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ABSTRACT

The objective of the present study was to explore the potential of furcellaran in
biomedical applications. Furcellaran was immobilized onto polyethylene
terephthalate (PET) surfaces via a multistep process, and the resultant surfaces were
characterized by relevant analytical techniques. The immobilized furcellaran was then
tested to antibacterial and anticoagulant properties, as well as cytocompatibility with
fibroblasts and stem cells. The findings suggest that PET films coated with furcellaran
exhibited a significant increase in the proliferation of embryonic stem cells (ESCs)
when compared to the untreated material. Furcellaran was also sulfated using four
different methods to improve its hemocompatibility, and the resulting sulfates were
confirmed by FT-IR and XPS. The study found that the introduction of sulfate esters
into furcellaran increased its anticoagulant activity while the furcellaran prepared via
chlorosulfonic acid had the highest effect on the coagulation cascade. All tested
samples were non-cytotoxic up to the concentration of 0.1 mg/mL. Sulfated
derivatives immobilized on the PET surface via radiofrequency plasma exhibited a
reduction in adhesion and aggregation of platelets and inactivation of all their stages.

Keywords: chemical modification, furcellaran, hemocompatibility, biocompatibility,
coatings, biomaterials



ABSTRACT

Cilem této studie bylo prozkoumat potencidl furcellaranu v biomedicinskych
aplikacich. Furcellaran byl imobilizovan na povrchy polyethylentereftalatu (PET)
pomoci vicekrokového procesu a vysledné povrchy byly charakterizovany pomoci
relevantnich analytickych metod. Imobilizovany furcellaran byl poté podroben testim
antibakteridlni a antikoagula¢ni Gc¢innosti a testim s fibroblasty a kmenovymi
buitkami. Vysledky naznacuji, Ze PET filmy potazené furcellaranem vykazovaly
vyznamny nartst proliferace embryonalnich kmenovych bunék (ESCs) v porovnani s
neupravenym polymerem. Furcellaran byl také sulfatovan Ctyfmi riznymi metodami
S cilem zlepsit jeho hemokompatibilitu, kde vysledné sulfaty byly potvrzeny pomoci
FT-IR a XPS. Studie ukézala, Ze zavedeni sulfatovych esteri do struktury
polysacharidu zvysilo jeho antikoagula¢ni aktivitu a furcellaran pfipraveny pomoci
chlorosulfonové kyseliny mél nejvétSi efekt na koagulacni kaskadu. VSechny
testované vzorky byly necytotoxické do koncentrace 0.1 mg/mL. Mimo jiné
sulfatované derivaty imobilizované na PET povrchu pomoci radiofrekvencni plazmy
vykazovaly redukci adheze a agregace krevnich desti¢ek a inaktivaci vSech jejich
stadii.

Klicova  slova:  chemickd  modifikace,  furcellaran, = hemokompatibilita,
biokompatibilita, poviaky, biomaterialy
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1. INTRODUCTION

Over the past twenty years, numerous studies have been carried out to explore the
potential biomedical applications of polysaccharides derived from seaweed®. These
polysaccharides have properties such as hydrogel formation under certain pH
conditions, biocompatibility, and non-toxicity, which make them an attractive option
for use in various biomedical fields, including drug delivery and tissue engineering?.
The field of polysaccharide biotechnology is rapidly expanding, and seaweed is
known to contain a wide range of biologically active compounds that have functional
applications in areas such as functional foods and pharmaceuticals, as well as tissue
engineering®.

There are various ways to explore the potential of marine algae polysaccharides for
biomedical applications. One approach is to modify the existing polysaccharides
chemically by incorporating functional groups that impart desirable properties. The
modification can be achieved either by attaching functional moieties or by directly
altering the repeating unit of the saccharides. Another way is to expand the current
range of hydrogel-forming polysaccharides extracted from seaweed, which can open
up new avenues of applications. This can be done by developing advanced methods
for extraction and identifying new seaweed species that may contain previously
undiscovered polysaccharides®.

Seaweed polysaccharides can adhere to surfaces and create coatings, which makes
them useful for immobilizing on polymer surfaces. This can improve the interactions
with target tissues or enable the release of drugs in response to environmental cues®.

The presented thesis is therefore devoted to investigation of biological effects of
furcellaran by the preparation of bioactive surfaces and subsequent chemical
modification.

