
gel. When the gap height was reduced to 0.97 mm, the phase angle at 0.05 Hz is 10.6° at
0.05 Hz and 8.4° at 1 Hz. The frequency sweep obtained at 0.97 mm is within the criteria
set for an alginate gel. This appears to be a contact point between the instrument and the
entire gel surface where a valid and reliable value for the rheological data can be obtained.

The results suggests that the alginate gel is syneretic within the expected boundaries.
By compensating for syneresis through reducing the height, the rheological data for the
alginate gel is obtainable. The resulting values for G’, G” and δ at 0.97 mm is in accor-
dance with expected value based on criteria established by previous research for alginate
gels. However, gels are unlikely to retain a perfect cylindrical shape during syneresis.
Therefore it is necessary to make a value judgment about the quality and examine the
reproducibility of the data obtained.

4.2.2 Reproducibility of rheological data obtained for alginate
gels in CaCl2-solution

In order to obtain reliable measurements, accurate and consistent data must be produced
with repeated measurements of the same material under similar conditions yielding con-
sistent results. Hence, additional measurement with 1.8 % (w/v) alginate (60 µL) solution
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and (50mM) CaCl2- solution (2 mL) as gelling solution was performed. The measured
normal force acted on the probe applied by the gels were plotted against the reducing
gap height, resulting in Figures 4.2.3. Here the gap was reduced to 0.92 mm before an
increase in normal force was observed.

(a) Alg-Ca (2) gel

(b) Alg-Ca (3) gel

Figure 4.2.3: (a) Normal force as a function of measuring height for Alg-Ca(2) gel. (b)
Normal force as a function of measuring height for Alg-Ca(3) gel. Both measurements
was performed by loading 1.8 % (w/v) alginate solution (60 µL) to the lower geometry
and the distance between the plates was set to 1 mm. 50 mM CaCl2 (2mL) was added to
the lower geometry for gelling. One hour of gelation occurred before the gap was reduced
by 0.01 mm stepwise to a total reduction to 0.80 mm.

Alg-Ca (2) and Alg-Ca (3) shows an increase in normal force at 0.92 mm, as pre-
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sented in Figure 4.2.3a and Figure 4.2.3b, respectively. The corresponding y-value (x=
0.92 mm) was set to zero and the remaining value for normal force measured at each
height was adjusted to match the respective y-value. The initial increase in measured
normal force indicate a resistance to compression is applied on the probe, which is most
likely by the gel. This indicate that at 0.92 mm the probe has likely reached the gel.
Further, after establishing a contact point the gel undergoes compression, which leads to
a rapid increase in normal force with reducing height. The relaxation of the gel during
the hold time is denoted with the dissipation of measured normal force.

To determine if the initial increase in normal force measured was due to reaching a
contact point between the instrument and the gel, the frequency sweep obtained at 0.92
mm is looked into for both gels. The obtained values for G’, G” and δ is plotted against
the frequency range. The resulting plot for Alg-Ca(2) gel and Alg-Ca(3) gel is given in
Figure 4.2.4.
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(a) Frequency sweep of Alg-Ca(2) gel at 0.92 mm

(b) Frequency sweep of Alg-Ca(3) gel at 0.92 mm

Figure 4.2.4: (a) Frequency sweeps of Alg-Ca (2) gel at 0.92 mm (b) Alg-Ca(3) gel at 0.92
mm. Elastic modulus (blue), viscous modulus (red) and phase angle (green) is plotted
on y-axis against the frequency on the x-axis. For 1.8 % (w/v) alginate gel gelled with
50 (mM) CaCl2 solution. Frequency sweeps (1-0.05 Hz) are performed at 20°C with a
constant shear strain at 0.1 % and 10 measurements per decade.

Figure 4.2.4a present the frequency sweep performed at 0.92 mm for Alg-Ca(2) gel.
The elastic modulus is measured to be 21800 Pa at 0.05 Hz and 17510 Pa at 1 Hz. The
phase angle is measured to be 8.1° at 0.05 Hz and 7.5° at 1 Hz, within the expected values.
The frequency sweep at 0.92 for Alg-Ca(2) align with the established criteria from prior
research. Which implies that reliable data for the rheological properties can be obtained
from this point.

Figure 4.2.4b present results from the frequency sweep performed at 0.92 for Alg-
Ca(3). The elastic modulus is measured to be 6197 Pa at 0.05 Hz and 9844 Pa at 1 Hz,
indicating a dominant elastic behavior in the gel. Further, the phase angle was measured
to be 11.0 ° at 0.05 Hz and 16.7° at 1 Hz. A change is phase angle over the frequency range
could be related to degree of slip. To investigate if this is the observed phenomenon, the
G’, G” and δ at 0.91 was plotted against the frequency range, resulting in Figure 4.2.5.
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Figure 4.2.5: Frequency sweeps of Alg-Ca(3) gel at 0.91 mm. Elastic modulus (blue),
viscous modulus (red) and phase angle (green) is plotted on y-axis against the frequency
range on the x-axis for 1.8 % (w/v) alginate gel gelled with (50 mM) CaCl2-solution.
All values are obtained from frequency sweeps (1-0.05 Hz) performed at 20°C, a constant
shear strain at 0.1 % and 10 measurements per decade.

Figure 4.2.5 present the mechanical spectra obtained at 0.91 mm for Alg-Na(3) gel.
The elastic modulus is the dominant factor for the rheological behavior. G’ is measured
to be 8681 Pa at 0.05 Hz and 11990 Pa at 1 Hz, which is in accordance with the expec-
tations. Further, the phase angle was measured to be 11.4° at 0.05 Hz and 9.4° at 1 Hz,
which is within in the expected range of values for an alginate gel. The values for G’,
G” and δ meets the established criteria for the rheological properties in an alginate gel.
At 0.91 mm the contact point between the gel and the instrument is sufficient enough to
determine reasonable rheology for the pure alginate gel.

Overall, Alg-Ca(1) gel, Alg-Ca(2) gel and Alg-Ca(3) gel were all syneretic. How-
ever, the degree of syneresis appear to differ, which could be due to practical challenges.
Alginate is a highly viscous solution and accurate pipetting is difficult to achieve. Ad-
ditionally, initial volume in these experiments were determined to be 60 µL, a variation
in initial volume loaded to the lower geometry could have resulted in different degree of
syneresis. When experiments are performed with smaller volumes there is also a prob-
ability to have an increased higher percentage effect on the outcome, which could give
variation between each measurement. Considering the aforementioned challenges, the
data obtained from the measurements may make comparison more difficult.

4.2.3 Dependence of elastic modulus in alginate gel stored in
CaCl2 on measuring height

All three alginate gels exhibited dominant elastic behavior at all times. To get a com-
prehensive understanding on how the elastic modulus develops with reducing gap, G’ at
1 Hz was plotted against gap height. The Figure 4.2.6 is the resulting plot.
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Figure 4.2.6: G’ at 1 Hz (Pa) plotted against the gap height for Alg-Ca (1) gel (red), Alg-
Ca(2) gel (blue) and Alg-Ca (3) gel (orange). Values for G’ before establishing contact
point is noted with is noted with a cross.

Figure 4.2.6 illustrate that the elastic modulus is increasing with reducing gap height
for all three gels. Theoretically, when deformation is acted upon the gel chains are forced
closer together and in presence of excess Ca2+-ions new junction zones can be formed
[4], contributing to an increased elastic modulus. Additionally, compression results in
volume change in the gel through explusion of water, that leads to a higher concentration
of alginate [59]. A part of the increased elastic modulus upon compression could then
be due increase concentration within the gel [57]. Increased alginate concentration can
enhance its gelation and strengthen the gel network. In this study, G’ has been increasing
with compression for Alg-Ca (1) gel, Alg-Ca (2) gel and Alg-Ca (3) gel, in accordance
with the theoretical expectation when excess Ca2+-ions have been present. For Alg-Ca(1)
gel the elastic modulus is increasing more gradually relative to the other gels, this could
be due to practical differences in e.g starting volumne.

It is evident from Figure 4.2.6 that increased compression of the gel after establishing
contact with the probe alters the elastic modulus significantly, when excess Ca2+-ions are
present. This implies that a correct establishment of gel gap for a synretic alginate is
important to measure accurate rheological values.

4.3 Rheological analysis of alginate/fucoidan gel in CaCl2-
solution

Alginate hydrogels mixed with fucoidan have been proposed as an alternative material
for tissue engineering purposes. In this section, effect on the mechanical properties when
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replacing a fraction of alginate gel with fucoidan was looked into. For all measurements
1.8 % (w/v) 80/20 alginate/fucoidan solution (60 µL) was loaded to the lower geometry.
Gap between the measuring plates were adjusted to 1 mm distance between the plates,
to ensure proper loading. (50 mM) CaCl2 solution (2mL). The stepwise reduction in gap
height took place after one hour of gelation.

4.3.1 Evaluating syneresis in alginate/fucoidan gel

To establish a contact point between the alginate/fucoidan solution and the instrument
the gap was reduced and normal force was monitored. The normal force acting on the
probe by the gel was measured and then plotted against the gap height. The result is is
given in Figure 4.3.1.
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(a) Alg/FD- Ca (1) gel

(b) Alg/FD-Ca (2) gel

Figure 4.3.1: (a) Normal force as a function of measuring height for Alg/FD-Ca(1) gel. (b)
Normal force as a function of measuring height for Alg/FD-Ca(2) gel. Both measurements
was performed by loading 1.8 % (w/v) 80/20 alginate/fucoidan solution (60 µL) to the
lower geometry. Gap between the plates were adjusted to 1 mm. 50 mM CaCl2 (2 mL)
was added as gelling solution to the lower geometry. One hour of gelation took place,
before the gap reduction of 0.01 mm stepwise to a total height reduction to 0.80 mm for
both gels.

The first increase in normal force is observed at 0.90 mm in Figure 4.3.1a for Alg/FD-
Ca(1) gel and in Figure 4.3.1b for Alg/FD-Ca(2) gel. This indicates that a contact
between the instrument and gel has reached. The corresponding y-value (x= 0.90 mm)
was set to zero. Subsequent values for normal force was adjusted to the respective y-
value. The normal force is measured to be increasing rapidly with reducing gap. After
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contact had been established the gel undergo compression, which is indicated by the rapid
increase in normal force. The relaxation after compression in the gel is observed as the
decrease in the value for the normal force. Further, the fraction of alginate do not appear
to be interrupting the gel network, in terms of how the normal force develops. As the
curve is developing in a similar pattern as observed in alginate gels (Figure 4.2.3). How-
ever, the absolute values for normal force is significantly lower for alginate/fucoidan gels,
implying that the alginate/fucoidan gels are less resistant towards compression compared
to the alginate gels.

In order to characterize the rheological properties for Alg/FD gels, a frequency sweep
after each gap reduction was performed. To determine if the initial increase in normal
force is likely to be a contact point between the instrument and the whole gel, the
mechanical spectra obtained at 0.90 mm in further examined for both gel. Figure 4.3.2
present the obtained G’, G” and δ at 0.90 mm for Alg/FD-Ca(1) gel and Alg/FD-Ca(2)
gel.
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(a) Frequency sweep of Alg/FD-Ca(1) gel at 0.90 mm

(b) Frequency sweep of Alg/FD-Ca(2) gel at 0.90 mm

Figure 4.3.2: (a) Frequency sweeps of Alg/FD-Ca (1) gel at 0.90 mm. (b) Frequency
sweeps of Alg/FD-Ca (2) gel at 90 mm. Elastic modulus (blue), viscous modulus (red)
and phase angle (green) is plotted on y-axis against the frequency on the x-axis. For 1.8
% (w/v) alginate gel gelled with 50 (mM) CaCl2 solution. Frequency sweeps (1-0.05 Hz)
was performed at 20°C with a constant shear strain at 0.1 %, with 10 measurements per
decade.

