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Abstract 
The stability and success of metallic implants for bone contact, such as dental implants, is 
dependent on osseointegration, i.e. the formation of a direct bond between implant and 
surrounding bone. To improve osseointegration, the implant surface can be coated with a layer 
of biomolecules that enhance adhesion, proliferation and osteogenic differentiation of 
osteoblasts, i.e. bone-forming cells. These are pre-requisites for new bone formation at the 
implant surface. Regarding the choice of biomolecules, studies have shown that the structural 
protein collagen, in the form of fibrils, improves the adhesion, proliferation, differentiation and 
mineralisation of osteoblasts. Collagen fibrils can serve as a matrix to immobilize other 
biomolecules with desirable biological properties. The seaweed-derived polysaccharide 
fucoidan, possesses numerous beneficial biological activities, such as an anti-inflammatory 
activity, and the ability to promote tissue regeneration. Hence, in this thesis, coatings based 
on collagen fibrils enriched with fucoidan were prepared to combine the benefits of both 
components. The coatings were applied by creating collagen fibril-based hydrogels enriched 
with fucoidan, with very flat mica plates as a substrate. Two methods of application were used. 
In the first method, the coating was applied by allowing the hydrogel to form directly on the 
mica. In the second method, the hydrogel was pre-formed and transferred onto the mica plates. 
The resulting coatings were characterized using Atomic Force Microscopy (AFM). This allowed 
visualization of collagen fibril morphology and the influence of fucoidan. AFM also permitted 
measurement of the mechanical properties of the coatings, such as the Young’s modulus and 
adhesive forces, by performing AFM force spectroscopy in both dehydrated and hydrated 
conditions. An increase of the fucoidan concentration resulted in stiffer coatings and a better 
organisation of the fibrillary material on the samples where the hydrogel formed directly on the 
mica. This effect was not observed on the samples where pre-formed hydrogels were used. 
Adhesive forces between the coating and the tip of the cantilever were higher on the samples 
where pre-formed hydrogels were used. An increase of the fucoidan concentration resulted in 
a decrease in the deposition of larger, more developed collagen fibres onto all coatings. 
 

Keywords: collagen, fucoidan, coating, AFM, tissue regeneration
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Introduction 
Since biomaterials are used in medicine, the research on how to make them more 
biocompatible is very important. An example where a high biocompatibility is desirable, is the 
use of orthopaedic implants. The most commonly used material for implants is the titanium 
alloy Ti6A14V (Roehlecke, Witt et al., 2001). It has a high biocompatibility and the right 
mechanical properties for an implant. Despite these good properties, further research is being 
done in order to enhance the biocompatibility and to improve the process of osseointegration. 
 
The material’s surface properties have the biggest influence on how the biomaterial interacts 
with the surrounding cells and tissues. That is why the determination and modification of 
properties such as the chemical composition, topography and hardness of the material, are 
highly investigated (Gittens I, McLachlan et al., 2011). To improve the integration of the 
implant, the surface can be modified by coating the material with a layer of biomolecules. 
Collagen type I and fucoidan are both interesting molecules that can be used for the coating 
of implants and improving their osseointegration 
 
Collagen is a protein that is a major component of the extra cellular matrix (ECM) of cells, and 
connective tissues. Type I collagen is predominant in skin, tendons and bones, where extreme 
forces are transmitted (Shanmugam & Ramasamy, 2011). Studies have already shown that 
applying a collagen-based coating improves the adhesion, proliferation and differentiation of 
osteoblasts. Cell adhesion is the most critical step in osseointegration. During adhesion, there 
is a better attachment and spreading of the osteoblasts due to an increase of focal adhesion 
points in the presence of collagen. Osteoblasts cultured on collagen-based coatings also 
experience an accelerated transition into the S-phase of the cell cycle, which benefits the cell 
proliferation. A more differentiated phenotype is expressed by the osteoblasts when cultured 
on a collagen based coating (Roehlecke et al., 2001). Cell mineralisation, a fourth process 
which is very important for osteoblasts in particular, is also improved. There is a better 
accumulation of calcium phosphate and osteoblasts that are cultured on collagen-based 
coatings have a greater extracellular calcium deposition compared to cells that are cultured on 
an uncoated titanium alloy (Becker, Geissler et al., 2002). 
 
Fucoidan is a type of polysaccharide comprised of substantial percentages of L-fucose and 
sulphate ester groups. It is mainly harvested from brown seaweeds and has been extensively 
studied due to its numerous interesting biological activities such as its tissue regeneration 
enhancing properties, anti-inflammatory effect, anti-coagulant properties, etc. (Li, Lu et al., 
2008). 
 
Because of their beneficial properties, it would be very interesting to use both collagen type I 
and fucoidan as components for the coating of implants, in order to improve the tissue 
regeneration. However, not much is known about the interactions between collagen and 
fucoidan. In this thesis, coatings comprised of both collagen type I and fucoidan were 
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examined. Several collagen-based coatings were prepared with different fucoidan 
concentrations. Two methods were used for applying the coating onto the substrate. For both 
methods, the coating was carried out by applying a collagen/fucoidan-hydrogel onto the 
substrate and by letting it incubate for two hours. In the first method, the hydrogel was formed 
onto the substrate. This way, the collagen fibrils could be formed directly onto the surface of 
the substrate. In the second method, the hydrogel was first pre-formed in a tube and then 
transferred onto the substrate where the fibrils could adsorb onto the substrate’s surface. 
 
After removal of the hydrogels, the topography of the coatings was examined by using atomic 
force microscope imaging. First, it was checked whether the fibrillogenesis of collagen 
occurred in presence of fucoidan or not. Subsequently, the influence of the different fucoidan 
concentrations and the two methods of application were examined. This was done by 
comparing the topography of the different coatings and by performing nano-indentation studies 
with the atomic force microscope.  
 
Not only the coatings, but also the hydrogels that were used to perform the coatings were 
examined. This was done by performing rheometric measurements. This way, more 
information was obtained about the influence of fucoidan on the formation of the collagen-
based hydrogels. 
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Literature study 
1 Collagen 
Collagen is the most abundant protein in the animal kingdom. It is one of the major components 
of the extracellular matrix (ECM) and in connective tissues. In vertebrates, there are at least 
ten different types of collagen found. Collagen type I is predominant in skin, tendons and 
bones, where extreme forces are transmitted (Shanmugam & Ramasamy, 2011). Therefore, 
the decision was made to incorporate this type of collagen into the coatings. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  

Figure 1: pathway of synthesis of collagen fibres. Lysine side chains in the 
telopeptides oxidise to form hydroxylysyl pyridinoline and lysyl pyridinoline cross-
links (Shoulders & Raines, 2009). 
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1.1 Structure 

1.1.1 Overall structure of collagen 

Collagen is an anisotropic protein which consists of collagen fibres. Those fibres are minimum 
one centimetre in length and 500 nm in diameter. They are made up of collagen microfibrils, 
which consist of tropocollagen triple helices, that are arranged in a 67 nm banding pattern. 
This type of pattern is also called D-banding (Figure 1). This means that there is an overhang 
of the C- and N-terminal ends of the helices that are arranged parallel to each other, while 
there is also an end-to-end gap between two consecutive helices. The length of the overhang 
and the gap combined is 67 nm. Tropocollagen molecules are minimum 300 nm in length and 
have a diameter between one and two nanometres (Shoulders & Raines, 2009). 
 

1.1.2 Structure of the triple helix 

The right-handed triple helix of tropocollagen is formed by three polypeptide chains, which 
consist of repeated amino acid sequences Gly-Xaa-Yaa (Brazel, Oberbaumer et al., 1987). 
Xaa and Yaa can be any amino acid, but it has been observed that the most frequent amino 
acids are proline (Pro) and hydroxyproline (Hyp). The most common triplet in collagen is Gly-
Pro-Hyp (Ramshaw, Shah et al., 1998). The polypeptide chains that form the right-handed 
triple helix of tropocollagen have a left-handed helix structure, which is ca. 300 nm in length 
and has a diameter smaller than 0.8 nm (Shoulders & Raines, 2009). 
 

1.1.3 Stability of the triple helix 

One of the factors that provide the triple helix its stability, is the presence of interstrand 
hydrogen bonds. All the peptide bonds of the polypeptide chains are in the trans conformation. 
Because of that, there is a single interstrand N-H(Gly)······O=C(Xaa) hydrogen bond per Gly-Xaa-
Yaa triplet. Also Ca-H(Gly/Yaa) )······O=C(Xaa/Gly) hydrogen bonds can stabilise the helix. Because 
collagen is such an abundant protein, the N-H(Gly)······O=C(Xaa) hydrogen bond is the most 
frequent amide-amide hydrogen bond in the animal kingdom (Shoulders & Raines, 2009). 
 
Glycine is a very abundant amino acid in collagen. The substitution of glycine by another amino 
acid is also a factor that influences the stability of the triple helix. Diseases that are the result 
of mutations in the collagen genes, often result in glycine replacements in the helical structure. 
An example of such a disease is osteogenesis imperfecta. The type of amino acid that replaces 
glycine and the region where the substitution took place, defines the severity of this disorder. 
It has also been shown that the substitutions of glycine in a proline-rich region of the collagen 
sequence, are less disruptive than substitutions in a proline-poor region (Hyde, Bryan et al., 
2006). Other amino acids that influence the helix stability, are proline and hydroxyproline. 
Depending on the region where they are situated, they may have a stabilising or destabilising 
effect on the triple helix (Shoulders & Raines, 2009). 
 
 



 

 10 

1.2 Fibrillogenesis 

Collagen is a self-assembling protein. The assembly of collagen is called fibrillogenesis, which 
is an entropy driven process. The fibrillogenesis is divided into two stages, namely the 
nucleation and the fibre growth. The nucleation of collagen type I starts with the assembly of 
tropocollagen, which is the collagen monomer. The tropocollagen formation starts with the 
association of three polypeptide chains, named preprocollagen or protocollagen, which form a 
triple helix. There are two identical a1-chains (1056 residues) and one a2-chain (1038 
residues). The a2-chain has a different amino acid composition. In rare cases, the monomer 
can also consist of three a1-chains (Shanmugam & Ramasamy, 2011). 
 