In the first section a general overview of biomaterials, surface functionalization,
immobilization approaches and chemical modification are reported. At the end a
general introduction to furcellaran, chemical modification and motives for use this
polysaccharide in biomedical applications are given. In second section, the experimental
part, the method used for furcellaran preparation and characterization, biological
assays and the most significate results are illustrated.



2. BIOMATERIALS

Biomaterials have been instrumental in transforming medicine over the last few
decades. These refer to both naturally-occurring and synthetic materials, such as
polymeric materials, metals, ceramic materials, and their composites, that can be
seamlessly integrated into the human body without causing harm to living tissues due
to their biocompatibility®.

Biomaterials must be biocompatible meaning that they perform their function with
an appropriate host response. Throughout history, there have been three
distinguishable groups of biomaterials categorized as "bioinert", "biocompatible™, and
"bioactive," based on their level their interactions with the body’.

Another attractive category of innovative materials that are advancing novel
medical approaches are the ones taking the name of “smart biomaterials”. These
biomaterials have the capacity to change their physical, chemical, and mechanical
characteristics in response to a variety of signals such as temperature, humidity, pH,
redox potential, enzymatic activity, light, and mechanical stimuli®. Among illustrative
examples of smart polymers are hydrogels using reversible techniques for
crosslinking like physical cross-linking, thermally induced entanglement, and self-
assembly, which may regulate the rate of drug release and biodegradation®.

According to the European Society for Biomaterials Consensus Conference-ll,
biomaterial is defined as “the material anticipated interfacing in our biological
systems in order to estimate the augment, treat or replacement of any tissue, organ or
the functioning of the body"°,

2.1 Non-degradable polymers

Nondegradable polymers have been widely used in the biomedical field for various
applications such as drug delivery, implantable devices, tissue engineering scaffolds,
fillings, ophthalmic lenses, heart valves, bone cement etc.!*

These group of polymers can have advantage of offering enduring support over
time along with the ultimate performance during the patient’s lifetime2. It can also
prevent complications arising from asynchronous degradation with new tissue
regeneration and potentially harmful by-products of degraded polymers!'. The main
categories of non-degradable synthetic polymers utilized in various biomedical
applications include poly(urethanes), poly(carbonates), poly(siloxanes) and
poly(sulphones)®.

While non-degradable polymers may provide long-term benefits, their biostability
is also an important consideration that should be addressed to ensure their safety!*.

However, there are existing disadvantages associated with the use of non-
degradable polymers, including the risk of destructive inflammation and development
of biomaterial-associated infection (BAI)*°. Bacteria attach to biomaterial surfaces or



surrounding tissue via adhesion molecules which target a vast array of absorbed
proteins and surface chemistries. Upon adhesion, the bacteria undergo a change in
phenotype, resulting in the formation of a biofilm. In this mode of growth exhibit an
increased resistance to antimicrobial treatments that has been attributed to the
compromising of the immune system leading to foreign body reaction®,

Surface functionalization of non-degradable polymers has been used to improve
polymer-cell interaction, prevent undesirable bacterial adhesion and avoid biomaterial
induced blood thrombosis. Beside its bulk material advantages, availability of creating
bioactive surfaces can provide significantly improved cytocompatibility.

2.2 Biodegradable polymers

Nondegradable polymers have been widely used in the biomedical field for various
applications such as drug delivery, implantable devices, tissue engineering scaffolds,
fillings, ophthalmic lenses, heart valves, bone cement etc.

The use of biodegradable polymers has revolutionized medical treatment in a highly
innovative manner, primarily due to their excellent biocompatibility and
biodegradability. The materials are designed to function for a limited time before the
controlled degradation process, resulting in readily discarded products?.

Biodegradable polymers can be roughly categorized into two main classes — natural
and synthetic — based on their source, composition, synthesis method potential
application and economic importance?’.

Natural polymers include proteins, polysaccharides, nucleic acids, lipids and native
polyesters— polyhydroxyalkanoates (PHA)®. These materials exhibit highly varied
characteristics that depend on the conditions under which they are employed and
possess several advantages such cell function and adhesion support, susceptibility to
cell-triggered proteolytic degradation and natural remodeling®®. On the other hand,
controlling the mechanical properties and degradation rates is challenging.
Furthermore, there are the existing tendency for natural polymer to elicit antigenicity
and higher susceptibility to infections®.