For Alg/FD-Ca(1) gel the elastic modulus is measured to be 6789 Pa at 0.05 Hz and
8570 Pa at 1 Hz. The phase angle is measured to be 8.8 ° at 0.05 Hz and 8.0° at 1 Hz,
as presented in Figure 4.3.2a. For Alg/FD-Ca(2) gel, Figure 4.3.2b present the elastic
modulus to be 5538 Pa and 7149 Pa at 0.05 Hz and 1 Hz, respectively. The phase angle
is 9.3° and 8.4° at 0.05 Hz and 1 Hz, respectively. The mechanical spectra for both
gels illustrates that the elastic modulus is dominant in both gels. Moreover, there are
limited research on rheological properties on alginate incorporated with fucoidan which
makes it challenging to determine the anticipated values for G’, G” and δ. However, both
mechanical spectra are within the criteria values for alginate gels, indicating that the
fucoidan present in the solution do not effect the obtained values for G’, G” and δ. When
the gap between the plates is 0.90 mm, it is appears to be a contact point established
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between the instrument and gel, it is possible to make a reasonable assessment of the
rheological properties of the gel after this point.

4.3.2 Dependence of elastic modulus in alginate/fucoidan gel on
measuring height

In order to get a complete understanding of the effect of substituting a fraction of alginate
with fucoidan, the development of elastic modulus with gap height should be studied
further. G’ obtained at 1 Hz plotted against measuring height is presented in Figure
4.3.3.

Figure 4.3.3: G’ at 1 Hz (Pa) plotted against the gap height for Alg-Ca (1) gel (red), Alg-
Ca(2) gel (blue) and Alg-Ca (3) gel (orange). Values for G’ before establishing contact
point is noted with is noted with a cross.

Figure 4.3.3 show increasing values for elastic modulus with with continued reduction
in gap after establishing contact for Alg/FD-Ca(1) gel and Alg/FD-Ca(2) gel. Fucoidan
do not contribute to gelation with divalent ions like Ca2+ due to the lack of gelling prop-
erties [38]. This implies that alginate is most likely the only structure that contributes to
increased gel stiffness. As mentioned, increased compression results in a volume change
in the gel through explusion of water and an effective increase in alginate concentration
[57]. The change in alginate concentration could be the reason for an increased elastic
modulus observed in Figure 4.3.3. Additionally, from my earlier work on specialization
project, I examined the leaked material from alginate/fucoidan microbeads. The results
from that study suggests that fucoidan is the leaking material from the gel network [14].
This indicates that fucoidan is most likely mobile in the gel matrix, which would prevent
the rapid increase in elastic modulus during the initial compression. With consecutive
compression fucoidan is most likely squeezed out of the the gel network, in addition to
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water, resulting in a even higher concentration of alginate. When excess Ca2+-ions are
present throughout the measurements, alginate could form additional cross links, that
leads to a increase in elastic modulus, as observed after 0.90 mm.
Moreover, when the data obtained for alginate/fucoidan gels appear to vary less between
each measurement, compared to pure alginate gels. Implying that when fucoidan is
present in the sample there is less resistance towards deformation, causing less alteration
between the elastic moduli with increasing height reduction.

Based on the data obtained, the presence of additional Ca2+-ions appear to alter
G’ significantly for alginate gels. Which makes it difficult to establish a gap height
to compensating for syneresis, without inducing substantial modification in the elastic
modulus. This presents a greater challenge to compare the data obtained for the different
samples.

4.4 Inhibiting additional Ca2+-crosslinks during reduc-
tion in measuring height: altering the storage so-
lution

In order to minimize the variation between the different measurements and produce con-
sistent data, new measurements with different storing solutions was performed. The ionic
nature of alginate hydrogels causes several complications during evaluation of these ma-
terials, including swelling, syneresis, and ion exchange. These issues can be influenced
by excess, insufficient, or non-uniformly distributed cations in the alginate gels, making
the surrounding environment of the hydrogels during storage and testing is an important
consideration [59]. For alternative options to store the gel, NaCl solution (150mM, 2mM
CaCl2) and no-storing solutions were looked into.

Removing excess Ca2+-ions could cause a reduction in number and/or length of junc-
tion zones [22], expecting a reduction in variation of G’-values. When a gel undergoes
compression, it will eventually lead to syneresis [29]. Hypothesizing that the expulsion
of water from the gel will be sufficient enough to prevent the gel from drying out, mea-
surement with no storing solution was also performed. Again, the normal force acting on
the probe by the gels were measured and plotted against the change in gap. Figure 4.4.1
shows the results.
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(a) Alg-Na (1)

(b) Alg-no storing solution

Figure 4.4.1: (a) Normal force as a function of measuring height for alginate gel stored
with NaCl solution. (b) Normal force as a function of measuring height for alginate gel
stored in no storing solution. Both mesurements were performed by loading 1.8 % (w/v)
Alginate solution (60 µL) to the lower geometry. Gap between the plates were adjusted
to 1 mm. 50mM CaCl2 (2 mL) as gelling solution. One hour of gelation took place before
the gap was by 0.01 mm stepwise until a total reduction to 0.80mm.

Alginate gels stored with NaCl-solution shows an increase in normal force after at
0.95 mm, as observed in Figure 4.4.1a. The corresponding y-value (x= 0.95 mm) was
set to zero. Subsequent values for normal force were adjusted to the respective y-value.
The normal force is measured to be increasing rapidly after establishing contact point
as the gap is reduced, indicating that deformation is applied on the gel. Additionally,
a increasing incline in baseline for the starting value for normal force after each height
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reduction is observed for alginate gel stored in NaCl-solution.
This trend is also observed for the gel with no storing solution until 0.85 mm. After this
point, the normal force is measured to be lower than the initial starting value, as observed
in Figure 4.4.1b. The shrinkage of the gel under the probe could be the reason for intense
reduction in measured the normal force. The moisture from the liquid separated from
the gel matrix, was not sufficient enough to prevent the gel from drying.

4.4.1 Dependence of elastic modulus in alginate gels in alterna-
tive storing solution on measuring height

Further, to examine the effect of changing the storing solution on the rheological proper-
ties, frequency sweep were performed on both gels at each height. The elastic modulus
measured at 1 Hz plotted against the change in height is given in Figure 4.4.2.

Figure 4.4.2: G’ at 1 Hz (Pa) plotted against the gap height for Alg-Na (1) gel (red) and
Alg-no solution gel (purple).

For both measurements, the elastic modulus is increasing with reducing height as
observed in Figure 4.4.2. Storage solutions are designed to preserve the properties of the
material being studied and ensure its stability over time. Based on initial results from the
measurements in NaCl-solution and with no storing solution appear to inhibit additional
Ca2+-crosslinks during reduction in measuring height, resulting in less alteration in elastic
modulus with reducing gap.
The elastic modulus has fluctuating values with increasing compression, this could be an
indication of the gel drying out. The values obtained from this measurements will not
give a realistic value for G’. However, the gel stored in NaCl solution have promising
results as G’ appear to be less altered with reducing height.
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4.5 Rheological analysis of alginate gels in NaCl solu-
tion

Initial analysis of alginate gels stored with NaCl-solution demonstrate promising data,
in terms of inhibiting the addition Ca2+-ions cross-links during compression. To further
assess the reliability of the obtained values, it is necessary to evaluate the gel with regard
to syneresis.

4.5.1 Evaluating syneresis in alginate gels stored with NaCl solu-
tion

Figure 4.4.1a demonstrated an initial increase in normal force when the gap was reduced
to 0.95 mm. In investigate if the initial increase in normal force is due a contact point
establishing between the instrument and gel, the mechanical spectra at 0.95 mm for Alg-
Na(1) was further examined. Figure 4.5.1 present the mechanical spectra for Alg-Na(1)
at 0.95 mm.

Figure 4.5.1: Frequency sweeps of Alg-Na (1) at 0.95 mm. Elastic modulus (blue), viscous
modulus (red) and phase angle (green) is plotted on y-axis against the frequency on the
x-axis for 1.8 % (w/v) alginate gel gelled with (50 mM) CaCl2 solution and stored in
NaCl solution. All values are obtained from frequency sweeps (1-0.05 Hz) performed at
20°C with 0.1 % constant shear strain and 10 measurements per decade

At 0.95 mm gap reduction the frequency sweeps show a elastic dominant behavior
for all alginate gels, as the G’ > G”, observed in Figure 4.5.1 for Alg-Na(1) gel. The
phase angle is measured to be 11.4° at 0.05 Hz and 11.1° at 1 Hz, which aligns with the
expected values. Figure 4.5.1 present the mechanical spectra within the criteria, which
confirms that a contact point between the gel and the instrument has been established.
This implies that reasonable rheological data could be obtained from this point.

Initial analysis of alginate gel stored with NaCl solution appear to be showing promis-
ing results, when evaluated in terms of syneresis. Contact point is established between
the gel and instrument in order to reasonably determine the rheology for the gel. In order
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to have reliable data for alginate gel stored with NaCl solution, these measurements must
be repeated.

4.5.2 Reproducibility of rheological data obtained for alginate
gels in NaCl solution

The initial analysis of alginate gels stored with NaCl-solution appear to produce promising
data. The experiments were repeated to ensure reproducibility of the values. Additional
measurements was performed by loading 1.8% (w/v) alginate solution to the lower geom-
etry. Gap between the plate was adjusted to 1 mm, to ensure proper loading. (50 mM)
CaCl2 solution (2 mL) was added to the lower geometry. Gelation occurred for one hour
before CaCl2 solution was removed and NaCl (2 mL) solution was added. The gap was
then reduced by 0.01 mm stepwise.

To determine the contact point between the instrument and the gel, the gap was
reduced and normal force was monitored to locate the contact point. The measured
normal force was then further plotted against the gap height resulting in Figure 4.5.2 for
alginate gels.
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(a) Alg-Na (2) gel

(b) Alg-Na (3) gel

Figure 4.5.2: (a) Normal force as a function of measuring height for Alg-Na(2) gel. (b)
Normal force as a function of measuring height for Alg-Na(3) gel. Both measurements was
performed on 1.8 % (w/v) 80/20 alginate/sulfated alginate solution (60 µL) was loaded to
the lower geometry and the distance between the plates was set to 1 mm. 50 mM CaCl2
(2mL) was added to the lower geometry for gelling One hour of gelation occurred before
removing CaCl2 solution and adding NaCl solution was added. The gap was reduced by
0.01 mm stepwise to a total reduction to 0.80 mm.

Initial increase in normal force occurred when the gap was reduced at 0.95 mm for
Alg-Na(2) gel and Alg-Na(3) gel, implying that some contact point had been established
between the gel and the instrument. The curve was adjusted by setting the corresponding
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y-value (x= 0.95 mm) to zero and adjusting the subsequent the values for normal force
according to the y-value. As presented in Figure 4.5.2a and 4.5.2b, for Alg-Na(2) gel and
Alg-Na(3) gel respectively. After establishing contact, the gap was further reduced to
understand the consequences of compression on the gel. With reducing gap, the normal
force is measured to be increasing rapidly with each compression. The values for normal
force do not return to its initial starting value during the hold time, before the gap is
reduced further. This is observed as an incline in the starting value for normal force.
This trend is observed for both gels.