As well at the C- and N-terminal ends of procollagen, parts of the polypeptide chains are not 
incorporated into the helical structure. This results in loose ends of the polypeptide chains. 
These loose ends prevent the fibre growth and need to be removed.  N- and C-proteinases will 
cleave the ends of the preprocollagen strands. Now tropocollagen has formed and the fibre 
growth can start (Shoulders & Raines, 2009). 
 
When collagen monomers are formed, they can assemble into collagen fibrils. Tropocollagen 
will first form pentamers, that will then form a 67 nm banding pattern. Because of a further 
linear and lateral association, the pentameres will form microfibrils, which will further assemble 
into larger structures. Although the loose ends of the polypeptide chains were cleaved, each 
tropocollagen molecule still has non-helical parts at the C- and N-terminal ends. These are 
called telopeptides (Gurdak, Rouxhet et al., 2006). Telopeptides play a role during the 
assembly process, since they accelerate the fibre nucleation. They have a more catalytic role 
than a constructive role (Kuznetsova & Leikin, 1999). However, although the telopeptides are 
not essential for the fibrillogenesis, they provide stability to the mature fibrils. Lysine side chains 
are oxidised and form hydroxylysyl pyridinoline and lysyl pyridinoline cross-links (Figure 1), 
which provides the extra stability (Shoulders & Raines, 2009). The driving forces of 
fibrillogenesis are water-mediated intra and interbridges between the polypeptides, the 
hydrophobic interactions between adjacent molecules and electrostatic interactions (Gurdak 
et al., 2006). Once the collagen fibrils are formed, they can aggregate and form collagen fibres. 
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1.3 Adsorption 

In general, proteins are very surface active molecules and tend to adsorb to all substrates. 
This is due to their amphiphilic and polyampholytic character and their low entropy structure. 
The main forces that steer the adsorption process are electrostatic, dispersion and 
hydrophobic forces, and the gain of entropy (Dupont-Gillain, 2014). 
 
Collagen type I presents different properties when compared to other globular proteins 
because collagen is self-assembling, much larger in size and has a high anisotropy. It can 
adsorb easily to most substrates, although the adsorption process is dependent on the pH and 
ionic strength, which influence the electrostatic forces. The electrostatic and hydrophobic 
interactions also depend on the type of substrate that is used. The most dominant force is the 
Van der Waals force, which makes the adsorption practically irreversible. The adsorption does 
not affect the helical structure (Dupont-Gillain, 2014). 
 
There are some factors that influence the adsorbed collagen organisation. The surface 
properties and adsorption conditions such as the collagen concentration, the duration of the 
collagen adsorption and the drying process can influence the organisation of the collagen 
molecules. The influence of these factors can be examined by imaging the topography of the 
collagen layers by using atomic force microscopy. It has been observed that the adsorption 
time plays a significant role. The longer the adsorption duration, the more collagen is adsorbed 
and the better the fibre growth. However, while the rate of adsorption is higher in the beginning, 
the adsorbed amount reaches a plateau value at longer times. This value is dependent on the 
collagen concentration and the substrate that is being used. The plateau value is higher at 
lower collagen concentrations and a more hydrophobic substrate. The substrate 
hydrophobicity favours the collagen assembly because it influences the availability of the 
collagen segments for assembly (Dupont-Gillain, 2014). 
 
Acidic collagen solutions under 4 °C contain especially collagen monomers. When increasing 
the temperature and neutralizing the solutions, more aggregates are formed. The aggregates 
that are found in the adsorbed collagen layer, can be directly formed at the substrate interface, 
or can be pre-formed in the collagen solution and deposited onto the interface. The amount of 
aggregates in the solution increases with aging time. The presence of aggregates in the 
solution has a strong influence on the presence of assemblies on the substrate interface. The 
more assemblies the solution contains, the less collagen fibrils there can be found in the 
adsorbed phase. The collagen fibrils on the substrate interface are formed in situ. Monomers 
adsorb first because they diffuse faster from the solution to the substrate. When adsorbed, 
they prevent the adsorption of the collagen aggregates that are already present in the solution. 
The strong aggregation of collagen in a solution results into a similar adsorbed layer as the 
one obtained from a low collagen concentration (Dupont-Gillain, 2014). 
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1.4 Mechanical properties 

The mechanical properties of collagen can be determined on the different levels in the 
hierarchical structure. The properties of the tropocollagen monomers differ from the fibrils of 
collagen type I. The forces needed to disrupt the triple helix of a tropocollagen monomer need 
to be strong enough to unravel the helix and eventually break the covalent bonds. The 
disruption of a collagen fibril does not require the breaking of collagen bonds. Therefore, the 
fracture strength of a tropocollagen (11.2 GPa) is much greater than that from a collagen fibril 
(0.5 GPa). These values also depend on which kind of collagen is being examined (Buehler, 
2006). 
 
The Young’s modulus or elastic modulus is a physical quantity which describes the stiffness 
of a material. This can also be measured for collagen fibrils and its components. Here, a 
difference between a tropocollagen monomer and a collagen fibril can also be observed. For 
a tropocollagen monomer, the Young’s modulus (E) is approximately 7 GPa, while for collagen 
fibrils, the value is smaller, approaching 5 GPa (Buehler, 2006). 
 
Because of its structure, collagen is an anisotropic material. Therefore, the shear modulus is 
also an important physical quantity which can be used to describe the strength of collagen. 
AFM-studies revealed that dehydrated collagen fibrils have a higher shear modulus then 
hydrated fibrils. Also, cross-linking between fibrils increases the shear modulus of collagen. 
For the mechanical properties is it therefore favourable to have a certain level of cross-linking, 
but excessive cross-linking should be avoided since this results in brittle collagen fibrils 
(Shoulders & Raines, 2009). 
 

2 Cell growth on collagen based coatings 
To understand how the osseointegration of implants works, it is important to know the 
mechanisms behind cell regeneration of animal cells, with osteoblasts in particular. There are 
three important processes involved, i.e. cell adhesion, proliferation and differentiation. Cell 
adhesion is the attachment of cells to the surface of the inserted implant. The adhesion is 
followed by the proliferation, which is the increase of the number of cells. Subsequently there 
is the differentiation of the cells, where a certain phenotype of the cells is expressed. A fourth 
process that is particularly important in osteoblasts is the mineralisation of the cells, which is 
necessary for the bone tissue formation. The most commonly used material for implants is the 
titanium alloy Ti6A14V (Roehlecke et al., 2001). It has a high biocompatibility and the right 
mechanical properties for an implant. Despite these good properties, further research is being 
done in order to enhance the biocompatibility and to improve the process of osseointegration. 
Studies have shown that applying a collagen-based coating improves this process. 
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2.1 Cell adhesion 

The first step of the osseointegration is the adhesion of the cells onto the surface of the titanium 
alloy. Cell adhesion kinetics comprises cell attachment, formation of focal contact points, 
spreading and cytoskeletal organisation. Roehlecke et al. determined that osteoblasts adhere 
better on coatings that were coated with collagen fibres or with tropocollagen. Even though 
that all osteoblasts adhere to the coated and uncoated titanium alloy, there is a significant 
difference in morphological appearance of the attached cells (Roehlecke et al., 2001). 
 
During the first two hours, there was a better attachment and spreading of the cells on the 
coated surfaces and vinculine streaked areas were observed, which indicates that focal 
adhesion points were being formed. The amount of focal contacts increased by time. The 
shape of the cells became polygonal, there was a prominent cytoskeletal reorganisation and 
stress fibres were arranged throughout the entire cell body. The cells on the uncoated titanium 
alloy also attached onto the surface, but there was less spreading. Less focal adhesion points 
were formed and there was less cytoskeletal reorganisation (Roehlecke et al., 2001). 
 
Another study, by Geißler et al., revealed that RGD- (arginine-glycine-aspartic acid-) binding 
sites and integrin β1 are involved with cell adhesion. Collagen type I and IV possess RGD 
sequences, which are recognised by integrins. Integrins are specific and heterodimeric 
transmembrane receptors that mediate the binding of the cell to components of the 
extracellular matrix, which is important for the initial contact of cells with the collagen-coated 
surface. When the cells’ RGD-mediated ligand-integrin interactions were blocked by the 
GRGDSP (Gly-Arg-Gly-Asp-Ser-Pro)-hexapeptide, and the protein synthesis was inhibited to 
prevent the formation of new integrins, there was a decrease in cell adhesion on the uncoated 
titanium alloy, but not on the coated alloy. This means that the adhesion of osteoblasts on 
collagen-coated materials is not mediated by RGD-binding sites (Geissler, Hempel et al., 
2000). 
 
However, the adhesion of the osteoblasts on collagen-coated titanium alloy seems to be 
mediated by the DGEA (Asp-Gly-Glu-Ala) sequence. This sequence is located in the collagen 
α1-chain and it is recognised by the α2β1 integrin. When antibody anti-integrin β1 is used to 
block the interactions between the DGEA-sequence and the α2β1 integrin, the adhesion of the 
osteoblasts and collagen type I-coated titanium alloy is inhibited by 80%. This means that in 
this case, the adhesion is mainly a β1-mediated mechanism. Anti-integrin β1 has no effect on 
the adhesion of osteoblasts on the uncoated titanium alloy (Geissler et al., 2000). 
 

2.2 Cell proliferation 

After adhesion onto the surface of the titanium alloy, the cells need to start proliferating. During 
the proliferation, the cells go through the cell cycle. With each cycle, the cell’s DNA is 
duplicated and the cell divides. The cell cycle has four phases–i.e., the G1-phase, where the 
cell size increases; the S-phase, where the DNA is duplicated; the G2-phase, where there is a 
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further increase of the cell size; and finally mitosis (M-phase), where the cell divides in two 
daughter cells. There is also a G0-phase, where the cell has stopped dividing and has left the 
cell cycle. 
 