Synthetic BPMs (biodegradable polymer materials) are manufactured by
conventional polymerization procedure and are primarily made from natural resources
and oil, respectively. There can be distinguished two classes of synthetic BPMs: bio-
based polymers such as PLA, and oil-based monomer like PCL%,

While the degradation time of biodegradable polymers in the body may differ, it is
crucial for the biomaterial to degrade at a pace that aligns with the regeneration and
healing process to ensure proper remodeling of the tissue?2. Moreover, the biomaterial
must possess adequate permeability and processability for designed application822,

In contrast to natural BPMs, synthetic BPMs are generally biologically inert and
can be tailored to gain greater range of chemical and mechanical properties®.
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Although synthetic BPMs can prevent complications related to immunogenicity.
Thus, significant research is being conducted on synthetic BPMs in order to avoid
long-term effects associated with non-degradable polymers, such as scarring and
inflammation?4,

3. SURFACE FUNCTIONALIZATION

Since cell-biomaterial interactions primarily occur at the interface, specific features
of the biomaterial’s surface such as roughness, hydrophilicity, chemistry, free energy
and morphology play a significant role in determining the success of the implant?. To
enhance the cell-biomaterial interactions, it is necessary to optimize its physical,
chemical, and biological properties.

Surface modification can be categorized into two types: physical and chemical.
Physical modification alters the surface's topography or morphology while leaving the
chemistry largely unchanged, through techniques like etching, grit blasting, and
machining. On the other hand, chemical modification techniques involve the use of
methods like cold plasma and chemical vapor deposition, atomic layer deposition, and
electro-chemical deposition, all of which have well-established applications®®. Unlike
physical treatment, this method is permanent, as the modification creates stable
covalent bond between biomolecules and the polymer surface. One advantage of
chemical treatment is that it creates stable bioactive sites on the surface, allowing for
the immobilization of additional biomolecules and improving the biological properties
of the surface. This facilitates favorable attachment and growth of cells on the surface.
However, there is a potential risk that uncontrolled chemical functionalization in the
preactivated state may alter the bulk properties of the polymeric material?’.

Several surface functionalizing approaches have been employed to enhance the
performance of biomaterials, particularly at the interface of the material such as wet
chemistry, plasma treatment, surface graft polymerization and biomolecule
Immobilization.

3.1 Plasma Treatment

The process for plasma generation requires the application of energy on gas, which
causes its ionization. Plasma can be categorized into two groups, either non-thermal
(cold) and thermal (hot) plasma (Figure 1), depending on the temperature of its
electrons, along with factors such as the level of ionization, atmospheric pressure, and
prevailing temperature conditions. Thermal plasmas are in equilibrium state, whereby
the temperature of all particles, including electrons, ions and gas is uniform. In
contrast, plasmas that exhibit significant deviations from kinetic equilibrium have
electron temperatures higher (=10,000 K) than the temperature of the ions and neutrals
(=300-1000 K) and are classified as nonequilibrium (non-thermal) plasmas?2°.
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[ Plasma ]

High temperature plasma
(Equilibrium plasma)
T,=T;~T, T,=10~ 10K

Low temperature plasma
(Non-equilibrium plasma)

Thermal plasma Non-thermal plasma
(Qusai-equilibrium plasma) (Non-Equilibrium plasma)
T, ~T; = T,< 2x10*K T,>>T,~T,=T,=300~10°K

Figure 1 Plasma classification. Note: T. = electron temperature, T; = ion temperature, T
= gas temperature®

The damaging effects of high temperatures on polymers are well-known, and
thermal plasmas with high temperatures are not suitable for polymer surface
modification. Consequently, most applications involving the modification of polymer
surfaces typically rely on nonthermal or cold plasmas?2.

Cold plasmas are gases that are only slightly ionized and can be generated either at
low or atmospheric pressures (Figure 2).