Further, frequency sweep of the gels was performed to characterized the mechanical
properties for both gels. To ensure that the contact point for each gel occurred at 0.95
mm the mechanical spectra at 0.95 mm was further looked into for the pure alginate gels
and presented in Figure 4.5.3.
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(a) Frequency sweep of Alg-Na (2) gel at 0.95 mm

(b) Frequency sweep of Alg-Na (3) gel at 0.95 mm

Figure 4.5.3: (a) Frequency sweeps of Alg-Na(2) gel at 0.95 mm. (b) Frequency sweeps of
Alg-Na(3) gel at 0.95 mm. Elastic modulus (blue), viscous modulus (red) and phase angle
(green) is plotted on y-axis against the frequency on the x-axis for both gels. For 1.8 %
(w/v) alginate gel gelled with 50 (mM) CaCl2 solution and stored in NaCl solution. All
values were obtained from frequency sweeps (1-0.05 Hz) performed at 20°C with constant
shear strain at 0.1% and 10 measurements per decade.

At 0.95 mm gap reduction the frequency sweeps show a elastic dominant behavior
for both alginate gels, as the G’ > G”, observed in Figure 4.5.3a for Alg-Na(2) gel and
Figure 4.5.3b for Alg-Na (3) gel. Moreover, for Alg-Na(2) the phase angle is measured to
be 15.0 ° at 0.05 Hz and 14.4° at 1 Hz. The initial high value for phase angle could be
an indication of the instrument being in contact with a part of the gel. Syneresis causes
shrinkage which could lead to uneven surface on the gel. The initial increase in normal
force could be caused by being in contact with the uneven surface. The mechanical
spectra obtained at 0.95 mm for Alg-Na(2) gel do not meet the criteria established by
previous work on characterizing the rheological properties of alginate, due to the elevated
values obtained for the phase angle. For Alg-Na(3) gel the phase angle was measured to
be 8.6° at 0.05 Hz and 8.3° at 1 Hz and, which is in accordance with the expected values
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for the phase angle.
To see if gap reduction could compensate for syneresis in Alg-Na(2) the gap was reduced
further. The mechanical spectra at 0.94 mm was therefore further looked into, presented
in Figure 4.5.4

Figure 4.5.4: Frequency sweeps of Alg-Na(2) at 0.94 mm. Elastic modulus (blue), viscous
modulus (red) and phase angle (green) is plotted on y-axis against the frequency on the
x-axis. For 1.8 % (w/v) alginate gel gelled with (50 mM) CaCl2 solution. All values are
obtained from frequency sweeps (1-0.05 Hz) performed at 20°C with 0.1 % constant shear
strain, with 10 measurements per decade.

When the gap was reduced further by 0.01 mm it is with certainty that the frequency
sweep was performed on the entire gel surface, as the mechanical spectra illustrates an
elastic dominant behavior with a phase angle in the expected range of values. This
demonstrate that syneresis could be compensated by reducing the gap between plates, to
obtain sufficient contact to provide reasonable rheological data for Alg-Na(2) gel.

4.5.3 Dependence of elastic modulus in alginate gel stored in
NaCl solution on measuring height.

The elastic behavior of a material under compression can be studied further by exploring
the development of G’ at 1 Hz against the reducing gap height. Figure 4.5.5 presents the
resulting plot.
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Figure 4.5.5: G’ at 1 Hz (Pa) plotted against the gap height for Alg-Na (1) gel (red),
Alg-Na(2) gel (blue) and Alg-Na (3) gel (orange). The values are from the first contact
point with the gel and the measured G’-value, any value measured before that is noted
with a cross.

Elastic modulus is observed to be increasing with reducing gap height as seen in Fig-
ure 4.5.5. The initial increase in moduli could be due to additional cross-links formed
with Ca2+-ions, if removal of CaCl2 is not sufficient.
Overall, all three measurements have a similar trend, where the elastic modulus reaches
a pleatau rapidly with reducing gap height. The pleateau region in the G’ curve signifies
that the material has attained a maximum level of structural rigidity, implying that the
gel is highly cross-linked or microdamages occurring in the gel. Microdamge could be a
result of a weaker gel network as a consequence of storing the gels in NaCl solution. The
removal of cross-linking ions (e.g Ca2+) causes a reduction in the number and/or length
of junction zones, which destabilizes the network and weakens the resistance against the
external osmotic pressure [60]. Making the gel more prone towards microdamage. This
was further looked into in Appendix D, however the results were not sufficient enough to
make a conclusion on whether microdamage had occurred or not.

Initial analysis of alginate gels stored with NaCl solution suggested that removing
the additional Ca2+-cross-links will result in less alteration in elastic modulus. To some
extent this appear to be true, as the elastic modulus does not exhibit the rapid growth in
values with increasing compression. However the rapid reach of plateau for alginate gels in
NaCl solution, makes it challenging to determine the accuracy of the measured values for
G’, G” and δ. Moreover, to investigate if this is the case for alginate/sulfated alginate gel
and alginate/fucoidan gel, further measurements with NaCl solution as storage solutions
was conducted.
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4.6 Rheological analysis of alginate/sulfated alginate
gels in NaCl solution

Chemical modification of alginate is widely used to transform physicochemical properties
of alginate [7]. Introduction of sulfate groups to the alginate structure leads to changes in
gelling properties, that would effect the viscoelastic properties of the gel. To investigate
this further, a fraction of alginate solution was replaced with sulfated alginate and the
viscoelastic properties of this gel was characterized.

For all measurements 1.8 % (w/v) 80/20 alginate/sulfated alginate solution was loaded
to the lower geometry. Gap between the measuring plates were adjusted to 1 mm between
the plates, ensure proper loading of sample. (50 mM) CaCl2 solution (2mL) was added
for gelation. One hour of gelation took place, before CaCl2 solution was removed and
(150 mM) NaCl solution was added. The gap was then reduced stepwise by 0.01 mm.

4.6.1 Evaluating syneresis in alginate/sulfated alginate gels

The normal force acting on the probe by the gels were measured after each compression
and plotted against the gap height. Gap height plotted against normal force for Alg/SA-
Na(1) gel given in Figure 4.6.1.

Figure 4.6.1: Normal force as a function of measuring height for Alg/SA-Na(1) gel.
Measurement was performed on 1.8 % (w/v) 80/20 alginate/sulfated alginate solution
(60 µL) was loaded to the lower geometry and the distance between the plates was set
to 1 mm. 50 mM CaCl2 (2mL) was added to the lower geometry for gelling. One hour of
gelation occurred before removing CaCl2 solution and adding NaCl solution (2 mL) was
added. The gap was reduced by 0.01 mm stepwise to a total reduction to 0.80 mm.

The first initial measurement of normal force was recorded at 0.96 mm as observed
in Figure 4.6.1. The rapid increase in measured normal force is due to increasing com-
pression applied on the gel after establishing contact. Further, the gel is appearing to
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be relaxing during the hold time which is noted by the reduced values for normal force.
Overall, the plot is behaving similarly as pure alginate gels, apart for the absolute values
for normal force is measured to be lower for alginate/sulfated alginate gels.

To determine if the initial increase in normal force is likely due to a contact point
establishing between the instrument and the gel, the mechanical spectra at 0.96 mm is
looked into. The values for G’, G” and δ obtained from performing a frequency sweep at
0.96 mm is plotted against the frequency range, resulting in Figure 4.6.2

Figure 4.6.2: Frequency sweeps of Alg/SA-Na(1) gel at 0.96 mm. Elastic modulus (blue),
viscous modulus (red) and phase angle (green) is plotted on y-axis against the frequency
on the x-axis. Values are obtained for 1.8 % (w/v) 80/20 alginate/sulfated gelled with
50 (mM) CaCl2 solution and stored in NaCl solution. Frequency sweep (1-0.05 Hz) was
performed at 20°C with a constant shear strain at 0.1 %, with 10 measurements per
decade.

Figure 4.6.2 shows that at 0.96 height the elastic behavior is the dominant behavior.
The phase angle 9.6° at 0.05 Hz and 8.6° at 1 Hz. Initial value for phase angle for is
slightly elevated than the expected average value for alginate gels. This could be due
the a fraction of alginate being replaced with sulfated alginate. Since there is limited
research based on dynamic measurements of sulfated alginate, increasing the difficulty to
determine the expected value. However, phase angle did not have a considerable increase
and the values can be considered acceptable.

4.6.2 Reproducibility of the rheological data obtained for algi-
nate/sulfated alginate gels stored with NaCl solution

The initial measurement of alginate/sulfated alginate present data that could provide
reasonable results. To further verify the results, the measurements must be repeated.
Additional measurements with alginate/sulfated alginate was performed. The measured
normal force applied on the probe by the gels was monitored and plotted against the
change in gap given in Figure 4.6.3 for both measurements.
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(a) Alg/SA-Na(1) gel

(b) Alg/SA-Na(2) gel

Figure 4.6.3: (a) Normal force as a function of measuring height for Alg/SA-Na(2) gel.
(b)Normal force as a function of measuring height for Alg/SA-Na(3) gel. Measurements
were performed by loading 1.8 % (w/v) 80/20 alginate/sulfated alginate solution (60 µL)
the lower geometry and the distance between the plates was set to 1 mm. 50 mM CaCl2
(2mL) was added to the lower geometry for gelling. One hour of gelation occurred before
CaCl2 solution was removed and NaCl solution was added. The gap was reduced by 0.01
mm stepwise to a total reduction to 0.80 mm for both gels.

The first initial measurement of normal force was observed at 0.96 mm for both gels.
The corresponding y-value (x= 0.96 mm) was set to zero. Subsequent values for normal
force was adjusted to the y-value, resulting in Figure 4.6.3a for Alg/SA-Na(2) gel and
Figure 4.6.3b for Alg/SA-Na(3) gel. Normal force acted on the probe applied by the gel
was monitored through the gap reduction and is appearing to be increasing with gap
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reduction, in the same pattern as observed for Alg/SA-Na(1) gel.

Further, to determine whether the initial increase in normal force was due to reaching
the contact point between the instrument and the gel, the mechanical spectra at 0.96 mm
for all three gels were further looked into. Figure 4.6.4 present the mechanical spectra
for Alg/SA-Na(2) gel and Alg-SA-Na(3) gel.

(a) Frequency sweep of Alg/SA-Na (2) gel at 0.96 mm

(b) Frequency sweep of Alg/SA-Na (3) gel at 0.96 mm

Figure 4.6.4: (a) Frequency sweep of Alg/SA-Na(2) gel at 0.96 mm. (b) Frequency sweep
of Alg/SA-Na (3) gel at 0.96 mm. Elastic modulus (blue), viscous modulus (red) and
phase angle (green) is plotted on y-axis against the frequency on the x-axis for both gels.
For 1.8 % (w/v) 80/20 alginate/sulfated gelled with 50 (mM) CaCl2 solution and stored
in NaCl solution. Frequency sweeps (1-0.05 Hz) were performed at 20°C with a constant
shear strain at 0.1 % and 10 measurement per decade.

Figure 4.6.4 shows that at 0.96 mm the elastic behavior in the gel is dominant. The
phase angle has a slightly elevated value for compared to pure alginate for both gels, in
accordance with the results obtained for Alg/SA-Na(1).
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All three gels with alginate/sulfated alginate suggests that reasonable data for the
rheological properties are obtainable at 0.96 mm.