Collagen-based coatings also have a positive influence on the cell proliferation. Roehlecke et 
al. showed that cells that adhered onto a titanium alloy coated with tropocollagen or collagen 
fibres, have a higher proliferative capacity than cells that adhered onto the uncoated titanium 
alloy. After 24 hours of incubation, a significant higher proportion of the cells on the uncoated 
alloy were in the G0/G1-phase, when compared with the cells on the coated alloys. 
Furthermore, the proportion of cells in the S-phase was significantly higher on the coated 
alloys, when compared to the uncoated alloys. The proportion of cells in the G2/M-phase were 
for all cultures similar. This indicates that collagen-based coatings accelerate the entry of cells 
into the S-phase of the cell cycle (Roehlecke et al., 2001). 
 

2.3 Cell differentiation 

After adhesion and proliferation, the cells need to transform into a more differentiated cell 
phenotype. In the case of osteoblasts, this is called osteogenic differentiation. The protein 
osteopontin is expressed during osteogenic differentiation, as well at different levels during the 
maturation of the osteoblastic cells. Therefore, osteopontin can be used as a marker of 
osteogenic differentiation (Roehlecke et al., 2001). 
 
Roehlecke et al. found that more osteopontin was expressed by osteoblasts grown on 
collagen-based coatings. In analogy to cell adhesion and proliferation, there was no difference 
between coatings based on tropocollagen and collagen fibres. Therefore, the process of 
forming collagen fibres out of tropocollagen is not necessary to induce the effect on cell growth. 
Other markers that are associated with the differentiation of osteoblast, such as CD44 and 
alkaline phosphatase activity, also showed an increased differentiation of the cells on collagen-
coated titanium alloys. The culture of osteoblasts in presence of a collagen-based coating 
results in a more differentiated phenotype in comparison with the culture of osteoblasts on an 
uncoated titanium alloy (Roehlecke et al., 2001). 
 

2.4 Cell mineralisation 

During the mineralisation of osteoblasts, the cells accumulate calcium as calcium phosphate. 
This is an important component of bone tissue. Becker et al. found that the deposition of 
calcium could be observed after 14 days of incubation for both coated and uncoated titanium 
alloys. After 15 days, nodules can be observed at the surface of the cells. EDX-analysis 
showed that those nodules contain calcium and phosphorous. After day 14, a rapid increase 
of extracellular calcium deposition is observed. The deposition of cells cultured on a titanium 
alloy with a collagen type I based coating is greater than the deposition of the cells cultured on 
an uncoated titanium alloy. This indicates that a collagen type I based coating improves the 
mineralisation of osteoblasts (Becker et al., 2002). 
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3 Fucoidan 
Fucoidan is a polysaccharide, which is mainly found in brown algae and some marine 
vertebrates. It is sometimes also referred to as fucan, fucosan or sulphated fucan. During the 
past few years, a lot of studies have been done on this material because of the numerous 
biological activities they possess. Features such as an anti-inflammatory activity, antivirus 
activity, the ability to facilitate tissue regeneration, etc. are favourable when creating coatings 
for biomaterials for tissue regeneration (Li et al., 2008). Therefore, coatings that contain 
fucoidan are examined in this thesis. 

 

3.1 Composition 

Fucoidan is, as mentioned before, a polysaccharide. It contains large amounts of L-fucose and 
sulphate ester groups. Other components that are found in the structure are monosaccharides 
such as glucose, galactose, xylose, etc. Uronic acids, acetyl groups and proteins are also 
present. Even though the structural backbone of fucoidans are known, the general structure 
varies depending on the species where it is derived from (Li et al., 2008). 
 

3.2 Structure 

Today’s commercially available fucoidan is derived from Fucus vesiculosus. The chemical 
composition of this type of fucoidan is less complex than most other types of fucoidan, derived 
from other organisms. Back in 1952, Black et al. determined that Fucoidan from F. vesiculosus 
comprises 44.1% fucose, 26.3% sulphate, 31.1% ash and a small amount of aminoglucose 
(Black, Dewar et al., 1952). Between 1950 and 1954, methylation studies (Conchie & Percival, 
1950) and the study of the stability of the sulphate residue to alkaline hydrolysis (O'Neill, 1954) 
showed that the main component of fucoidan is 1,2-α-fucose, with every unit carrying a 
sulphate on the C-4 position. This model was rejected when in 1993 when Patankar et al. 
reinvestigated the structure of fucoidan. Their model suggests that the core region of fucoidan 
mainly consists of a polymer of α1-3-linked fucose, with a sulphate group substituted on the 
C-4 position. They also showed that not every fucose monomer carries a sulphate group. Only 
one sulphate group is present for every three to four moles of fucose. This is equivalent to 0.3 
mol of sulphate per mol of fucose. Since not only Fucα1-3Fuc disaccharides are obtained from 
acetolysates, but also Fucα1-2Fuc and Fucα1-4Fuc, this model also proposes that fucoidan 
has a branched structure, with the branches attached at branch points via α1-2 and α1-4 bonds 
(Patankar et al., 1993). 
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Not all the Fucoidans that are obtained from different species, have a structure that completely 
corresponds to the model described by Patankar et al. The structure and as well the chemical 
composition may change depending on the species that it is derived from. Fucoidans derived 
from F. evanescens, and as well from F. distichus and F. serratus comprise fucose, sulphate 
and acetate. The linear backbone of fucoidan derived from F. evanescens, consist of 
alternating 1-3- and 1-4-linked α-L-fucopyranose-2-sulfate residues. Some 1-3-linked fucose 
residues have a sulphate substituted on the C-4-position, and a part of the hydroxyl groups 
that remain are randomly acetylated (Bilan, Grachev et al., 2002). 
 
  

Figure 2: Model for the average structure of fucoidan (Patankar, 
Oehninger et al., 1993) 
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Table 1: Chemical composition of fucoidans derived from different species (Li et al., 2008) 
Brown seaweed Chemical composition 
F. vesiculosus 

F. evanescens C. Ag. 

F. distichus 

F. serratus L. 

Lessonia vadosa 

Macrocytis pyrifera 

Pelvetia wrightii 

Undaria pinnatifida (Mekabu) 

Ascophyllum nodosum 

Himanthalia lorea and Bifurcaria bifurcate 

Padina pavonia 

Laminaria angustata 

Ecklonia kurome 

Sargassum stenophyllum 

Adenocytis utricularis 

Hizikia fusiforme 

Dictyota menstrualis 

 

Spatoglossum schroederi 

fucose, sulfate 

fucose/sulfate/acetate (1/1.23/0.36) 

fucose/sulfate/acetate (1/1.21/0.08) 

fucose/sulfate/acetate (1/1/0.1) 

fucose/sulfate (1/1.12) 

fucose/galactose (18/1), sulfate 

fucose/galactose (10/1), sulfate 

fucose/galactose (1/1.1), sulfate 

fucose(49%), xylose(10%), GlcA(11%), sulfate 

fucose, xylose, GlcA, sulfate 

fucose, xylose, mannose, glucose, galactose, sulfate 

fucose/galactose/sulfate (9/1/9) 

fucose, galactose, mannose, xylose, GlcA, sulfate 

fucose, galactose, mannose, GlcA, glucose, xylose, sulfate 

fucose, galactose, mannose, sulfate 

fucose, galactose, mannose, xylose, GlcA, sulfate 

fucose/xylose/uronic acid/galactose/sulfate 

(1/0.8/0.7/0.8/0.4) and (1/0.3/0.4/1.5/1.3) 

fucose/xylose/galactose/sulfate (1/0.5/2/2) 

 

3.2.1 Position of sulphate groups 

The determination of the position of sulphate groups is mostly done by obtaining infrared (IR) 
spectra of the polysaccharide. An intense absorption band can be seen at 1240 cm-1, which is 
the absorption band of the S=O stretching vibration. This is an indication of the presence of 
sulphate ester groups. Furthermore, there is an intense absorption band seen at 842 cm-1, and 
a much smaller band at 820 cm-1. This indicates that most sulphate groups are oriented in the 
axial position and the remaining sulphate groups in the equatorial positions (Zvyagintseva, 
Shevchenko et al., 1999). 
 

3.2.2 Complexity of the fucoidan structure 

The structure and chemical composition of fucoidans is very complex. There is no general 
model, not even for the backbone, for all types of fucoidan. This is because several fucoidan 
producing species have fundamental differences in the biosynthesis of fucoidan. Until today it 
was possible to generate models for the different types of fucoidan backbones, but the fine 
structure remains unclear. There is no strict regularity, random acetylation and sulphatation, 
and in some of the fucoidans numerous minor components are present, which makes it very 
difficult to unravel the entire structure. The structure of fucoidan that is being examined also 
depends on the extraction method. Different extraction methods result in different structures 
(Li et al., 2008). 
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3.3 Biological activity 

3.3.1 General overview 

Different studies from over the past decades have not only unravelled some basics about the 
structure of fucoidans, but also revealed some of the biological activities that fucoidans 
possess. In the future, some of these activities may play an important role in numerous 
applications in medicine. 
 
Studies have shown that all fucoidans have an anti-inflammatory effect. This may also be an 
interesting feature for wound healing. The fucoidans described in the anti-inflammatory 
studies, were also tested on their anticoagulant activity. Here, three fucoidan groups can be 
distinguished: one group with a high anti-coagulant activity, one group with a moderate to low 
anti-coagulant activity, and one group of fucoidans with virtually no anticoagulant activity 
(Cumashi et al., 2007). 
 
Other interesting biological activities are the antivirus activity of some fucoidans, the ability to 
reduce blood lipids and the ability to improve tissue regeneration (Li et al., 2008). Since the 
aim of this research is a better osseointegration of implants, fucoidan is used due to its ability 
to improve tissue regeneration. 
 