Low pressure

—— (Cold plasma)
I.>>T,, Non-thermal
(Non-Eq.)
[ Plasma pressure ]— I,=I,>>T,
Atmospheric
pressure
Thermal
(Kinetic Eq.-LTE)
I.=T;= T,

Figure 2 Plasma classification based on pressure®

Atmospheric pressure plasmas are plasmas that can be created by subjecting a gas
to high electrical fields under normal atmospheric pressure. There are various methods
to achieve this, such as corona discharge, arc discharge, dielectric barrier discharge
(DBD), atmospheric pressure glow discharge (APGD), and plasma jets. One of the

12



significant benefits of atmospheric pressure plasmas is their easy and relatively
inexpensive production. Unlike low-pressure plasmas, they don't require vacuum
components, which makes them more accessible and compatible with various
applications. Low pressure plasmas are generated in a vacuum chamber, with an
applied voltage between the anode and cathode of a few hundred volts having
electrons with energies between 1 to 10 (eV), and a low level of ionization ranging
from 10° to 102 3% They are typically excited and maintained using various
electrical methods, such as applying radio frequency (RF) power, microwave (MW)
power, alternating current (AC), or direct current (DC)?32, To create a dc discharge,
two conductive electrodes are placed in a low-pressure gas-filled chamber. AC
(alternating current) plasma encompass both radio frequency (RF) and microwave
(MW) plasmas, which are generated by higher frequencies (13.56 MHz and 2.45 GHz,
respectively)3,

In literature, plasma treatment is commonly classified as a physical hydrophilic
functionalization method®. However, plasma treatment causes notable chemical
changes on the polymer surface, including the breakage of chemical bonds. This leads
to the introduction of various functional groups and reactive radicals®®. The
functionalization process is primarily controlled by the main parameters: the type of
plasma source, duration of treatment, carrier gas and its flow rate, applied voltage,
frequency that creates different plasma type, electron density and plasma energy. To
enhance biocompatibility and enable the covalent immobilization of different
bioactive molecules, it is essential to use an appropriate plasma source that can
effectively target the surface®’.

Plasma treatment offers several benefits, such as being environmentally friendly
and not altering the bulk or mechanical properties of polymers®. There are also
existing limitations, including to inability to uniformly modify the entire surface of
polymers and also the hydrophilic effect is not permanent.®®. To prolong the
effectiveness of plasma treatment and prevent surface restructuring, it is
recommended to perform post-plasma grafting of allylamine and other monomers*.

4. BIOMOLECULE IMMOBILIZATION

Physical/chemical functionalization confers the advantageous provision of stable
bioactive sites, facilitating subsequent immobilization of biomolecules, thereby
culminating in the enhancement of a polymer surface biological characteristics to
drive its cellular interactions for the specific site in which its application is intended.
The concept of using biomolecules like proteins, peptides, ligands, receptors, lipids,
carbohydrates etc., is gaining great attention due to their nontoxic nature,
biocompatibility, mimicking property and ability to mitigate unfavorable reactions,
such as inflammation and platelet adhesion, often triggered by synthetic polymer
surfaces®. Furthermore, biofunctionalization will promote cell adhesion,
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proliferation, and differentiation, thereby offering substantial potential for tissue
regeneration and wound healing applications*. Biomolecules are applied onto
material surface through innovative mechanisms and the prerequisites in terms of
surface chemistry and morphology vary for different biomedical applications and
entirely contrasting requirements may arise for the same material®.

4.1 Bioactive surface for enhanced cell proliferation

Recent developments in biomaterials for tissue engineering have shifted their focus
towards the creation of biomimetic materials designed to induce precise cellular
responses and facilitate new tissue formation through biomolecular recognition.
Biomolecular recognition is achieved by surface and bulk modifications of
biomaterials through chemical or physical means. Utilizing bioactive molecules,
including native extracellular matrix (ECM) proteins and derived short peptide
sequences, fosters specific interactions with cell receptors®®. Consequently, protein-
coated biomimetic materials can mimic numerous ECM functions in living tissues*,
Cell adhesion and proliferation are significantly dependent on the protein absorption
onto the polymeric biomaterial via integrin receptors that govern cell adhesion
interactions®. Hence, the controlled modulation of surface-protein interactions is
crucial for promoting cell proliferation. In contrast, uncontrolled interactions often
result in negative effects such as platelet activation, the release of coagulation factors,
initiation of the complement cascade, inflammation, and microbial attachment*®.