4.6.3 Dependence of elastic modulus in alginate/sulfated alginate
gels stored in NaCl-solution on measuring height

Further, frequency sweep was performed on the gel at each set gap. The resulting G’, G”
and δ values were plotted against the frequency for each gel to understand how the gels
responds to the deformation applied. To get an overview of how the elastic behavior of
the gel with change in height. G’ at 1 Hz was plotted against the gap height, and the
results are given in Figure 4.6.5.

Figure 4.6.5: G’ at 1 Hz (Pa) plotted against the gap height for Alg/SA-Na (1) gel (red),
Alg/SA-Na(2) gel (blue) and Alg/SA-Na (3) gel (orange). The values are from the first
contact point with the gel and the measured G’-value, any value measured before that is
noted with a cross.

The elastic moduli in alginate/sulfated alginate develops gradually before a plateau
is reached with reducing gap height. The initial increase at lower degree of compression
could be due to alginate forming cross-links with Ca2+-ions, if removal of CaCl2 solution
was not sufficient enough. In addition, sulfated alginate are binding polymers [7], de-
pending on the substitution degree, the structure still consist of G-blocks that contribute
to the gelation with divalent ions like Ca2+-ions, that will contribute to the increased
elastic modulus. Moreover, the elastic modulus is observed to reach a plateau, which is
most likely due to storing the gel in NaCl solution, that does not contribute to increasing
the gel’s elastic moduli.
Moreover, contrary to alginate gels the elastic modulus appear to increase more grad-
ually before reaching a plateau. This could indicate that substitution of a fraction of
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alginate with sulfated alginate appear to interfere with the gel matrix. The presence
of sulfated alginate might make the gel less resistant towards deformation, leading to a
gradual increase in elastic modulus with reducing gap. This trend is observed for all three
measurements with 80/20 alginate/sulfated alginate mixture.

4.7 Rheological analysis of alginate/fucoidan gels stored
in NaCl-solution

Initial data obtained from alginate/fucoidan in CaCl2 solution provided promosing for
elastic modulus. The presence of excess Ca2+-ions altered the G’-values during compres-
sion for alginate/fucoidan, although not to the same extent as pure alginate. Based on
the current findings, it can be inferred that storing the gel in NaCl-solution would result
in a lower degree of alteration under increased compression. This could result in a more
reasonable data for 80/20 alginate/fucoidan gels.

For all measurements 1.8 % (w/v) 80/20 alginate/fucoidan solution was loaded to the
lower geometry. Gap between the measuring plates were adjusted to 1 mm between the
plates, ensure proper loading of sample. (50 mM) CaCl2 solution (2mL) was added for
gelation. One hour of gelation took place, before CaCl2 solution was removed and (150
mM) NaCl solution was added. The gap was then reduced stepwise.

4.7.1 Evaluating syneresis in alginate/fucoidan gel stored with
NaCl-solution

To evaluate effect of syneresis in alginate/fucoidan gel stored with NaCl solution, the
gap height was reduced and normal force was monitored through the reduction. The
measured values for normal force was then plotted against the change in gap height.
Resulting plot for Alg/FD-Na(1) is presented in Figure 4.7.1.
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Figure 4.7.1: Normal force as a function of measuring height for Alg/FD-Na(1) gel.
Measurement was performed by loading 1.8 % (w/v) 80/20 alginate/sulfated alginate
solution (60 µL) the lower geometry and the distance between the plates was set to
1 mm. 50 mM CaCl2 (2mL) was added to the lower geometry for gelling. One hour
of gelation occurred before CaCl2 solution was removed and NaCl solution (2 mL) was
added. The gap was reduced by 0.01 mm stepwise to a total reduction to 0.80 mm.

The normal force is developing in the same manner as previously obtained data for
alginate/fucoidan in CaCl2 solution. The initial increase in normal force is measured to
be after the gap is reduced by 0.96 mm. After the initial increase, the normal force is
measured to be increasing rapidly with reducing height. This indicates that compression
is applied on the gel. Relaxtion occurring in the gel during the hold time, is observed as
the dissipation of measured normal force.

To determine whether the initial increase in normal force was due to reaching the
contact point between the instrument and the entire gel surface, the mechanical spectra
at 0.96 mm and 0.95 mm presented in Figure 4.7.2 for Alg/FD-Na(1) gel was looked into.
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(a) Frequency sweep of Alg/FD-Na (1) gel at 0.96 mm

(b) Frequency sweep of Alg/FD-Na (1) gel at 0.95 mm

Figure 4.7.2: (a) Frequency sweeps of Alg/FD-Na(1) gel at 0.96 mm. (b) Frequency
sweeps of Alg/FD-Na(1) at 0.95 mm. Elastic modulus (blue), viscous modulus (red) and
phase angle (green) is plotted on y-axis against the frequency on the x-axis for both gels.
For 1.8 % (w/v) 80/20 alginate/sulfated gelled with 50 (mM) CaCl2 solution and stored
in NaCl solution (2 mL). Frequency sweeps (1-0.05 Hz) were performed at 20°C with a
constant shear strain at 0.1 % and 10 measurement per decade.

The mechanical spectra at 0.96 presented in Figure 4.7.2a illustrate a elastic domi-
nant behavior in the gel. The elastic modulus is also measured to be 1423 Pa at 0.05
Hz and 2016 Pa at 1 Hz. The phase angle is measured to be 19.2 ° at 0.05 Hz and
19.6° at 1 Hz. The initial high value for phase angle is contrary to the obtained value
for alginate/fucoidan gel in CaCl2 solution. This could be due to not establishing suf-
ficient enough contact between the gel and the instrument, to provide reasonable data
for the rheological properties. The obtained values for G’, G” and δ at 0.96 mm for
alginate/fucoidan in NaCl solution do not align with criteria established by previous for
alginate gel.
Further when gap height was reduced to 0.96 mm the mechanical spectra present in Fig-
ure 4.7.2b values for G’, G” and δ in accordance with the expected values. The values are
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also consistent with the values obtained for alginate/fucoidan gels in CaCl2 solution. This
indicate that a contact point have been established between the gel and the instrument,
that provides reasonable data for the rheological properties.

4.7.2 Reproducibility of the rheological data obtained for algi-
nate/fucoidan gels

In order to obtain reliable measurements, accurate and consistent data must be produced
with repeated measurements of the same material under similar conditions yielding con-
sistent results. Hence, additional measurement with alginate/fucoidan solution was con-
ducted. The measured normal force applied on the probe by the gels were plotted against
the reducing gap height resulting in Figure 4.7.3.
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(a) Alg/FD-Na (2) gel

(b) Alg/FD-Na (3) gel

Figure 4.7.3: (a) Normal force as a function of measuring height for Alg/FD-Na(2). (b)
Normal force as a function of measuring height for Alg/FD-Na(3). Measurement was
performed by loading 1.8 % (w/v) 80/20 alginate/fucoidan solution (60 µL) the lower
geometry and the distance between the plates was set to 1 mm. 50 mM CaCl2 (2mL)
was added to the lower geometry for gelling. One hour of gelation occurred before CaCl2
solution was removed and NaCl solution was added. The gap was reduced by 0.01 mm
stepwise to a total reduction to 0.80 mm.

The development of normal force as a function of measuring height is observed for
Alg/FD-Na(1) gel is applicable for Alg/FD-Na(2) gel and Alg/FD-Na(3) gel. When Fig-
ure 4.7.3a and 4.7.3b is studied, the contact point is appearing to be around 0.96 as there
is a initial increase in normal force. Corresponding y-value (x=0.96 mm) was set to zero,
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and the subsequent values for normal force was adjusted to the zero value.

To determine whether the initial increase in normal force was due to reaching the
contact point between the instrument and the gel, the mechanical spectra at 0.96 mm for
both gels were further looked into given in Figure 4.7.4.

(a) Frequency sweep of Alg/FD-Na (2) gel at 0.96 mm

(b) Frequency sweep of Alg/FD-Na (3) gel at 0.96 mm

Figure 4.7.4: (a) Frequency sweeps of Alg/FD-Na(2) at 0.96 mm. (b) Frequency sweeps
of Alg/FD-Na(2) at 0.96 mm. Elastic modulus (blue), viscous modulus (red) and phase
angle (green) is plotted on y-axis against the frequency on the x-axis, for 1.8 % (w/v)
80/20 alginate/sulfated gelled with 50 (mM) CaCl2 solution and stored in NaCl solution.
Frequency sweeps (1-0.05 Hz) were performed at 20°C with a constant shear strain at 0.1
% and 10 measurements per decade.

At 0.96 mm the elastic behavior is dominant for both gels. For Alg/FD-Na(2) the
phase angle is measured to be in accordance with the previous results obtained for al-
ginate/fucoidan in CaCl2 solution, as observed in Figure 4.7.4a. For Alg/FD-Na(1) and
Alg/FD-Na(3) the phase angle is measured to 20.2° at 0.05 Hz and 20.1° at 1 Hz, as seen
in Figure 4.7.4b. This indicates that contact between the probe and gel has not been
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established properly yet or the contact has been established with a part of surface gel,
that results in higher initial phase angle-value. When the gap is reduced further with 0.01
mm, the resulting mechanical spectra illustrates adequate contact point between the gel
and the instrument to obtain reasonable rheological data, as presented in Figure 4.7.5.

Figure 4.7.5: Frequency sweeps of Alg/FD-Na(3) gel at 0.95 mm. Elastic modulus (blue),
viscous modulus (red) and phase angle (green) is plotted on y-axis against the frequency
on the x-axis, for 1.8 % (w/v) 80/20 alginate/sulfated gelled with 50 (mM) CaCl2 solution
and stored in NaCl solution (2 mL). Frequency sweeps (1-0.05 Hz) were performed at 20°C
with a constant shear strain at 0.1 % and 10 measurements per decade.

The values obtained at 0.95 mm align with the criteria established for alginate gels
as observed in Figure 4.7.5. This implies that reasonable rheological data is obtainable
at this point.

4.7.3 Dependence of elastic modulus in alginate/fucoidan on mea-
suring height

Properties of the gels, frequency sweep was performed at each set gap. The resulting G’,
G” and δ was plotted against the frequency at each height. To study the influence of
sulfate group on the elastic behavior, G’ at 1 Hz was plotted against gap height, presented
in Figure 4.7.6.
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Figure 4.7.6: G’ at 1 Hz (Pa) plotted against the gap height for Alg/FD-Na (1) gel (red),
Alg/FD-Na(2) gel (blue) and Alg/FD-Na (3) gel (orange). The values are from the first
contact point with the gel and the measured G’-value, any value measured before that is
noted with a cross.

The elastic moduli in alginate/fucoidan gels is gradually increases when the gap is
reducing, before reaching plateau. Fucoidan is known to have a softer and less rigid struc-
ture [34] compared to alginate, as well as non-gelling properties. The increased modulus
as a consequence of increased compression observed in alginate/fucoidan gels in CaCl2
solution also applies to alginate/fucoidan gels in NaCl solution. The increase in elastic
modulus is mostly contributed by the cross-links between junction zones found in algi-
nate and Ca2+-ions. However, the enhanced compression of the gel does not significantly
modify G’ for alginate/fucoidan gels in NaCl solution to the same extent as observed for
alginate/fucoidan gel in CaCl2 solution. Indicating that storing the gel in NaCl solution
did have an inhibiting effect on Ca2+-cross-links that altered the elastic modulus signifi-
cantly with increasing compression.