3.3.2 Tissue regeneration 

Fucoidan may have an important role in applications where tissue regeneration is favourable. 
Due to the similarities with the structural and anionic characteristics of heparin, fucoidan has 
the ability of stimulating the production of hepatocyte growth factor (HGF). HGF has a key role 
in the process of tissue regeneration. Therefore, tissues and organs may be protected against 
injuries or diseases by using fucoidan and fucoidan-derived oligosaccharides (Fukuta & 
Nakamura, 2008). 
 
It is known that high molecular weight fucoidans can bind growth factors and protect them 
against proteolysis. Studies have shown that basic fibroblast growth factor (FGF-2) can induce 
angiogenesis in animals. Therefore, fucoidan could be used in the treatment of ischemia, which 
is the restriction in blood supply to certain tissues, caused by e.g. a traumatic injury, which 
causes a partial of total occlusion of a vessel. Using high molecular weight fucoidan during the 
treatment, this could potentially improve the angiogenesis and revascularisation of the 
damaged tissue (Li et al., 2008). 
 
In a study performed by Sezer et al. on the treatment of dermal burn healing, three types of 
wound dressings were examined. One dermal burn without wound dressing was used as a 
control, and three other wounds were treated with resp. a chitosan film, a chitosan film 
containing fucoidan, and a fucoidan solution. Best wound healing was achieved with the 
chitosan film containing fucoidan. The film induced significant wound contraction, accelerated 
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the wound closure and healing process. Therefore, the fucoidan-chitosan film may be suitable 
for the treatment of dermal burns and other wounds (Sezer, Hatipoglu et al., 2007). 

4 Atomic Force Microscopy 
Atomic Force Microscopy or AFM is a technique for imaging surfaces of objects with an atomic 
resolution and for performing force indentation studies on that surface. A cantilever with a 
probe at the end is used to scan the surface. With the obtained data, a high-resolution image 
can be generated, which is a process called imaging. During the force indentation studies, a 
force curve is obtained on one specific point on the surface. This provides more information 
about the mechanical properties of the surface. 
 

4.1 Principle 

The sample that is being examined, is placed underneath the piezo of the AFM microscope. 
The piezo is the element of the microscope which consist of a photodiode, a mirror and 
transparent glass block that holds the cantilever. All the obtained data is based on the 
deflection of a laser beam by the cantilever onto the photodiode. When the cantilever is in the 
normal position, the laser is incident in the middle of the photodiode. If the cantilever bends, 
the laser is deflected differently and incident on another position on the photodiode. This 
difference in deflection is proportional to the bending of the cantilever, and thus to the change 
in height of the sample topography (JPK Instruments AG, 2015). 
 

 
 
 
 
 
 
 
 
 
 
 
 
 

4.2 Imaging 

4.2.1 Contact mode 

During sample imaging with the AFM from JPK, the sample is static while the piezo can move 
in the X, Y and Z direction. During contact mode, the probe scans the surface of the sample in 
the X-direction (fast scan direction) and the Y-direction (slow scan direction). The probe is 
always in direct contact with the sample, while exerting a constant force. Depending on the 
topography, the cantilever may bend upwards or downwards, which alters the deflection of the 
laser. When the changes in height exceed a certain value, a feedback loop changes the height 
(Z-position) of the piezo to avoid an extreme upward or downward bending of the cantilever or 

Figure 3: Optical path of the laser in the AFM (AG, 2015) 
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losing contact with the sample. This results in accurate data which can be used to generate a 
topographic map of the sample surface (JPK Instruments AG, 2015). 

4.2.2 Tapping mode 

During the tapping mode, the probe of the cantilever also scans the surface in the X- and Y-
direction. The difference with contact mode is that there is no constant contact with the sample. 
The cantilever oscillates at a certain frequency and taps the surface. The oscillating movement 
of the cantilever causes a change in deflection with a certain amplitude. This amplitude is kept 
constant at all time. When at a certain point the height of the sample rises, the amplitude of 
the change in deflection decreases. To keep this amplitude constant, the piezo moves 
upwards. The opposite happens when there is a drop in the sample’s topography. The data of 
the piezo height is used to generate a topographic map of the sample surface (JPK Instruments 
AG, 2015). 
 

4.2.3 Output 

Depending on the mode that was used during the AFM studies, several types of topographical 
images can be obtained. In contact mode, data such as the height of the sample and the 
deflection of the laser are obtained at each point of the sample. The data of each coordinate 
can then be plotted to form an image of the sample. Finally, there is also the possibility to 

generate a 
3D-plot of the sample with the 
obtained data (JPK 
Instruments AG, 2017). 
 
 
 
 
 
 
 
 
 

b) a) 

c) 

Figure 4: Images of a collagen fibre, generated with the JPK DP Software. a) Image based on the height 
of the sample. b) Image based on the deflection of the laser. c) 3D-plot of the height image. 
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4.3 Force spectroscopy 

4.3.1 Principle 

 
During force spectroscopy, the cantilever is positioned on a fixed point above the sample 
surface. The Z-position of the cantilever is scanned by lowering the piezo with the cantilever 
and pushing the tip down onto the sample with a certain force, and subsequently retracting the 
piezo so that the cantilever returns to its normal position. Two force curves, the extension and 
retraction curve, are obtained and plotted in a force-distance plot (JPK Instruments AG, 2015). 
 
 

 
 
 
 

4.3.2 Interpretation of the force curve 

During the extension of the cantilever, the extension force curve is plotted. In the beginning of 
the extension, the cantilever experiences no forces and does not bend. There is no change in 
deflection and a ‘zero-line’ can be observed on the plot (Figure 6, section a). At a certain point, 
the cantilever starts bending downwards due to the adhesive forces between the tip of the 
cantilever and the sample surface. This is where a sudden drop in the curve (Figure 6, section 
b) is observed (Janshoff, Neitzert et al., 2000). This phenomenon is called ‘jump-to-contact’. 
The piezo keeps proceeding to move downwards so that the cantilever starts bending upwards 
again while pushing onto the sample. This results in an upward slope in the force curve (Figure 
6, section c). The slope in this part of the curve is an indication for the elasticity of the sample. 
It can be compared with the spring constant of a spring. 

Figure 5: Extension (red) and retraction (blue) force curve in one plot, generated with the 
JPK DP Software. 
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After measuring the extension curve, the retraction curve is obtained by retracting the 
cantilever from the sample. While the piezo is moving up, the cantilever starts bending 
downwards until it reaches its normal shape again. This results in a downwards slope in the 
retraction curve (Figure 6, section d), that can be parallel with the slope of the extension curve. 
At this point the tip can still be attached to the sample surface due to the adhesive forces. With 
the tip still being attached to the surface, the slope extends further reaching negative vertical 
deflection values. Only at a certain point, when the pulling force of the cantilever is larger than 
the adhesive forces, the tip comes loose and jumps back to the normal position (Figure 6, 
section e). This is called ‘jump-of-contact’. This means that the minimum value of the retraction 
curve is an indication of the magnitude of the adhesive forces (Janshoff et al., 2000). Finally, 
the cantilever is back in its normal position and experiences no forces anymore (Figure 6, 
section f). This part of the curve coincides with the zero-line. 
 

4.3.3 Used cantilevers 

There is a large range of cantilevers that are available for AFM studies. At the end of each 
cantilever there is a probe attached. When choosing a suitable cantilever, the characteristics 
of both the cantilever and the probe should be considered. Probes come in a variety of shapes, 
sizes and materials. Their diameter can range from some nanometres to some micrometres. 
The shape of the probe can be conical, spherical, triangular, etc. and depending on the 
purpose of the probe, the material can be soft or harder. Commonly used materials are silicon 
and silicon nitride (Bruker AFM Probes, Billerica, Massachusetts, USA).  
 

Figure 6: Extension (red) and retraction (blue) force curve in one plot, generated with the JPK DP Software. 
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The characteristics of the cantilevers can be chosen so that they are suitable for the AFM 
study. Not only the length of the cantilever can be chosen, but also the geometry. The 
cantilever can have a triangular or rectangular shape, but other special geometries such as a 
circular shape are available. The type of material of the cantilever or the used coating also 
influences the reflection of the back of the cantilever, which alters the sensitivity of the AFM 
study. Finally, the cantilevers are also characterised by their specific spring constant and 
resonant frequency, which are parameters that need to be chosen according to the sample 
that is being examined (Bruker AFM Probes, Billerica, Massachusetts, USA). 
 

4.3.4 Young’s modulus 

The Young’s modulus or elastic modulus (E) is a quantity which describes the elastic properties 
of a certain material. The Young’s modulus of a material is defined by dividing the tensile stress 
of the material by the tensile strain. The stiffer the material, the higher the Young’s modulus 
(JPK Instruments AG, 2017). 
 
 
 

𝑇𝑒𝑛𝑠𝑖𝑙𝑒	𝑠𝑡𝑟𝑒𝑠𝑠 =
𝑡𝑒𝑛𝑠𝑖𝑙𝑒	𝑓𝑜𝑟𝑐𝑒

𝑐𝑟𝑜𝑠𝑠 − 𝑠𝑒𝑐𝑡𝑖𝑜𝑛𝑎𝑙	𝑎𝑟𝑒𝑎
= 	
𝐹
𝐴

 

 

𝑇𝑒𝑛𝑠𝑖𝑙𝑒	𝑠𝑡𝑟𝑎𝑖𝑛 = 	
𝑒𝑥𝑡𝑒𝑛𝑠𝑖𝑜𝑛
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𝐿
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𝑡𝑒𝑛𝑠𝑖𝑙𝑒	𝑠𝑡𝑟𝑒𝑠𝑠
𝑡𝑒𝑛𝑠𝑖𝑙𝑒	𝑠𝑡𝑟𝑎𝑖𝑛

= 	
𝐹/𝐴
∆𝐿/𝐿

 

 
 
 
 
 
Calculating the Young’s modulus is very easy if the material is compressed homogeneously. 
This is not the case for AFM measurements. During force indentation studies, the surface of 
the material is locally indented with the AFM probe. How the Young’s modulus should be 
calculated is strongly dependent on the shape of the probe (JPK Instruments AG, 2017). 
 