In clinical tissue engineering, fibroblast cells (Figure 3-A)), which are typically
located in connective tissues, play a crucial role in the process of healing wounds and
regenerating damaged tissue*’. Embryonic stem cells (ESCs) (Figure 3-B)) are
derived form of the blastocyst inner cell mass and are particularly favored for studies
related to cell proliferation. This preference arises from their pluripotency and self-
renewing ability, which signifies their capacity to differentiate into a wide range of
cell lineages in living bodies while maintaining an undifferentiated state during in
vitro culture®®,

¢ . 4

Figure 3 Mofology of ) fibroblasts NIH/3T3 and B) embrydhic stem cells ES R1
|ine47,49
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4.2 Bioactive surface for enhanced hemocompatibility

Blood-contacting biomaterials intended for implantation or tissue replacement must
prevent surface induced blood coagulation, thrombus formation and complement
activation. The contact of synthetic biomaterial with blood immediately leads to
reversible or irreversible protein adsorption in accordance with Vroman effect®. The
final adsorbed layer comprises a diverse array of proteins, encompassing fibrinogen,
various coagulation factors, immunoglobulins, and adhesive proteins such as
fibronectin and vitronectin®. The existence of the adsorption layer can be linked to
the activation of both the blood coagulation and complement systems, as well as the
adhesion and activation of blood platelets and leukocytes*.

In general, negatively-charged surfaces tend to result in less protein adsorption
compared to positively-charged surfaces. This is because, at physiological pH values,
many proteins carry a net negative charge, creating a repulsive force®. Positively-
charged surfaces notably enhance protein adsorption and can potentially induce
conformational changes of proteins. Even when there are protein domains with
opposite charges, resulting in an overall repulsive Coulomb force against the surface,
protein adsorption can still occur due to attractive forces between these oppositely
charged protein domains and the surface®?,

The intrinsic pathway, referred to as contact activation of coagulation cascade, has
greater significance concerning blood-contacting devices. This pathway is initiated
when Hageman factor and HMWK adsorb onto negatively-charged surfaces®. As the
presence of negative charges prevents protein adsorption, it can also cause an increase
In contact system activation if the charge density is too high, it is imperative that the
charge density on a material surface is carefully tuned by adding positively charged
groups that increase their zeta potential®*.

The extrinsic pathway is initiated in response to vascular injury when cells
containing tissue factor (TF) come into contact with blood. TF is found within the
ECM beneath endothelial cells, as well as in fibroblasts and smooth muscle cells®. It
has become evident that contact between blood and artificial materials can potentially
activate the extrinsic pathway due to TF expression by monocytes®®. Both the extrinsic
and intrinsic pathways lead to the activation of FX to form FXa, which serves as the
initial stage of the common pathway. FXa, in conjunction with activated cofactor V
(FVa), catalyzes the conversion of prothrombin into thrombin. Subsequently,
thrombin participates in the polymerization of fibrinogen, transforming it into fibrin®’.

Low-molecular-weight heparin (LMWH) is currently utilized in clinical practice
for preventing thromboembolic disorders. However, its disadvantages such as the risk
of thrombocytopenia and the risk of contamination necessitate the exploration of
alternative options®®. Recently, there has been a focus on seaweed polysaccharides
due to their abundant marine storage and biocompatibility®°.
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Adsorbed plasma proteins, particularly fibrinogen, induce platelet adhesion and
activation on foreign surfaces. When platelets adhere to biomaterial surfaces, it serves
as an indication of the material's tendency to promote blood clot formation and
coagulation activation. | has been demonstrated that platelet adhesion, spreading, and
aggregation are increased on hydrophobic polymer membranes but reduced on
hydrophilic surfaces®.

Platelets circulate in the bloodstream in a disk-shape form, and after a contact with
a foreign surface, they undergo a sequence of activation steps that result in alterations
to their shape (Figure 4). These changes in adhered platelets involve the extension of
pseudopodia and the spreading of the hyalomeres across the surface of the foreign
body. The morphology of the adhered platelets offers a way to describe the activation
changes of platelets.

Figure 4 Discoid platelet (a), dendritic platelet (b) and spread platelet (c)
photographed in the low-voltage, high-resolution SEM®*

5. SEAWEED POLYSACCHARIDES

Marine-derived polysaccharides have gained significant importance because of
their remarkable therapeutic characteristics, leading to their utilization in tissue
engineering, coating for stents, and immobilizing biomolecules, adding substantial
value to these applications®2. Numerous sulfated polysaccharides have been employed
as antiviral agents against viruses such as respiratory syncytial virus (RSV), herpes
simplex virus (HSV) types 1 and 2, and human immunodeficiency virus (HIV)®,
Carrageenan, in particular, has shown promise in laboratory settings as a potential
agent for conferring antiviral effects, including HIV prevention and addressing other
sexually transmitted diseases®. Fucoidan has been applied as a coating on stent
surfaces to inhibit restenosis, a process driven by the proliferation of smooth muscle
cells (SMC) over the stent®. Ulvan/chitosan hydrogel facilitated the attachment and
proliferation of osteoblasts, indicating their potential as valuable platforms for
promoting bone tissue regeneration®,
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5.1 Furcellaran