Overall, the elastic moduli in alginate, alginate/sulfated alginate and alginate/fucoidan
appear to develop differently. The rapid reach in plateau for G’-values observed for al-
ginate gels ( Figure 4.5.5) is not observed for alginate/fucoidan, even though alginate is
most likely the only structure contributing to increased elastic behavior. The presence
of sulfated polymer in the gel appear to prevent the rapid reach of plateau, as observed
for alginate/fucoidan and alginate/sulfated alginate gels. This could indicate that when
sulfated alginate or fucoidan is present in the gel it functions as driving factor against
the rapid growth in G’-values. In alginate gels there is no additional factors present that
prevents the rapid reach of plateau for elastic modulus.
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4.8 Effective concentration
Dependence of elastic modulus in alginate-based gels on measuring heights, indicate that
with compression a volume change occurs in the gels through expulsion of water and
an effective increase in alginate concentration within the gel. Under compression a thin
disc has limited capacity to accommodate height changes whilst maintaining a constant
volume [57]. Theoretically the moduli is proportional to the concentration squared, given
that the concentration is the dominant drive of rheological behavior [57]. To examine
if a change in concentration leads to increased moduli, G’ at 1 Hz was plotted against
effective concentration2. Figure 4.8.1 present the resulting plots for alginate gel stored
with CaCl2 solution and NaCl solution. Figure 4.8.2 illustrates the resulting plots for
alginate/ sulfated alginate gels and alginate/fucoidan gels in NaCl solution.

(a) Concentration moduli relation for Alg-Ca
gels

(b) Concentration moduli relation for Alg-Na
gels

Figure 4.8.1: G’ at 1 Hz plotted against effective concentration2 for (a) Alg-Ca gels gelled
and stored with CaCl2 solution and (b) Alg-Na gels gelled with CaCl2 solution and stored
in NaCl solution.
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(a) Concentration moduli relation for Alg/SA-
Na gels

(b) Concentration moduli relation for Alg/FD-
Na gels

Figure 4.8.2: G’ at 1 Hz plotted against effective concentration2 for (a) Alg/SA-Na gels
gelled with CaCl2 solution and stored in NaCl and (b) Alg/FD-Na gels gelled with CaCl2
solution and stored in NaCl solution.

For Alg-Ca gels increase linearly with effective concentration at lower degree of com-
pression as observed in Figure 4.8.1a. The proportionality observed at lower degree of
compression (up to gap 0.89) for these gels indicate that the alginate concentration was
the dominant driving factor for the rheological behavior. The proportionality observed for
Alg-Ca gels indicate that at lower degree of compression the modulus is largely a function
of effective concentration. This observation provides valuable insights, since compression
may be necessary to obtain good contact with both upper and lower geometries to obtain
reliable rheological data. At higher degree of compression the elastic modulus increase to
most likely due to production of new junction zones. Theoretically, forced rearrangement
of polymer chains would force the chains closer together and when excess Ca2+-ions are
present, new junction zones could be formed [57][4]. This would explain the increase in
moduli with increasing compression for pure alginate gels stored with excess calcium with
increasing compression applied on the Alg-Ca gels.

Inhibiting the additional Ca2+ cross-links by changing storing solution, leads to a
significant change in elastic modulus. Alg-Na gels have an interesting behavior when G’
is plotted against effective concentration, that is contrary to the other gels. There is no
proportionality between moduli and the concentration squared, as Figure 4.8.1b presents.
This suggests that the modulus is not a function of the effective concentration. There is
another factor is the dominant driver of the rheological behavior, that leads to a increase
in modulus for the pure alginate gels stored in Na+-solution.

For Alg/SA-Na gels and Alg/FD-Na gels proportionality between the effective con-
centration squared and moduli is observed at lower degree of compression, presented in
Figure 4.8.2a and Figure 4.8.2b, respectively. The linearity observed for the initial con-
centrations indicate that with a increasing concentration of alginate could form additional
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cross-links that would lead to increased modulus. However, after the gap is reduced by
11% the elastic modulus reaches a plateau, this is due to no excess Ca2+-ions present
in the storing solution, which prevents the increase value for elastic modulus. Sulfated
alginate and fucoidan are both sulfated polymers and contain bulky sulfate groups in
the structure that would contribute poorly to the gelling network [7] [34]. When a part
of alginate is substituted with these structures, it could lead to a reduction cross-links,
which would effect the elastic modulus with increasing compression.

For Alg-Ca, Alg/SA and Alg/FD gels the concentration change is a driving factor for
the rheological behavior at lower degree of compression. For Alg-Na gels linearity was not
observed between the concentration and moduli at any degree of compression. A plateau
is observed in all gels, which could indicate anisotropic behavior within the gel at higher
degree of compression. Compression can cause the alginate gel to deform and change its
native structure leading to a more anisotropic network. The polymer chains may align in
the direction of compression, leading to a more ordered network structure [41]. During
compression, shear forces are exerted on the gel network. These forces can cause the
polymer chains to align and rearrange, potentially disrupting the original homogeneity of
the gel [25]. The resulting data obtained from plateau region may not accurately reflect
the true nature of the system, due to the anisotropic and inhomogeneous structure within
the gel.

4.9 Measuring height normal force relation
In order to have comparable data for the different gels, the dominant driving factor for
the rheological behavior in the gels should be constant across the samples. The results
obtained until now, suggest that the dominant driving factor in the pure alginate gels
stored in NaCl-solution differ from the dominant driving factor in alginate/sulfated algi-
nate and alginate/fucoidan gels.

Additional factors that could potentially be the dominant driver of rheological behav-
ior of the gel were therefore further investigated. Experiments performed to this point
suggests that there is a variation between the gels, in terms of the absolute values ob-
tained for normal force through gap reduction. In order to study the gap normal force
relation, the normal force measured at the starting point at each measuring height was
plotted against the gap height. Figure 4.9.1 present the baseline for the measured normal
force in each gel stored in NaCl solution.
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(a) Gap normal force relation for Alg-Na gels

(b) Gap normal force relation for Alg/SA-Na gels

(c) Gap normal force relation for Alg/FD-Na gels

Figure 4.9.1: Normal force value at the start of each measuring height starting point
plotted against the gap height (mm) for Alg-Na geld, Alg/SA-Na gels and Alg/FD-Na
gels.
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Figure 4.9.2 present the baseline for normal force values for each gel relative to each
other.

Figure 4.9.2: A overview of normal force values at the start point of each measuring height
plotted against the gap height (mm) for Alg-Na gels, Alg/SA-Na gels and Alg/FD-Na
gels relative to each other.

Figure 4.9.1a evidently illustrate the inclined baseline for pure alginate gels. Pure
alginate gels stored in NaCl-solution have steepest increase, while Alg/SA gels seem to
have a more gradually increase with increasing compression as seen in Figure 4.9.1b.
Alg/FD gels seem to have a gradual increase up to gap 0.92 before increasing rapidly, as
observed in Figure 4.9.1c.

Most biopolymer gels are energetic rather than entropic networks. This implies that
the major contribution to the elasticity of the network per elastically active chain, is
because the response to deformation involves the adoption of conformationally higher
energy states. Once the deformation is removed polymer rearranges to its native state,
this is observed as the dissipation of normal force [41] [42]. At each set gap a frequency
sweeps was performed on the gel to understand the reaction upon on applying deforma-
tion. Hold time was incorporated into the protocol to allow the gel to relax before the
gap was reduced further. However, Figure 4.9.2 shows that the gels do not return to it’s
native state before the gap was reduced further, implying that there is still some stress re-
maining in the gel, causing an increased value for normal force at each gap height. Based
on these measurements, it is evident that the induced stress acts as a artifact causing the
G’ to increase steeply, making it challenging to obtain a realistic value for G’.

The time needed to reach relaxation state is varying for the different for the gels.
The results clearly indicate that the pure alginate gel has the most stress remaining in
the gel network between each frequency sweep. The induced stress in the gel most likely
contribute to rapid increase in elastic modulus as previously observed (Figure 4.5.5).
Since the gel is not able to reach its native state before a new deformation is applied, it is
necessary to make a value judgment about the quality of the data obtained for alginate
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gels in NaCl-solution. Moreover, the incline in starting value for normal force at each
measuring height, is also observed for Alg/SA gels and Alg/FD gels at much lower degree.
This indicate that these gels are less resistant towards deformation. With these structure
present in the solution, the gels are able to return to its native state during the hold time,
before additional compression is applied.

4.10 Rheological analysis of alginate gels with increased
hold time

The effects of induced stress within the gel could be minimized by increasing the relaxation
time for the gel. By increasing the hold time between each frequency sweep will allow
the gel to return to its native state, before a new gap reduction.

4.10.1 Evaluating syneresis in alginate gel with increased hold
time

New experiment with increased hold time were performed on alginate gels. 1.8 % (w/v)
alginate solution (µL) was loaded to the lower geometry and (50mM) CaCl2 solution
(2mL) added for gelation. Gap between the measuring plates were adjusted to 1mm
between the plates, to ensure proper loading of the sample. Gelation occurred for one
hour, before CaCl2 solution was removed and NaCl solution was added. Probe height was
then reduced and a frequency sweep was performed, hold time was increased to one hour
before the gap was reduced stepwise further. The normal force was monitored through
the gap reduction and plotted against the height, resulting in Figure 4.10.1.
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Figure 4.10.1: Normal force as a function of measuring height for Alg/-Na(1 h). Mea-
surements was performed on 1.8 % (w/v) alginate solution (60 µL) was loaded to the
lower geometry and the distance between the plates was set to 1 mm. 50 mM CaCl2
(2mL) was added to the lower geometry for gelling. One hour of gelation occurred before
CaCl2 (2 mL) solution was removed and NaCl solution was added (2 mL). The gap was
reduced by 0.01 mm stepwise, where one hour was waited before a new height reduction
to a total reduction to 0.90 mm.

During these measurements the hold time was increased from 120s to 1 h. There is
a slight increase in normal force at 0.99 mm. This could indicate that the contact have
been established between the gel and the instrument.

To further ensure that the increase is normal force is due to reaching the contact
point, the mechanical spectra at 0.99 mm was investigated. The mechanical spectra at
0.99 mm and 0.98 mm is given in Figure 4.10.2.
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(a) Frequency sweep of Alg-Na (1h) at 0.99 mm

(b) Frequency sweep of Alg-Na (1h) at 0.98 mm

Figure 4.10.2: (a) Frequency sweeps of Alg-Na (1h) at 0.99 mm. (b) Frequency sweeps of
Alg-Na (1h) at 0.99 mm. Elastic modulus (blue), viscous modulus (red) and phase angle
(green) is plotted on y-axis against the frequency on the x-axis for both gels. For 1.8
% (w/v) alginate gel gelled with 50 (mM) CaCl2 solution and stored in NaCl solution.
Frequency sweeps (1-0.05 Hz) were performed at 20°C with a constant shear strain at 0.1
% and 10 measurement per decade.