The standard model that is used for analysing the force-distance curves and calculating the 
elasticity, is the Hertz model. This model was originally an approximation for the contact of two 
spheres, with a very shallow indentation (H., 1881). Nowadays, the term “Hertz model” refers 
to a family of models based on the original Hertz model, but adapted for different indentation 
geometries such as the parabolic, spherical, conical, pyramidal and cylindrical indenters (JPK 
Instruments AG, 2014). 
 

Figure 7: Basic representation of how the Young’s 
modulus is calculated. 
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One of the assumptions that are made in the Hertz model is that there are no attractive forces 
between the probe and the surface of the material. Therefore, the Young’s modulus can often 
not be calculated, especially in dry conditions. An extension to the Hertz model, the Derjaguin-
Mulher-Toropov model (DMT), takes these interactions into consideration, so that the Young’s 
modulus can be calculated, even when there are attractive forces between the probe and the 
sample (JPK Instruments AG, 2017). 
 

5 Rheometry 
To investigate the gelation process of the hydrogels, rheometric analyses can be performed. 
One method for measuring the mechanical properties during gelation, is oscillatory rheology. 
Rheology is the study of the flow of matter. This matter is mainly a liquid, but can also be a soft 
solid or a solid under conditions in which it flows rather than deform elastically. It applies to 
substances that have a complex structure, such as suspensions, (bio)polymers, foods, etc. 
(Vader & Wyss, 2017). 
 
Two very important terms in rheology are strain (γ) 
and stress (σ): 
 

• 𝛾 = 𝑥/𝑦 
• 𝜎 = 𝐹/𝐴 

 
For an elastic solid and a viscous liquid, the stress can also be written as: 
 

• Elastic solid: 𝜎 = 	−𝐺𝛾, 
• Viscous liquid: 𝜎 = 	−𝜂𝛾, 

 
where G is the shear modulus, η the viscosity and 𝛾 the shear rate (Datta, 2017). 
 
An oscillatory rheometer induces a sinusoidal shear 
deformation in the hydrogel and measures the stress 
response. The frequency of the oscillation (w) of the 
shear deformation, determines the time scale that is 
used. The hydrogel is placed between a stationary 
plate and a plate or cone that can rotate (Figure 9). The 
strain of an elastic solid and the shear rate of a viscous 
liquid are dependent on the time and the frequency of 
the oscillation, and can be written as: 
 

• Elastic solid:  𝛾 𝜔, 𝑡 = 	 𝛾@. sin	(𝜔𝑡) 
• Viscous liquid: 𝛾 𝜔, 𝑡 = 	 𝛾@. 𝜔. cos	(𝜔𝑡) 

Figure 9: cone and plate (TA Instruments, 2000) 

Figure 8: Representation of the deformation  
(Datta, 2017) 
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The stress of a viscoelastic material can be written as 
 

𝜎 𝜔, 𝑡 = 	𝜎@ 𝜔 . sin 𝜔𝑡 + 𝛿 𝜔  
 = 𝜎@ 𝜔 . sin 𝜔𝑡 . cos 𝛿 𝜔 + 𝜎@ 𝜔 . sin 𝛿 𝜔 . cos 𝜔𝑡  
 = 𝐺K. 𝛾@. sin 𝜔𝑡 + 𝐺KK. 𝛾@. cos	(𝜔𝑡) 

 

𝐺K = 	
𝜎@ 𝜔
𝛾@

. cos 𝛿 𝜔  

𝐺KK = 	
𝜎@ 𝜔
𝛾@

. sin 𝛿 𝜔  

 
Here, G’ is the storage of elastic energy or “storage modulus” and G’’ the viscous dissipation 
or loss modulus. G’ describes the solid-like contributions to the measured stress response and 
is thus a measure for the elasticity. G’’ describes the fluid-like contributions to the measured 
stress response. The difference in phase between strain and stress is described by δ (Datta, 
2017). 
 
Depending on the mechanical properties of the material, the strain and stress are in phase or 
out of phase. The strain and stress are in phase for an elastic solid. In a purely viscous fluid, 
the strain and stress are out of phase with a phase angle δ = π/2. Here, the stress in the 
material is proportional to the rate of deformation. The response of viscoelastic materials have 
both in-phase and out-of-phase contributions, which results in a phase angle between zero 
and π/2 (Weitz et al., 2007). 
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Figure 10: Representation of the phase angles for a) elastic solids, b) viscous fluids, and c) viscoelastic materials 
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Goals 
The main goal of this thesis was to determine the effect of different fucoidan concentrations on 
the fibrillogenesis of collagen, on the characteristics of the collagen monolayer, and on the 
collagen/fucoidan hydrogel formation. The effect of the different methods of applying the 
coating was studied as well. To reach this goal, several sub-aspects are investigated: 
 

1. Confirmation of collagen fibrillogenesis in the presence of fucoidan. 
2. The effect of the fucoidan concentration on the topography of the coatings, based on 

AFM-imaging. 
3. The effect of the method of applying the coating on the topography of the coatings, 

based on AFM-imaging. 
4. The effect of the fucoidan concentration on the stiffness and adhesive forces of the 

coating, based on AFM force indentation studies, measured in both hydrated and 
dehydrated conditions. 

5. The effect of the fucoidan concentration on the gelation process of the hydrogels, 
based on rheometric analysis. 

 
After investigating these aspects, a general conclusion could be made.  



 

 28 

Materials and methods 
1 Sample preparation 

1.1 Hydrogel formation 

The fucoidan that was used, is derived from Fucus vesiculosus, collected in Mindelo Beach, 
Portugal. These extracts were supplied by CICECO-Aveiro Institute of Materials, University of 
Aveiro. The protocol that was used to form the collagen/fucoidan hydrogels is based on the 
protocol described by Vandrovcova et al. (Vandrovcova, Douglas et al., 2015). Before the 
hydrogels were formed, the solubility of the fucoidan was determined in Milli-Q water. 
Subsequently, a binary dilution series was made starting from the fucoidan stock solution. This 
series contains fucoidan concentrations of 5.00 mg/mL, 2.50 mg/mL, 1.25 mg/mL, 0.63 mg/mL, 
0.31 mg/mL and 0.00 mg/mL fucoidan. For each fucoidan concentration in the series, a 
collagen/fucoidan hydrogel was formed. 
 
To form the hydrogels, 50 µL of 10× Eagle’s Minimum Essential Medium (MEM; Sigma–
Aldrich, M0275) and 50 µL of a fucoidan solution from the dilution series was added to 400 µL 
of a 3.74 mg/mL acidic type I bovine collagen (Corning®, 354231) solution. This resulted in a 
final collagen concentration of approximately 3 mg/mL and fucoidan concentrations of 0.500 
mg/mL, 0.250 mg/mL, 0.125 mg/mL, 0.063 mg/mL, 0.031 mg/mL and 0.000 mg/mL. Hydrogel 
formation takes place after neutralising the solution. This is done by adding 1 M sodium 
hydroxide with increments of 2 µL and shaking until the colour of the collagen solution changed 
from yellow to purple. Hydrogel formation was performed at room temperature. 
 

1.2 Coating of the substrate 

To analyse the collagen fibril layers, mica was chosen as a substrate due to its characteristics. 
Mica plates have a layered structure and can be made perfectly flat and even by removing the 
top layer with a piece of tape. Due to this property, mica is very suitable for very sensitive AFM-
studies. To determine if there is a difference between hydrogel formation directly on the mica 
and pre-formation of the hydrogel in a tube, two methods were used for the coating of the mica. 
 
In the first method, mica plates were immediately covered with the neutralised 
collagen/fucoidan solution. This way, the collagen fibrils can be formed directly onto the 
substrate. After two hours of incubating, the hydrogels were removed so that a monolayer of 
collagen and fucoidan is left on the mica. The plates were rinsed three times with Milli-Q water 
and air-dried in a laminar flow. In the second method, the hydrogel was pre-formed in a tube 
and the transferred onto the mica plates. The subsequent steps are the same as in the first 
method. 
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2 AFM imaging 
To generate high-resolution images of the topography of the collagen/fucoidan monolayer, a 
Nanowizard AFM® II by JPK Instruments (Berlin, Germany) was used in a quiet room with 
constant room temperature to avoid distortion by sound and thermal drift of the cantilever. 
DNP-10 AFM probes (Bruker AFM Probes, Billerica, Massachusetts, USA) were used. The 
chip on which the cantilevers are attached contain four cantilevers, each given a letter as 
respectively A, B, C and D. During all the measurements, only cantilever A was used. It has a 
resonant frequency between 50 and 80 kHz, a spring constant between 0.175 and 0.7 N/m 
and a length between 115 and 125 µm. The probe itself is made of silicon nitride, has 
symmetric pyramidal shape with a front angle of 15 ± 2.5 º and a nominal tip radius of 20 nm. 
The cantilevers are calibrated before imaging by obtaining the resonant frequency and the 
spring constant. Silica was used a blanc sample during the calibration. 
 
The mode that was used for imaging is contact mode. The setpoint is always set on 1 V, which 
can also be expressed in nN. This is depending on the value of the resonant frequency and 
the spring constant of the cantilever, and varied in these experiments between 12.451 nN and 
15.078 nN. The resolution of the images was set on 512 x 512 pixels with a scan rate varying 
between 1 Hz and 3 Hz. Several parameters can be modified during imaging such as the scan 
rate, the IGain (Integral Gain) and PGain (Proportional Gain) of the feedback loop, and the 
setpoint. Adjustments of these parameters during imaging may be necessary to eliminate noise 
on the image or to have a more detailed image. 
 
After imaging, the data was processed with the JPK DP Software. Line fitting was performed 
on the images to eliminate height changes from the background. Streaks in the image from a 
tip that got stuck and came loose again, were eliminated by removing the line and replace the 

1) 

2) 

Figure 11: Schematic representation of the first method (1) where the hydrogel was formed 
directly onto the mica; and the second method (2) where the hydrogel was pre-formed. 
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line with an average of the neighbouring lines. In this stage, it is also possible to generate a 
3D-model of the scanned surface. 
 