The mechanical spectra at 0.99 mm show a dominant elastic behavior, as presented
in Figure 4.10.2a. Initial phase angle was measured to be 12.8° at 0.05 Hz and 18.5°
at 1 Hz, which may be related to a degree of slip. The mechanical spectra obtained at
0.99 mm do not meet the criteria established for a alginate gel. The gap was then re-
duced further to 0.98 mm, the resulting mechanical spectra is presented in Figure 4.10.2b
demonstrate a dominance of elastic behavior in the gel. Further, the mechanical spectra
obtained at 0.98 is presented in Figure 4.10.2b is within the expected range of values and
meets the criteria for a alginate gel. The obtained values for G’, G” and δ at 0.98 mm
is also consistent with previously measured values for alginate gels stored in NaCl solution.
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4.10.2 Dependence of elastic modulus in alginate gel with in-
creasing hold time On measuring height

Furthermore, it is interesting to investigate the effect of increase hold time on elastic
modulus with consecutive compression. The G’, G” and δ obtained at each height plotted
against the frequency and G’ at ’ Hz plotted against gap height is given in Figure 4.10.3

Figure 4.10.3: G’ obtained at 1 Hz at each height was plotted against the reducing gap
for alginate gel with increased hold time.

Figure 4.10.3 present a gradual increase with change in height. When the hold time
was increased to one hour between each frequency sweep, resulted a gradual increase in
elastic modulus, compared to previous results (Figure 4.5.5).

4.10.3 Driving factors for the rheological behavior in alginate
gels

To further look into the driving factor for the rheological behavior for pure alginate gel,
G’ at 1 Hz was plotted against the effective concentration squared. Additionally, the
baseline for the normal force plotted against the gap height relative to alginate/sulfated
alginate gels and alginate/fucoidan gels. Figure 4.10.1 shows resulting plots.
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(a) Normal force baseline for Alg-Na (1h) relative to previous results

(b) Effective concentration for Alg-Na (1h)

Figure 4.10.4: (a) Normal force values measured at each gap reduction plotted against
the gap height for Alg-Na(1h) gel relative to the previously obtained results with algi-
nate/sulfated alginate and fucoidan gels. (b) G’ at 1 Hz plotted against the effective
concentration squared after establishing contact point for Alg-Na(1h) gel.

The measuring height normal force relation is reduced significantly for the alginate
with increasing hold time, as illustrated in Figure 4.10.4a. This indicate that with increas-
ing hold time the gel is able to relax and return to it’s native state after the deformation
is removed and before the gap is reduced further. The obtained values for G’, G” and δ
during each set gap is therefore more reliable, as the frequency sweeps is performed on
the gel in it’s true nature rather than in a induced stressed/compressed state. Moreover,
G’ at 1 Hz plotted against the effective concentration squared reveled proportionality
as observed in Figure 4.10.4, indicating that the effective alginate concentration is the
dominant drive of rheological behavior during this frequency range, in accordance with
the theoretical expectations.
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4.11 Rheological analysis of alginate/sulfated alginate
and alginate/fucoidan gels, with increased hold
time

Altered sequence where the hold time was increased from 120s to 1 hour between each
frequency sweep was performed on alginate/sulfated alginate and alginate/fucoidan gels
as well. The normal force was measured through each gap reduction and plotted against
the gap height, resulting in plots are presented in Figure 4.11.1.
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(a) Alg/SA-Na (1h) gel

(b) Alg/FD-Na (1h) gel

Figure 4.11.1: (a) Normal force as a function of measuring height for Alg/SA-Na(1 h).
(b) Normal force as a function of measuring height for Alg/FD-Na(1 h). Measurements
was performed on 1.8 % (w/v) 80/20 alginate/sulfated alginate solution or 80/20 algi-
nate/fucoidan solution (60 µL) was loaded to the lower geometry and the distance between
the plates was set to 1 mm. 50 mM CaCl2 (2mL) was added to the lower geometry for
gelling. One hour of gelation occurred before CaCl2 (2 mL) solution was removed and
NaCl solution was added (2 mL). The gap was reduced by 0.01 mm stepwise, where one
hour was waited before a new height reduction to a total reduction to 0.90 mm.

Alg/SA gel have an interesting development of normal force values through the mea-
surement. The gel appear to be relaxing during compression at all set gaps, as the normal
force is measured to be dissipating while the gap is reducing simultaneously, as seen in
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Figure 4.11.1a. This observation is contrary to the previous results. A similar trend is
observed for alginate/fucoidan gels as well. The gel is appear to be relaxation noted by
the decrease in normal force value during the gap reduction, Figure 4.11.1b is studied
further, which is not observed previously.

Further, the influence of increased hold time on the gels were analyzed by performing
frequency sweep on both gels. The resulting value of G’, G” and δ were plotted against
frequency. The results are presented in Figure 4.11.2.

(a) Alg/SA (1h)

(b) Alg/FD-Na (1h)

Figure 4.11.2: (a) G’, G” and δ at each height measurements plotted against the frequency
range for Alg/SA (1h). (b) G’, G” and δ at each height measurements plotted against
the frequency range for Alg/FD (1h). Valus for G’, G” and δ was obtained at 20°C were
obtained by performing frequency sweeps from 1-0.05 Hz, at constant 0.1 % shear strain.
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When a part of the alginate is replaced with sulfated alginate the elastic moduli have
rapid increase from 237800 Pa at 0.05 Hz and 363300 Pa at 1 Hz . The elastic moduli
is also observed to have decrease with increasing frequency as shown in Figure 4.11.2a.
Moreover, for Alg/FD gels elastic moduli was measured to be increasing from 35740 Pa
at 0.05 Hz and 2057 Pa at 1 Hz, as seen in Figure 4.11.2b.

When hold time increased for the Alg/SA the results were quite contrary from the
results seen before. The elastic modulus at each measuring height had a initial high value
and continued to increase with increasing compression. The mechanical spectra for al-
ginate/sulfate gel is showing the gel alternate between elastic and viscous behavior with
reducing gap. The phase angle is also measured to have an initial value of 59.2° at 0.05
and 64.2° at 1 Hz, which is above 45°, indicating a viscous solution. However, the sample
was observed to be a gel before it was discarded which is contradictory to the obtained
mechanical spectra.

At first glance, the mechanical spectra obtained (Figure 4.11.2b) for alginate/fucoidan
gel appear to be similar to the previously obtained result (Figure C.6). However, the ob-
tained values for G’ is measured to be greater than the results obtained earlier. Based on
prior findings, it has been established that the elastic modulus should not exceed that of
alginate, since fucoidan do not contribute to the gel network. There is no theoretically
or practical explanation to why these results differ from the previous results obtained in
this study. Due to time limitations, further measurements with increased hold time for
pure alginate, alginate/sulfated alginate and alginate/fucoidan was not performed.

Overall, the purpose with increasing hold time between each frequency sweep was to
minimize the induced stiffness observed in pure alginate gels. This was obtained in the
pure alginate gels as the baseline for the normal force was reduced, resulting in rheological
behavior similar to the Alg/SA and Alg/FD without increased hold time, as presented
in Figure 4.10.1.

4.12 Mechanical characterization of alginate-based gels

The mechanical characterization of pure alginate gel, alginate/sulfated alginate gels and
alginate/fucoidan gels were evaluated in terms of measuring the elastic modulus and
determining the Young’s modulus at 0.95 mm.

4.12.1 Rheological characterization of alginate-based gels and
calculation of Young’s modulus

The data collected from the three different samples can be compared effectively if the
underlying driving forces remain consistent across all observation. Mechanical spectra
obtained at 0.95 mm for alginate gel, alginate/sulfated alginate gels and alginate/fucoidan
gels suggest that sufficient contact has been established between the gel and instrument,
to provide reasonable rheological data for all three gels. Further, at this point the elastic
modulus is also proportional to the effective concentration squared in all three gels and
gels appear to be in their native state rather than a compressed state. Based on these
observation, reliable and comparable value for elastic modulus for alginate gel, 80/20
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alginate/sulfated alginate gel and 80/20 alginate/fucoidan gel could be obtained. Table
4.12.1 present the elastic modulus at 1 Hz at 0.95 mm.

Table 4.12.1: The individual G’ values at 1 Hz for each measurement and the calculated
mean and standard deviation for alginate gel, 80/20 alginate/sulfated alginate gels and
80/20 alginate/fucoidan gels. The values are obtained from frequency sweep (1-0.05 Hz)
at 0.95 mm.

Gel G’ at 1 Hz [Pa] G’ at 1 Hz ± σ[Pa]
Alg-Na (1h) 5441 NA

Alg/SA-Na (1) 4964
Alg/SA-Na (2) 5036 5703 ± 1218
Alg/SA-Na (3) 7109

Alg/FD-Na (1) 3371
Alg/FD-Na (2) 5764 4314 ± 1274
Alg/FD-Na (3) 3807

A overview of elastic modulus at 1 Hz for each sample relative to each other obtained
at 0.95 mm is presented in Figure 4.12.1. The values are obtained by performing a
frequency sweep at 0.95 mm.
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Figure 4.12.1: The individual G’ values at 1 Hz for each measurements and the calcu-
lated mean and standard deviation for alginate gel, 80/20 alginate/sulfated alginate gels
and 80/20 alginate/fucoidan gels, relative to each other. The values are obtained from
frequency sweep (1-0.05 Hz) at 0.95 mm.

In this study, elastic modulus value for pure alginate gel was found to be 5441 Pa at
1 Hz. When a fraction of alginate gel was replaced with sulfated alginate the resulting
elastic modulus was found to be 4964 Pa Alg/SA-Na(1) gel, 5036 Pa for Alg/SA-Na(2)
gel and 7109 Pa Alg/SA-Na(3) gel as presented in Figure 4.12.1. Elastic modulus at 1 Hz
was measured to be 3371 Pa for Alg/FD-Na(1) gel, 5764 Pa for Alg/FD-Na(2) gel and
3807 for Alg/FD-Na(3) gel.

The obtained results were then further validated by calculating the Young’s modulus
at 0.95 mm. Calculations for Young’s modulus is given in Appendix E. Table 4.12.2
present the calculated values Young’s modulus for alginate gel, 80/20 alginate/sulfated
alginate gel and 80/20 alginate/fucoidan gel.



CHAPTER 4. RESULTS & DISCUSSION 73

Table 4.12.2: The individual calculated Young’s modulus for each measurements and the
calculated mean and standard deviation for alginate gel, 80/20 alginate/sulfated alginate
gels and 80/20 alginate/fucoidan gels. The values are obtained by performing a linear
regression on the initial slope of the stress-strain curve at 0.95 mm.

Gel E [Pa] E ± σ [Pa]
Alg-Na (1h) 11791 NA

Alg/SA-Na (1) 28468
Alg/SA-Na (2) 22612 26572 ± 3421
Alg/SA-Na (3) 28636

Alg/FD-Na (1) 20849
Alg/FD-Na (2) 34492 28389 ± 6934
Alg/FD-Na (3) 29826

An overview of the calculated Young’s modulus values for each sample relative to each
other is presented in Figure 4.12.2.

Figure 4.12.2: The individual calculated Young’s modulus values for each measurements
and the calculated mean and standard deviation for alginate gel, 80/20 alginate/sulfated
alginate gels and 80/20 alginate/fucoidan gels, relative to each other. The values are
obtained by performing a linear regression on the initial slope of the stress-strain curve
at 0.95 mm..

The elastic modulus at 0.95 mm appear to be a outlier, when Figure 4.10.3 is studied
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further. A linear regression analysis on G’ at 1 Hz for Alg-Na(1h) gel, would have yielded
a G’ value closer to 6000 Pa. Despite of this, the elastic modulus is still in the acceptable
range of values (∼ 5-20 kPa) for alginate gels established by previous studies.

The Young’s modulus measured for alginate was calculated to be 11791 Pa. Previ-
ous work done by Tore K. Wæhre on alginate/fucoidan hydrogels suggests that expected
value should lie within 30.5 kPa - 54.05 kPa for pure alginate gel [61]. This range of
values are also supported by previous work done by Ragnhild Aaen [62] on measuring
the mechanical properties of alginate/sulfated alginate. In both studied, the Young’s
modulus was determined by the use of a longitudinal compression test, with alginate
gel cylinders (5 kg) prepared from 2 % (w/v) alginate solution utilizing internal gelling
method. The compression was also performed on CaCl2 saturated gels. While, in this
study the Young’s modulus was calculated after few % compression on 1.8 % (w/v) algi-
nate solution gelled through the diffusion method. Additionally, the values in this study,
are obtained from measurements most likely performed on the surface of the gel stored in
NaCl solution over a longer period of time, leading to lower content of Ca2+-ions on the
surface. This could result in a lower Young’s modulus. The difference in measured values
are most likely connected to the difference in methodology utilized to form an alginate
hydrogel and different degree of compression.

The replacement of a fraction of alginate may affect the strength and stability of the
hydrogel formed. When alginate is replaced with a different substance, the composition
and structure of the polysaccharide could change. If the substitute substance does not
contain guluronic acid residues or has a lower proportion of guluronic acid compared to
alginate, it can lead to a reduction in G-blocks that would effect the gelling properties[63]
[4]. The alteration in gelling characteristics will result in a change in the gel’s elastic mod-
ulus and Young’s modulus.

Relative to unmodified alginate, sulfated alginates have been found to contribute
poorly in junction zone formation [7], due to the bulky sulfate groups being present in
the structure, that prevents optimal gel network organization. With this property being
present in the gel network, the gel stiffness is expected to decrease compared to alginate
gel. Study on the characterizing the mechanical properties of sulfated alginate [7] found
that introduction of highly sulfated alginate in the mixed gels resulted in a prominent
decrease in gel stiffness [64]. However, contrary to the expectation the alginate/sulfated
alginate gels have a storage modulus in the same magnitude as alginate as observed in
Figure 4.12.1. A study on determining the elastic modulus for sulfated alginate demon-
strated that sulfated alginate are capable of forming gels itself when the degree of sulfation
is less than 0.50 [64]. The sulfated alginate used for the current study had a DS value of
0.55, which could have have contributed to gel network rather than interfere, that resulted
in a elastic modulus in the same range as alginate gel. SEC-MALLS analysis indicated
that the sulfation of UP-MVG led to some depolymerization. Correlation between chem-
ical and physical properties of alginate beads revealed that gel strength increases with
increasing molecular weight for Mw less 2.4·10 5. The gel strength in sulfated alginate
utilized in the current study is could most likely be a function of Mw [65], influencing the
mechanical properties of the hydrogel.

Alg/SA-Na(3) gel had a substantially elevated value for the elastic modulus compared
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to alginate gel. The chemical modification of alginate by sulfation leads to higher neg-
ative charge on the polymer than alginate itself. For alginate/ sulfated alginate gels,
the calcium content in a gel microbead was quantified. The studied revealed that the
presence of a higher negatively charged polymer, could theoretically elevate the calcium
binding potential by increasing the amount of possible electrostatic points for cations as
previously indicated by Arlow et. al [64] [8]. Considering the small volume small volume
utilized for measurements in the current study, the increased electrostatic points in the
sample could have led to a higher value G’ for Alg/SA-Na(3) gel at 0.95 mm.
The elastic modulus values show some inconsistency up to a certain extent, as Alg/SA-
Na(3) measurement indicates a slightly higher value. Considering the small sample vol-
ume, one would expect some inconsistency. In order to ensure the reliability of the data,
it is necessary to repeat the measurements.

In order to understand the effect of substituting a fraction of alginate with sulfated
alginate on the gel stiffness, values obtained in this study is compared to values for algi-
nate in the study done by Tore K. Wæhre, since they are in the expected range of values.
For alginate gels the Young’s modulus is measured to be ranging from ∼ 30.5 kPa - 54.05
kPa [61]. In this study, the Young’s modulus was calculated 28468 Pa, 22612 Pa and
28635 Pa for Alg/SA-Na (1) gel, Alg/SA-Na (2) gel and Alg/SA-Na (3) gel, respectively,
showing a decrease in Young’s modulus when sulfated alginate is replaced a fraction of
alginate. This is in accordance with the expectations, since similar results were obtained
from previous work, where it was reported a significant reduction in Young’s modulus for
alginate/sulfated alginate gels, with increasing concentrations and degrees of substitution
of sulfated alginate [18][8] [62].

There has been a limited research conducted on the incorporation of fucoidans into
hydrogels in general, and even fewer studies have examined the mechanical characteristics
of these gels. Fucoidan is a partially branched polysaccharide, largely containing fucose
where sulfated groups are attached to the fucose unit [33][34]. Based on the structural
similarities, the closest point of reference for Alg/FD gels in literature would be based on
literature established on Alg/SA gels. Elastic modulus at 1 Hz was measured to be 3371
Pa for Alg/FD-Na(1), 5764 for Alg/FD-Na(2) and 3807 for Alg/FD-Na(3). From Figure
4.12.1 it is evident that when a fraction of alginate was replaced with fucoidan the elastic
modulus decreased, except for Alg/FD-Na(3) that remained in the same range of values
as for alginate. The reduction in elastic modulus is in accordance with the expectations,
as fucoidan do not have any gelling properties and could possibly interfere with the gelling
network [38] [34]. The elastic modulus have shown to decrease with increasing degree of
sulfation and increasing concentration of sulfated alginate [7]. Fucoidan used in this study
had a DS value of 1.7 which could have prevented a optimal gel network organization,
due the bulky sulfate groups being present. Contrary to sulfated alginate, fucoidan do
not exhibit any gelling properties which could be the reason for the lower values for G’.
Additionally, there are inconsistencies in the values obtained from alginate/fucoidan gels.
To accurately determine the elastic modulus of these gels, it is necessary to repeat the
measurements using this protocol.
The Young’s modulus was calculated to be 20849 Pa for Alg/FD-Na(1), 34492 Pa for
Alg/FD-Na(3) and 29826 Pa for Alg/FD-Na (3), in accordance with previous obtained
values for 80/20 alginate/fucoidan [61]. The gel stiffness appear to be reduced, as a conse-
quence of disruption in gel formation that is most likely due to sulfated nature of sulfated
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alginate and fucoidan. The presence of negatively charged components in fucoidan and
sulfated alginate can hinder the formation of cross-links with Ca2+ ions, leading to a
decrease in Young’s modulus.

Overall, when a fraction of alginate gel is substituted with sulfated alginate and fu-
coidan, the latter appear to the highest impact on the mechanical properties, in terms
of elastic modulus and Young’s modulus. The obtained G’- and E values suggests that
fucoidan do interfere with the gelling network, resulting in fewer cross-links resulting
in a decrease in elastic modulus values. Further, for alginate/sulfated alginate gels the
elastic modulus was measured to be in the same magnitude of values. This could be
due to sulfated alginate had a lower DS-value, relative to fucoidan. The obtained val-
ues for G’ and E is consistent with previous measurements on alginate/sulfated gels and
alginate/fucoidan hydrogels, indicating that reliable results are produced with this new
0protocol [54] [61] [62].

Table 4.12.2 show that measured Young’s modulus values is inconsistent with the
values obtained when storage modulus was measured. For instance Alg/SA-Na (1) gel
has a higher Young’s modulus value than Alg/SA-Na(2), when the storage modulus at 1
Hz had the opposite values. Young’s modulus describes a material’s stiffness under static
loading conditions, while storage modulus characterizes its ability to store elastic energy
under dynamic conditions [45] [42]. The variation in values for the mechanical properties
indicates the anisotrophy within the gels [66]. The mechanical properties appear to vary
in the different direction, which is most likely a result of consecutive compression applied
on the gel.
Equation 2 present the relation between the Young’s modulus and elastic modulus, that
makes the Young’s modulus measurements proportional to the elastic modulus, the re-
sults are presented in Table E.2. Hydrogels do not conform to the equation as they are
not ideal elastic materials. On the other hand the values for Young’s modulus presented
in 4.12.1 were calculated after few compression applied on the gel, which could also indi-
cate a realistic value for E was not obtained through this method. There is uncertainty
connected to both calculation, however the values obtained presented in Table 4.12.1
align with previously obtained values for 80/20 alginate/sulfated alginate gels and 80/20
alginate/fucoidan gels.

Hydrogel materials are capable of mimicking certain elastic and viscoelastic properties
that are characteristic of soft biological tissue [67]. Previous studies on the viscoelastic
characterization of biological tissue have reported that the elastic modulus of epithelial
cells, for instance, falls within the range of ∼ 5-7 kPa [68]. The viscoelastic analysis
conducted additional soft addipose tissue resulted in a elastic modulus of 2.5 (kPa) [69]
in another study. The obtained values G’ at 1 Hz and calculated values Young’s modulus
for alginate-based hydrogels in this study, appear to cover the range of many soft biological
tissues[70], making them applicable materials in tissue engineering.

4.13 Future work

Through characterizing the rhelogical properties of these alternative gelling system, we
can predict their behavior and maximize their performance capabilities in tissue engi-
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neering.
The initial rheological experiments with CaCl2 solution as gelling solution and NaCl as
storing solution presented a promising results for 80/20 alginate/sulfated alginate gel and
80/20 alginate/fucoidan alginate gel. For alginate gels the same protocol with increased
hold time resulted in a realistic value for elastic modulus. For future work the repro-
ducibility of these data needs to be verified. Due to time limitation data obtained with
increased hold time between each frequency sweep for pure alginate were not repeated.
Additionally, in order to have comparable data, the samples that are subjected to com-
parison must be treated identically. This was not done in this study, as the data obtained
from alginate/sulfated alginate and alginate/fucoidan gels with increased hold time were
incoherent with the results obtained with shorter hold time. This should be explored
further, to ensure accurate characterization on the rheological properties when a fraction
of alginate is substituted with a sulfated polymer.

Furthermore, alginate have a higher affinity towards Ba2+-ions [15]. Addition of Ba2+-
ions to the gelling solution would form a more stable gel. Therefore, characterizing the
difference between gels gelled with only Ca2+ ions versus gels gelled with Ca2+/Ba2+-ions
will provide valuable insight in the stability of these gels. The stability of these gels in
physiological conditions is highly relevant for their future potential as an immunisolatory
material [15].

When employing alginate hydrogels mixed with sulfated alginate or fucoidan in tissue
engineering, it is necessary to conduct further analysis on supplementary parameters
beyond viscoelastic properties. For instance, stress relaxation is a key characteristic
of cell–ECM interactions and as an important design parameter of biomaterials for cell
culture [9]. The stress relaxation in these hydrogels should be examined and characterized,
in order to optimize the potential for alginate-based hydrogels for tissue engineering.
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FIVE

CONCLUSIONS

In this study alginate was successfully sulfated using chlorosulfonic acid and formamide.
The resulting degree of sulfation was determined to be 0.55 and 0.71 for LF200S alginate
and UP-MVG alginate, respectively.