3 Force spectroscopy 
After all the images were generated, the measurement mode was changed to force 
spectroscopy. In order to have a more general overview of the mechanical properties of the 
sample, a colloidal probe was used. This probe has a spherical shape with a diameter of 3.6 
µM. With this probe, force-distance curves were obtained on 25 points ordered in a 5 x 5 grid. 
The distance between each point was 3.6 µM. For statistical purpose, the force-distance curve 
of each point was repeated three times. The study with the colloidal probe was performed as 
well in dry as in wet conditions. For wet conditions, a phosphate-buffered saline (PBS) was 
used so that the ions in the solution eliminate the adhesive forces between the probe and the 
sample was eliminated. 
 
The force-distance curves were subsequently analysed with the JPK DP Software. For each 
curve, several operations were performed. The value of the base line of the extend curve was 
set to zero and tilt was eliminated. The point where the extension force curve crosses the zero-
force line, was set as the zero point of the X-axis. The slope of the extension curve and the 
minimum value of the retraction curve were calculated so that the elasticity and the adhesive 
forces can be calculated. 
 

4 Rheometry 
To measure the rheometric properties of the hydrogels during the gelation process, the AR 
1000-N rheometer from TA Instruments was used. The hydrogels containing 0.000 mg/ml, 
0.125 mg/ml and 0.500 mg/ml were again prepared according to the protocol that was used 
for coating the mica. The collagen/fucoidan solution was distributed onto the stationary plate 
of the rheometer, as soon as the solution was neutralized with a sodium hydroxide solution. A 
rotating acrylic cone was used, with an 2°10’ angle and a 40 mm diameter. The rheometric 
analysis was carried out for each of the solutions for 30 minutes, with an oscillation frequency 
of 1.00 Hz and at a constant temperature of 22°C. 
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Results 
1 AFM imaging 
Through AFM imaging, the influence of fucoidan on the fibrillogenesis of collagen can visually 
be observed. On each sample, a coating can be seen that consist of a network of fibrillary 
material. On top of this layer, larger and more developed collagen fibres can be adsorbed. A 
set of images was generated for each sample. Each set contains a large image of the vertical 
deflection for a general overview. Two smaller images, one of the vertical deflection and one 
of the height, were obtained as well for a more detailed look at the coating. 
 

1.1 Hydrogel formation on mica 

0.0000	mg/mL	fucoidan	

 
On the general overview (Figure 12, left) of the sample, several long collagen fibres can be 
observed. These fibres are thick and have a linear structure, but are, despite being very 
noticeable, not abundantly present on the sample. Smaller collagen fibres are present in much 
higher quantities. These smaller fibres seem to be randomly orientated and are present on the 
entire surface. On the smaller images of the deflection (Figure 12, top right) and the height 
(Figure 12, bottom right) can be seen that the observed collagen fibres are adsorbed on top of 
a coating that consists of a vast network of much smaller fibres. The fibres in this network do 
not seem to be orientated in a specific direction.  

Figure 12: Images of the coating that was directly performed on the mica, that contains 0.00 mg/mL fucoidan, 
obtained with the AFM Nanowizard AFM® II by JPK: 100x100 µm Image of the vertical deflection (left), 3x3 
µm Image of the vertical deflection (top right), and a 3x3 µM image of the height (bottom right). 
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0.03125	mg/mL	fucoidan	

 
On the general overview (Figure 13, left) of the sample, some larger collagen fibres can be 
observed, but not as long and in fewer quantities as observed on the previous coating 
discussed above. These fibres are thick and have a linear structure. Unlike on the previous 
coating, not many smaller collagen fibres can be observed on the large image. The large 
patches that can be seen, are contaminants due to an incomplete removal of the hydrogel or 
due to contamination with dust particles. On the smaller images of the deflection (Figure 13, 
top right) and the height (Figure 13, bottom right) can be seen that the observed collagen fibres 
are adsorbed on top of a coating that consists of a network of much smaller fibres. The coating 
has a more net-like structure with bigger meshes. On the height image can be seen that the 
top layer of the coating seems to consist of fibres that are mainly orientated in the same 
direction. 
  

Figure 13: Images of the coating that was directly performed on the mica, that contains 0.03125 mg/mL 
fucoidan, obtained with the AFM Nanowizard AFM® II by JPK: 100x100 µm Image of the vertical deflection 
(left), 3x3 µm Image of the vertical deflection (top right), and a 3x3 µM image of the height (bottom right). 
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0.0625	mg/mL	fucoidan	
  

On the general overview (Figure 14, left) of the sample, some larger collagen fibres can be 
observed, but not as long and in fewer quantities as observed on the coating that does not 
contain fucoidan. These fibres are thick and have a linear structure. Smaller collagen fibres 
can be observed on the large image, but also in smaller quantities. On the smaller images of 
the deflection (Figure 14, top right) and the height (Figure 14, bottom right) can be seen that 
the observed collagen fibres are adsorbed on top of a coating that consists of a network of 
much smaller fibres. The network is very dense and no meshes can be seen. It seems to 
consist of fibres that are all orientated in the same direction. 
  

Figure 14: Images of the coating that was directly performed on the mica, that contains 0.0625 mg/mL fucoidan, 
obtained with the AFM Nanowizard AFM® II by JPK: 100x100 µm Image of the vertical deflection (left), 3x3 
µm Image of the vertical deflection (top right), and a 3x3 µM image of the height (bottom right). 
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0.125	mg/mL	fucoidan	

  
On the general overview (Figure 15, left) no bigger collagen fibres are present. Only the coating 
can be seen as a homogeneous layer of fibres. On the smaller images of the deflection (Figure 
15, top right) and the height (Figure 15, bottom right) can be seen that the layer consists of 
small fibres that are all orientated in the same direction. The layer is not as dense, since larger 
holes can be seen. 
  

Figure 15: I Images of the coating that was directly performed on the mica, that contains 0.125 mg/mL fucoidan, 
obtained with the AFM Nanowizard AFM® II by JPK: 100x100 µm Image of the vertical deflection (left), 3x3 
µm Image of the vertical deflection (top right), and a 3x3 µM image of the height (bottom right). 
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0.250	mg/mL	fucoidan	

 
On the general overview (Figure 16, left) of the sample, several long collagen fibres can be 
observed. These fibres are thick and have a linear structure, but are, despite being very 
noticeable, not abundantly present on the sample. Smaller collagen fibres are present as well. 
These smaller fibres seem to be randomly orientated and are present on the entire surface. 
On the smaller images of the deflection (Figure 16, top right) and the height (Figure 16, bottom 
right) can be seen that the observed collagen fibres are adsorbed on top of a coating that 
consists of a vast network of much smaller fibres. The network is very dense and no meshes 
can be seen. It seems to consist of fibres that are orientated in the same direction. 
  

Figure 16: Images of the coating that was directly performed on the mica, that contains 0.250 mg/mL fucoidan, 
obtained with the AFM Nanowizard AFM® II by JPK: 100x100 µm Image of the vertical deflection (left), 3x3 
µm Image of the vertical deflection (top right), and a 3x3 µM image of the height (bottom right). 
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0.500	mg/mL	fucoidan	

 
On the general overview (Figure 17, left) of the coating, no large or small, thick collagen fibres 
can be observed. Small patches of fibres can be seen, which seem to have a similar structure 
of the observed fibre network of the coating which contains 0.125 mg/mL fucoidan. On the 
smaller images of the deflection (Figure 17, top right) and the height (Figure 17, bottom right) 
can be seen that the fibres are orientated in the same direction. 
 
 
 
 
 
 
 

  

Figure 17: Images of the coating that was directly performed on the mica, that contains 0.500 mg/mL fucoidan, 
obtained with the AFM Nanowizard AFM® II by JPK: 100x100 µm Image of the vertical deflection (left), 3x3 
µm Image of the vertical deflection (top right), and a 3x3 µM image of the height (bottom right). 
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1.2 Pre-formed hydrogel on mica 

0.0000	mg/mL	fucoidan	
 

 
On the general overview (Figure 18, left) of the sample, no bigger collagen fibres are present. 
Smaller collagen fibres are present in low quantities. Aggregates of fibres are present. The 
fibres in these aggregates have a branched structure. The large patches that can be seen, are 
contaminants due to an incomplete removal of the hydrogel or due to contamination with dust 
particles. On the general overview and on the smaller images of the deflection (Figure 18, top 
right) and the height (Figure 18, bottom right) can be seen that the observed collagen fibres 
and aggregates are adsorbed on top of a coating that consists of a vast network of much 
smaller fibres. The coating consists of small fibres that are all orientated in the same direction.  
  

Figure 18: Images of the coating from pre-formed hydrogel, that contains 0.0000 mg/mL fucoidan, obtained 
with the AFM Nanowizard AFM® II by JPK: 100x100 µm Image of the vertical deflection (left), 3x3 µm Image 
of the vertical deflection (top right), and a 3x3 µM image of the height (bottom right). 



 

 38 

0.03125	mg/mL	fucoidan	

 
 
On the general overview (Figure 19, left) of the sample, few large collagen fibres can be 
observed. These fibres are thick and have a linear structure, but are, despite being very 
noticeable, not abundantly present on the sample. Smaller collagen fibres are as well present 
in low quantities. These smaller fibres seem to be randomly orientated and are present on the 
entire surface. On the smaller images of the deflection (Figure 19, top right) and the height 
(Figure 19, bottom right) can be seen that the observed collagen fibres are adsorbed on top of 
a coating that consists of a network of much smaller fibres. The fibrils in this network do not 
seem to be orientated in a specific direction. 
 
  

Figure 19: Images of the coating from pre-formed hydrogel, that contains 0.03125 mg/mL fucoidan, obtained 
with the AFM Nanowizard AFM® II by JPK: 100x100 µm Image of the vertical deflection (left), 3x3 µm Image 
of the vertical deflection (top right), and a 3x3 µM image of the height (bottom right). 



 

 39 

0.0625	mg/mL	fucoidan	

 
 
On the general overview (Figure 20, left) of the sample, no bigger or smaller collagen fibres 
are present. The large patches that can be seen, are contaminants due to an incomplete 
removal of the hydrogel or due to contamination with dust particles. On the smaller images of 
the deflection (Figure 20, top right) and the height (Figure 20, bottom right) can be seen that 
the coating consists of a homogeneous layer of small fibrils. These fibrils form a network that 
do not seem to be orientated in a specific direction. 
  

Figure 20: Images of the coating from pre-formed hydrogel, that contains 0.0625 mg/mL fucoidan, obtained 
with the AFM Nanowizard AFM® II by JPK: 100x100 µm Image of the vertical deflection (left), 3x3 µm Image 
of the vertical deflection (top right), and a 3x3 µM image of the height (bottom right). 
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0.1250	mg/mL	fucoidan	

 
 
On the general overview (Figure 21, left) of the sample, no bigger or smaller collagen fibres 
are present. Only a homogeneous coating is visible. On the smaller images of the deflection 
(Figure 21, top right) and the height (Figure 21, bottom right) can be seen that the observed 
layer consists of a vast network of much small fibrils that do not seem to be orientated in a 
specific direction. 
  

Figure 21: Images of the coating from pre-formed hydrogel, that contains 0.1250 mg/mL fucoidan, obtained 
with the AFM Nanowizard AFM® II by JPK: 100x100 µm Image of the vertical deflection (left), 3x3 µm Image 
of the vertical deflection (top right), and a 3x3 µM image of the height (bottom right). 
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0.2500	mg/mL	fucoidan	

 
 
On the general overview (Figure 22, left) of the sample, no bigger or smaller collagen fibres 
are present. The large patches that can be seen, are contaminants due to an incomplete 
removal of the hydrogel or due to contamination with dust particles. On the smaller images of 
the deflection (Figure 22, top right) and the height (Figure 22, bottom right) can be seen that 
the coating consists of a homogeneous layer of small fibrils. These fibrils form a network of 
which the fibrils in the top layer seem to be orientated in the same direction. 
 
  

Figure 22: Images of the coating from pre-formed hydrogel, that contains 0.2500 mg/mL fucoidan, obtained 
with the AFM Nanowizard AFM® II by JPK: 100x100 µm Image of the vertical deflection (left), 3x3 µm Image 
of the vertical deflection (top right), and a 3x3 µM image of the height (bottom right). 
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0.5000	mg/mL	fucoidan	

 
 
On the general overview (Figure 23, left) of the sample, one sole long collagen fibre can be 
observed. This fibre is thick and has a linear structure. No smaller collagen fibres are present 
in much higher quantities. On the smaller images of the deflection (Figure 23, top right) and 
the height (Figure 23, bottom right) can be seen that the coating consists of a homogeneous 
layer of small fibrils. These fibrils form a network and do not seem to be orientated in a specific 
direction. 
  

Figure 23: Images of the coating from pre-formed hydrogel, that contains 0.5000 mg/mL fucoidan, obtained 
with the AFM Nanowizard AFM® II by JPK: 100x100 µm Image of the vertical deflection (left), 3x3 µm Image 
of the vertical deflection (top right), and a 3x3 µM image of the height (bottom right). 
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2 Force spectroscopy 

2.1 Measurements in dry conditions 

When measuring the force-distance plots in dry conditions, interaction between the tip of the 
cantilever and the surface of the sample are possible. This results into adhesive forces, that 
can be seen as a sudden drop in both the extension and retraction curves. The slope of each 
extension curve and the minimum value of the retraction curves were calculated with the JPK 
Data Processing software, and the mean values for each sample were calculated. 
 
Table 2: Results of the force spectroscopy measurements in dry conditions of the samples with hydrogel formation 
directly on mica, and of the samples where the hydrogels were pre-formed. 

ON MICA 

Fucoidan conc. (mg/ml) Avg. slope (N/m) STDV (N/m) Avg. adhesion force (nN) STDV (nN) 

0.00000 32.341 2.021 759.244 219.618 

0.03125 33.279 1.237 1002.177 63.484 

0.06250 33.094 1.089 733.463 139.686 

0.12500 34.225 0.554 1002.591 64.383 

0.25000 32.553 0.444 567.737 48.248 

0.50000 33.238 0.538 738.080 19.188 
     

PRE-FORMED 

0.00000 29.724 0.471 1788.493 94.979 

0.03125 29.113 0.594 1738.438 264.019 

0.06250 28.757 1.502 1649.588 379.653 

0.12500 29.145 0.903 1721.813 29.630 

0.25000 29.464 0.913 1722.028 82.886 

0.50000 29.579 0.483 1697.676 44.970 

Figure 24: Typical shape of a force-distance plot in dry conditions. 
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To calculate the slope and adhesion force for each sample, the average of 75 curves was 
taken. To prove whether the average values of the samples are significantly different, a one-
way ANOVA test could be performed. The requirements for this test is that for each sample, 
the results are Gaussian distributed, and that there is an equality of variances between the 
samples. Since these requirements are not met, this test could not be performed. In Figure 25 
and Figure 30, a comparison of the average slopes and adhesion forces between the different 
samples are represented in a bar chart. 
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Figure 25: Comparison of the average slopes of the force-distance curves from the ‘on-mica’ 
and ‘pre-formed’ samples in dry conditions. 
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Figure 26: Comparison of average the adhesion forces from the ‘on-mica’ and ‘pre-formed’ 
samples in dry conditions. 
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2.2 Measurements in wet conditions 

 
When measuring the force-distance plots in wet conditions, the interaction between the tip of 
the cantilever and the surface of the sample are masked by the ions in the PBS solution. This 
results into curves without a sudden drop in both the extension and retraction curves. Here, 
the slope of each extension curve and Young’s modulus were calculated with the JPK Data 
Processing software, and the mean values for each sample were calculated. 
 
Table 3: Results of the force spectroscopy measurements in wet conditions of the samples with hydrogel formation 
directly on mica, and of the samples where the hydrogels were pre-formed. 

ON MICA 

Fucoidan conc. (mg/ml) Avg. slope (N/m) STDV (N/m) Avg. Young's modulus (MPa)  STDV (MPa) 

0.00000 8.066 0.1466 30.480 1.348 

0.03125 8.135 0.2084 35.760 3.38 

0.06250 1.660 0.1188 -   -   

0.12500 10.640 0.8170 107.300 38.2 

0.25000 13.690 0.2286 124.400 5.736 

0.50000 16.510 0.9974 186.700 26.28 
     

PRE-FORMED 

0.00000 8.407 0.2894 6.709 0.3761 

0.03125 8.090 0.6483 6.054 1.9970 

0.06250 8.255 0.1853 6.736 0.2294 

0.12500 8.456 0.3911 6.981 0.4907 

0.25000 8.352 0.3158 6.632 0.4548 

0.50000 8.278 0.1466 6.625 0.1611 

Figure 27:Typical shape of a force-distance curve in wet conditions. 
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To calculate the slope and Young’s modulus for each sample, the average of 75 curves was 
taken. To prove whether the average values of the samples are significantly different, a one-
way ANOVA test could be performed. The requirements for this test is that for each sample, 
the results are Gaussian distributed, and that there is an equality of variances between the 
samples. Since these requirements are not met, this test could not be performed. In Figure 28 
and Figure 29, a comparison of the average slopes and Young’s moduli between the different 
samples are represented in a bar chart. 
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Figure 29: Comparison of the average Young’s moduli of the ‘on-mica’ and ‘pre-formed’ 
samples in wet conditions. 
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Figure 28: Comparison of the average slopes of the force-distance curves from the ‘on-mica’ 
and ‘pre-formed’ samples in wet conditions. 
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To visually compare the force-distance curves of the samples, some that were obtained in wet 
conditions are plotted per concentration. In Figure 30 can be seen that for low fucoidan 
concentrations, the curve of the ‘on-mica’ sample is less steep than the curve of the ‘pre-
formed’ sample. As the fucoidan concentration increases, the curves of the ‘on-mica’ samples 
become steeper than the curves of the ‘pre-formed’ samples. 
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Figure 30: comparison between the force curves of the ‘on-mica’ and ‘pre-formed’ samples for fucoidan 
concentrations of 0.000 mg/ml, 0.03125 mg/ml, 0.125 mg/ml and 0.500 mg/ml. 
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3 Rheometry 
 
The storage modulus of the hydrogels was plotted in function of time during the gelation 
process (Figure 31). The initial storage modulus of the collagen solution with no fucoidan 
present, is lower than the initial storage modulus of the two other solutions where fucoidan was 
present. Each of the plots have a similar, progressive curve. The curve of the collagen solution 
with no fucoidan present, and the one of the collagen solution with 0.500 mg/ml fucoidan 
present, seem to be parallel to each other. The storage modulus of the collagen solution with 
0.125 mg/ml fucoidan present, increases faster. For each of the hydrogels, the gelation 
process was not finished, since no plateau values were reached. 
 

  

  

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0 200 400 600 800 1000 1200 1400 1600 1800 2000

St
or
ag
e	
m
od

ul
us
	G
'	(
Pa

)

Time	(seconds)

0,000	mg/ml	fucoidan

0,125	mg/ml	fucoidan

0,500	mg/ml	fucoidan

Figure 31: Storage modulus plotted in function of time during the gelation of three hydrogels containing different 
concentrations of fucoidan. 



 

 49 

Discussion 
1 AFM imaging 
Since not much is known about the interactions between collagen and fucoidan, the AFM 
images can provide visual information about the influence of fucoidan on the collagen 
fibrillogenesis, and adsorption on the substrate. The difference between the two methods of 
application of the coating can also be observed. 
 