Further, the rheological behavior for alginate-based gels were examined. The initial
experiments suggested that storing the gels in CaCl2 solution resulted in significant alter-
ation for elastic modulus with increasing compression. This made it challenging to obtain
a realistic value for G’, when the height was corrected regards to syneresis for alginate
gels. Further, utilizing NaCl as storing solution inhibited the additional Ca2+ cross-links
that lead to alteration of G’. However, the elastic modulus reached a plateau in values
rapidly due to induced stress within the gel and the quality of the data was not sufficient
enough obtain a realistic value for G’. Increasing the hold time between each frequency
sweep obtained a realistic value for the elastic modulus for pure alginate gels.
The elastic modulus for alginate gel was then compared to the data obtained when a
fraction of alginate gel was replaced with sulfated alginate and fucoidan stored in NaCl
solution without increased hold time. When a fraction of alginate gel was replaced with
sulfated alginate the elastic modulus was measured to be in the same range of values.
Further, when a fraction of alginate was replaced with fucoidan the elastic modulus
appeared to decrease. The decrease in elastic modulus could be due to fucoidan not
exhibiting gelling properties.

Further, to relate the results found in this study to previous research, Young’s modulus
for each gels at 0.95 mm. Young’s modulus calculated for alginate were contradicting to
previous obtained results, which is likely due to storing the gel in NaCl-solution that could
destabilize the gelling network. However, the Young’s modulus value for alginate/sulfated
alginate and fucoidan appear to be in the expected range. Comparing these values for
the expected value for alginate gel from previous studies, suggests that when a fraction
is substituted with a sulfated polymer the gel stiffness decreases. This is most likely due
to charged sulfate groups being present in the gel, interfering with the gelling network.

In conclusion, the results from this study demonstrate that reliable data on alginate-
based hydrogel is achievable also with minimal sample volumes.
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APPENDICES

A Calculation of the degree of sulfation from elemental
analysis data

The data from the ICP-MS analysis are given as µgsulfur
gsample

which can easily be converted
to the weight fraction of sulfur (% S) in the sample. To calculate the degree of sulfation
(DS) a standard curve was constructed to give the relationship between % S and DS.
The standard curve was constructed by calculating % S for a range of theoretical values
for DS. When % S is plotted as a function of FD, a second degree polynomial curve was
obtained. The second degree polynomial allows for the calculation of an approximate DS
when % S is known.

The second degree polynimial curve for each for LF200S alginate is given as an example
in Figure A.1:

Figure A.1: Second degree polynomial curve for LF200S alginate. % S plotted against
theoretical obtained DS values to estimate DS for the sample.

The DS value can then be calculated from % S values from the elemental analysis by
using the formula given in Equation

DS =
−12.824 +

√
12.8242 − 4 · 2.667 ·%S

−2 · 2.6627
(1)
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B SEC-MALLS analysis of sulfated alginate
Molecular weight averages and dispersity were determined with size exclusion chro-
matography with multi-angle laser light scattering (SEC-MALLS).

Figure B.1: Molecular weight averages and dispersity of the UPV-MVG alginate and
LFS200S alginate after sulfation and LF10/60 alginate strand used as as standard. Green:
LF10/60 Alginate standard, brown: UP-MVG sulfated and pink: LF200S sulfated.
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C Mechanical spectra for alginate-based gels

C.1 Mechanical spectra for alginate gels in CaCl2-solution

Frequency sweep were performed on alginate gels stored in Ca2+-solutions was performed
at each set gap. Figure C.1 is the resulting mechanical spectra , when G’, G” and δ is at
each set gap plotted against the frequency range.

(a) Measurement 1: Alg-Ca (1) (b) Measurement 2: Alg-Ca (2)

(c) Measurement 3: Alg-Ca (3)

Figure C.1: Elastic modulus (G’), viscous modulus (G”) and phase angle (δ) values for 1.8
% (w/v) alginate solution gelled with Ca2+-ions. Values were collected from frequency
sweeps run at 20 ° C from 1-0.05 Hz frequency at 0.1 % constant shear rate with 10
samples per. decade.
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C.2 Mechanical spectra for Alginate/fucoidan gels in CaCl2-solution

(a) Measurement 1: Alg/FD-Ca (1)

(b) Measurement 2: Alg/FD-Ca (2)

Figure C.2: Elastic modulus (G’), viscous modulus (G”) and phase angle (δ) values for
1.44 % (w/v) alginate and 0.36 % (w/v) fucoidan solutions gelled with Ca2+-ions. Values
were collected from frequency sweeps run at 20 ° C from 1-0.05 Hz frequency at 0.1 %
constant shear rate with 10 samples per. decade. (d) The elastic modulus at 1 Hz (Pa)
were plotted against the gap height (mm) for alginate/fucoidan gels.
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C.3 Mechanical spectra for alginate gels with alternative storing
solution

(a) Alg-Na (1)

(b) Alg-No solution

Figure C.3: Elastic modulus (G’), viscous modulus (G”) and phase angle (δ) values for
1.8 % (w/v) alginate solution gelled with Ca2+-ions. (a) 1.8 % (w/v) Alginate solution
(60 µL) with 150 mM NaCl-solution (2mL). (b) 1.8 % (w/v) Alginate solution (60 µL)
with no storing solution, were collected from frequency sweeps run at 20°C from 1-0.05
Hz frequency at 0.1 % constant shear rate with 10 samples per. decade.
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C.4 Mechanical spectra for alginate gels in Na+-solution

(a) Alg-Na (2)

(b) Alg-Na (3)

Figure C.4: Elastic modulus (G’), viscous modulus (G”) and phase angle (δ) values for
1.8 % (w/v) alginate solution gelled with Ca2+-ions. (a), (b) and (c): Values for 1.8 %
(v/w) alginate solution gelled with CaCl2 and stored with 150 mM NaCl (2mL) at 20 ° C
were obtained by performing frequency sweeps from 1-0.05 Hz, at constant 0.1 % strain.

C.5 Mechanical spectra for alginate/sulfated alginate gels in NaCl-
solution

The 80/20 Alg/SA gels underwent frequency sweep to characterize the mechanical prop-
erties at each gap. The resulting G’, G” and δ-values were plotted against the frequency
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for each gel to understand how the gels responds to the deformation applied. The results
from these measurements are presented in Figure C.5.

(a) Measurement 1: Alg/SA-Na (1) (b) Measurement 2: Alg/SA-Na (2)

(c) Measurement 3: Alg/SA-Na (3)

Figure C.5: Elastic modulus (G’), viscous modulus (G”) and phase angle (δ) values for
1.44 % (w/v) alginate and 0. 36 % (v/w) solution gelled with Ca2+-ions. (a), (b) and
(c): Values for 1.8 % (v/w) alginate solution gelled with CaCl2 and stored with 150 mM
NaCl (2mL) at 20 ° C were obtained by performing frequency sweeps from 1-0.05 Hz, at
constant 0.1 % strain.
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C.6 Mechanical spectra for alginate/fucoidan gels in NaCl-solution

The elastic modulus (G’), viscous modulus (G”) and the phase angle (δ) were recorded
at each set gap for alginate/fucoidan gels. Figure C.6 illustrates the mechanical spectra
of G’, G” and δ plotted against logarithmically plotted frequency.

(a) Measurement 1: Alg/FD-Na (1) (b) Measurement 2: Alg/FD-Na (2)

(c) Measurement 3: Alg/FD- Na(3)

Figure C.6: Elastic modulus (G’), viscous modulus (G”) and phase angle (δ) values for
1.44 % (w/v) alginate and 0. 36 % (v/w) solution gelled with Ca2+-ions. (a), (b) and
(c): Values for 1.8 % (v/w) alginate solution gelled with CaCl2 and stored with 150 mM
NaCl (2mL) at 20 ° C were obtained by performing frequency sweeps from 1-0.05 Hz, at
constant 0.1 % strain.
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D Microdamage in Alginate Gels Stored with NaCl-
solution

Figure 4.5.5 shows that the elastic modulus is stabilizes after reaching a a plateau, this
could indicate that microdamage in the gel could have occurred, as a consequence of
increased compression. This was looked into by plotting the measured normal force for
compression at 8 % gap redcution and the values at 18 % gap reduction. The resulting
plots are presented in Figure D.1.

(a) The change in normal force against % com-
pression for Alg-Na (1)

(b) The change in normal force against % com-
pression for Alg-Na (2)

(c) The change in normal force against % com-
pression for Alg-Na (3)

Figure D.1: Microdamage occurred in 1.8 % (w/v) alginate solution is indicated by
plotting the change in normal force against % compression. The blue line is the change
in normal force at 8 % compression, while the red line is at 18 % compression.

Indication of microdamage could be a observed as a reduction in normal force when
the compression is increased. The normal force is expected to develop with increasing
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compression. An indication of microdamage would be the normal force is not evolving.
However, the resulting plots do not provide a conclusive result, therefore it is not possible
to know whether this occurred or not.
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E Young’s modulus
Young’s modulus for each gel was calculated by determining the slope for the force/deformation
curve when the gap was reduced from 0.95 mm to 0.94 mm. The slope was determined
in the linear region. The stress-strain curve for Alg-Na (1h) is given in Figure E.1:

Figure E.1: Stress-strain curve for Alg-Na (1h) when the gap was reduced from 0.95 to
0.94. The stress (y-axis) is calculated by dividing the normal force/ area of the probe
and is plotted against the strain (x-axis).

The stress-strain curve for Alg/SA-Na gels are given in Figure E.2.
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(a) Alg/SA-Na (1) (b) Alg/SA-Na (2)

(c) Alg/SA- Na(3)

Figure E.2: Stress-strain curve for Alg/SA-Na gels when the gap was reduced from 0.95
to 0.94. The stress (y-axis) is calculated by dividing the normal force/ area of the probe
and is plotted against the strain (x-axis).

The stress-strain curve for Alg/FD-Na gels are given in Figure E.3:
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(a) Alg/FD-Na (1) (b) Alg/FD-Na (2)

(c) Alg/FD- Na(3)

Figure E.3: Stress-strain curve for Alg/FD-Na gels when the gap was reduced from 0.95
to 0.94. The stress (y-axis) is calculated by dividing the normal force/ area of the probe
and is plotted against the strain (x-axis).

The results from the linear regression for each gel is given in Table E.1:

Table E.1: Elastic modulus (G’) obtained at 1 Hz by performing frequency sweep. In
addition Young’s modulus (E) was obtained by plotting the stress-strain relationship at
5 % gap reduction.

Gel Linear regression
Alg-Na (1h) 11791x - 262,62
Alg/SA-Na (1) 28,468x - 4,934
Alg/SA-Na (2) 22,612x - 0,3281
Alg/SA-Na (3) 28,636x - 0,1968
Alg/FD-Na (1) 20,849x - 4,6524
Alg/FD-Na (2) 34,492x - 5,0328
Alg/FD-Na (3) 29,826x - 5,3106

Further, the relation between storage modulus and Young’s modulus can be deter-
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mined by equation 2 obtained from [71].

E = 2G(1 + ν) (2)

Where E is Young’s modulus, G is storage modulus and ν is the Poisson’s ratio. Most
hydrogels are assumed to have a Poisson’s ratio of around 0.45-0.5, meaning that E ≈
3G [2]. This proportionality is only valid for ideal solid material, where compression
in all three direction. The Young’s modulus calculated through this relation yields the
following values.

Table E.2: Elastic modulus (G’) obtained at 1 Hz by performing frequency sweep. In
addition Young’s modulus (E) was obtained by plotting the stress-strain relationship at
5 % gap reduction.

Gel E’ [Pa]
Alg-Na (1h) 16323
Alg/SA-Na (1) 14907
Alg/SA-Na (2) 15108
Alg/SA-Na (3) 21327
Alg/FD-Na (1) 10113
Alg/FD-Na (2) 17292
Alg/FD-Na (3) 11421
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