In general, more large fibrils are found on top of the coatings where the hydrogel was formed 
directly on the mica plates. Since collagen type I easily adsorbs onto a surface (Dupont-Gillain, 
2014), nucleation points are formed directly on the mica, from where the fibril growth starts. 
On the samples that were coated by using pre-formed hydrogels, only a few or no large fibrils 
were observed, or smaller fibres were observed. There are at least two possible explanations 
for this observation. Firstly, since there is no mica substrate surface on which nucleation points 
can form, the nucleation points form throughout the hydrogel, i.e. with a homogeneous 
distribution. This promotes the formation of a large number of small fibrils instead of a small 
number of large fibrils. Secondly, larger collagen fibres can also be retained by the surrounding 
hydrogel, so that adsorption of large collagen fibres is prevented. 
 
A higher deposition of larger and smaller fibrils can also be seen on samples where lower 
fucoidan concentrations were used. This is more obvious for the samples where pre-formed 
hydrogels are used. This may indicate that fucoidan in higher concentrations has an inhibiting 
effect on the collagen fibrillogenesis. 
 
On each sample, a deposition of a network of fibrillary material is present. This is the actual 
coating, which appears to be the ‘background’ on which larger and smaller fibrils are adsorbed. 
On the samples where gelation took place directly on mica, the presence of fucoidan seems 
to have an influence on the orientation of the fibrils in the coating. When no fucoidan is present, 
all fibrils are orientated in different directions. At a fucoidan concentration of 0.03125 mg/mL, 
a net-like structure can be observed of which the fibrils in the top layer seem to be orientated 
in the same direction. For higher fucoidan concentrations, all fibrils are orientated in the same 
direction. For lower fucoidan concentrations, the network of fibrillary material is rather dense. 
 
The fucoidan concentration does not seem to influence the orientation of the fibrils in the 
coating of the samples where pre-formed hydrogels were used. Here all the fibrillary material 
seems to be orientated in different directions. For both ‘on-mica’ samples and ‘pre-formed’ 
samples, the coating is, as expected, homogeneously spread over the sample areas. This is 
due to the fact that the components are also homogeneously distributed throughout the 
collagen/fucoidan solutions. Only in the case of the ‘on-mica’ sample with a fucoidan 
concentration of 0.5000 mg/mL and the ‘pre-formed’ sample without fucoidan, are the networks 
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not homogeneously distributed over the sample area. A possible explanation is that the images 
might have been obtained close to the edge of the area that was covered with the hydrogel. 

2 Force spectroscopy 
A general overview of the mechanical properties of the samples was obtained by performing 
force indentation studies with the colloidal AFM probe. 
 

2.1 Measurements in dry conditions 

On all force-distance curves that were obtained in dry conditions, can be seen that there is a 
jump-to-contact and a jump-of-contact. This indicates that adhesion forces are present 
between the sample and tip of the cantilever (Janshoff et al., 2000). During analysis of the 
force-distance curves, the average adhesion force and the average slope of the extension 
curve were calculated for each sample. 
 
For both the ‘on-mica’ and ‘pre-formed’ samples, the average slope of the extension curve in 
dry conditions was not influenced by the fucoidan concentration. The average slope is slightly 
lower for the pre-formed samples. This indicates that the coatings on the ‘on-mica’ samples 
are slightly stiffer. This difference may be due to the fact that the coatings were applied by two 
different methods. The fibres of the coatings of the ‘on-mica’ samples have a more organised 
structure, compared to the pre-formed samples. This may make the coatings slightly stiffer. 
 
The adhesive forces for the ‘on-mica’ samples range between 733.463 nN and 1002.591 nN. 
Even though there are big differences, no trend can be observed for an increasing fucoidan 
concentration. The adhesive forces for the pre-formed samples range between 1649.588 nN 
and 1788,493 nN. Here, the differences are smaller, but also no trend can be observed. 
However, the adhesive forces of the ‘pre-formed’ samples are much higher than the adhesive 
forces of the ‘on-mica’ samples. Here is the possible explanation also that the coatings were 
applied by two different methods. The fibres of the coating on the ‘on-mica’ samples are more 
organised and may partially shield each other’s charged groups, which results in lower 
adhesive forces between collagen and the tip of the cantilever. 
 

2.2 Measurements in wet conditions 

All force-distance curves that were obtained in wet conditions do not show a jump-to-contact 
and jump-of-contact. This is because the ions that are present in the PBS solution, shield off 
the charged groups of all components in the sample. During analysis of the force-distance 
curves, the Young’s modulus and the average slope of the extension curve were calculated 
for each sample. 
 
The average slopes of the extension curve in wet conditions are for both ‘on-mica’ and ‘pre-
formed’ samples lower in wet conditions than in dry conditions. This was expected, since the 
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shear modulus of hydrated collagen fibres is lower than the shear modulus of dehydrated 
collagen fibres (Shoulders & Raines, 2009).  
 
The average slope of the extension curve in the ‘on-mica’ samples increases with increasing 
fucoidan concentration. The force-distance curves of the sample with a fucoidan concentration 
of 0.06250 mg/ml were distorted, which resulted into an erroneous value for the slope of the 
retraction curve, and made it impossible to calculate the Young’s modulus. Since the Young’s 
modulus is, just like the slope of the extension curve, a measure for the elasticity of a material, 
it also increases with an increasing fucoidan concentration for the ‘on-mica’ samples. 
 
A higher Young’s modulus means that the material is stiffer (JPK Instruments AG, 2017). A 
possible explanation for this increase of the Young’s modulus in the ‘on-mica’ samples may be 
that fucoidan crosslinks smaller collagen fibrils, which results in a network of fibrillary material. 
This also supports the hypothesis that fucoidan inhibits collagen fibrillogenesis (1. AFM 
imaging), since larger fibres cannot be formed when the smaller fibrils already are incorporated 
into a dense network. 
 
The average slope of the extension curve and the average Young’s modulus of the ‘pre-formed’ 
samples did not increase with increasing fucoidan concentration. A possible explanation is that 
here the fucoidan interacts with the collagen in the hydrogel, and not directly on a surface. This 
results into a network of fibres that are not organised and still needs to adsorb onto the surface 
of the substrate when the hydrogel is transferred. 
 

3 Rheometry 
For the rheometric examination of the hydrogels, only three hydrogels were examined. To 
make a better conclusion about the rheometric study, it would be better to perform the test 
multiple times on all hydrogels. Therefore, the reliability of this test is low. From this study, it 
appears that the initial storage modulus of the collagen solution without fucoidan is lower than 
the initial storage modulus of the other hydrogels. The storage modulus increases all three 
hydrogels in time. A lower fucoidan concentration results in a faster increase of the storage 
modulus. This could indicate that the gelation process of a hydrogel with a higher fucoidan 
concentration takes longer to complete. Since no plateau values were reached, no conclusions 
can be made about the influence of the fucoidan concentration on the storage modulus of the 
final hydrogels. 
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4 Future outlook 
Now that the influence of fucoidan on collagen-based coatings is known and the mechanical 
properties are studied, a comparison can be made with other types of coatings comprised of 
different types of biomolecules. Further research can be done in the development of new types 
of coatings comprising not only collagen and fucoidan, but also other biomolecules with 
biological activities that are favourable as well. Cell growth studies can be performed to 
investigate the interaction of osteoblasts with the different types of coatings. Since the aim is 
to use these coatings in clinical applications, a high level of sterility is essential. Therefore, 
research should be done in the development of sterilisation procedures that achieve a high 
level of sterility but that are not detrimental for the coatings. 
 
Another option is to investigate how the hydrogels can be used instead of the coatings to 
improve osseointegration. When coatings are used, the coating must be applied before the 
implant is inserted. Hydrogels, however, can be used to both to surround the implant and fill 
the cavities between the implant and surrounding tissue. 
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Conclusions 
Depending on the method of coating and the fucoidan concentration, larger and more 
developed fibres could be adsorbed on top of the coating. Those fibres were mainly observed 
when the hydrogel was formed directly on top of the mica plate, since collagen type I easily 
adsorbs onto a surface (Dupont-Gillain, 2014). Nucleation points are directly formed onto the 
substrate and fibre growth takes place. In pre-formed hydrogels, nucleation starts throughout 
the hydrogel, which results into the formation of smaller collagen fibres. 
 
Coatings that are created with hydrogels that are formed directly onto the mica, are stiffer than 
coating that are created with pre-formed hydrogels. AFM force indentation studies show that 
the stiffness of the dehydrated coatings is higher when the hydrogel was formed on the mica, 
but is independent of the fucoidan concentration. The average adhesion forces between the 
sample and the tip of the cantilever are also independent of the fucoidan concentration, but 
are higher for coatings that were created with pre-formed hydrogels. These coatings have an 
unorganised structure, whereas the fibrils of the coatings that were created with hydrogel 
formation on mica, are oriented in one direction. This is also confirmed by the AFM images. In 
the organised structures, charged groups of the collagen fibres are shielded off, which results 
into lower adhesion forces. 
 
When the coatings were hydrated with BPS, no adhesion forces were present since the ions 
in the solution mask all the charged groups of the components in the coating. The stiffness of 
the hydrated coatings is lower than the stiffness of the dehydrated coatings. The elastic 
properties of the coatings that were created with hydrogel formation on mica, are dependent 
on the fucoidan concentration. The higher the fucoidan concentration, the higher the Young’s 
modulus and slope of the force curve. It can be suggested that fucoidan interacts with small 
collagen fibrils to form a vast network of fibrillary materials.  
 
Since fucoidan interacts with small collagen fibrils, it inhibits fibrillogenesis of collagen, which 
prevents the formation of large and more developed fibres. This is also confirmed by AFM 
images, since most large and more developed fibres are present when there is a low fucoidan 
concentration. 
 
The average Young’s modulus and slope of the force curves of the coatings from pre-formed 
hydrogel, are not dependent on the fucoidan concentration. A possible explanation is that the 
fucoidan interacts with the collagen in the hydrogel, and not directly on a surface. This results 
into a network of fibres that are not organised and still need to adsorb onto the surface of the 
substrate when the hydrogel is transferred.  
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