Furcellaran, a sulfated anionic galactan, is extracted from the red algae Furcellaria
lumbricalis, which is found in the North Atlantic and brackish waters of the Baltic
sea. Loose-lying F. lumbricalis is particularly abundant in Estonia and is believed to
have the highest concentration in the world.®. The floating mass of seaweed can be
harvested for commercial purposes, and since the 1960s, the phycocolloid industry in
the area has been utilizing it specifically for the production of furcellaran®. Each year,
the total amount of biomass fluctuates, but it typically falls between 100,000 and
200,000 tons based on wet weight. The majority, ranging from 60% to 73%, is
attributed to F. lumbricalis®’.

Furcellaran is chemically and functionally comparable to k-carrageenan (Figure 5),
however the quantity of sulfate esters in furcellaran is different. It consists of repeating
backbone of alternating (1—4)-3,6-anhydro-a-p-galactopyranose-(1—3)-p-p-
galactopyranose-4'-sulfate (28.5-30.1%), 1,3-linked galactose (20%), 1,4-linked
galactose (8%) and 1,4- linked 3-O-methyl-galactose (2%) structural units with
approximately one sulfate ester per three monomer residues®®. The reported weight-
average molar mass values for furcellaran in literature differ, ranging from
approximately 290 to 500 kDa, depending on the method of extraction used®®.

OH
OR

OH
OH n

R=S05 orH

Figure 5 Furcellaran structure

F. lumbricalis has distinct chemical characteristics, with a relatively high
concentration of protein pigments that makes it rich in nitrogen compared to other
species of red algae. Typically, the nitrogen content in F. lumbricalis varies from 1.1%
to 4.8% of its dry mass®®. Furcellaran is commonly extracted using water or alkaline
solutions. Algae is washed and treated with a selected alkali to extract the
polysaccharide, which forms stronger chains after prolonged treatment. The choice of
alkali affects dispersion, hydration, thickening, and gel formation.
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Furcellaran's key characteristic is its capacity to form a gel, which relies not only
on factors such as polysaccharide structure, concentration, and temperature, but also
on the presence of co- and counter-ions such as K*, Na*, Mg *and Ca*"%. The resulting
helices then aggregate in a cation-specific manner, leading to the formation of a gel®°.
For this reason, furcellaran is currently applied as a gelling-stabilizing agent in food
processing’?, as a component for the development of edible films and coatings’ as
well as multilayer capsules for drug delivery™. Recently, it has been proposed as
biopolymer matrix enriched with polysaccharides with antioxidant properties and
improved physic-chemical traits™. In conjunction with carrageenan is also classified
for use as food additives under European Union legislation™.

6. CHEMICAL MODIFICATION

The significance and relevance of biomaterials derived from sulfated
polysaccharides as biotech pharmaceuticals can be attributed to two key factors.
Firstly, their glycosidic bonds are susceptible to enzymatic cleavage, facilitating
biodegradability. Secondly, the inclusion of negatively charged sulfate groups
enhances their polyelectrolyte properties and allows for tailoring to specific
applications through functionalization’®, apart from a privileged interaction with
negatively charged epithelia. Moreover, the existence of hydroxyl groups (OH) within
these polymers offers essential components for various chemical alterations. This
includes the incorporation of hydrophobic, acidic, or alkaline groups, as well as other
functionalities into the polysaccharide structures. Such modifications have the
potential to modify the characteristics of biopolymers, allowing for targeted
customization to achieve specific goals’’. Currently, the established molecular
modification techniques for polysaccharides encompass carboxymethylation,
phosphorylation, sulfonation, sulfation, methylation, selenization and alkylation.
These methods have substantially improved the water solubility of original
polysaccharides and even introduced new bioactive features’,

6.1 Sulfation

The sulfate group is a ubiquitous post-translational modification that contributes to
several biological processes, including protein-protein interactions. It makes up
around 1% of all known epigenetic markers’. Particular attention is directed to
sulfated polysaccharides, specifically, glycosaminoglycans (GAGS).

In the last twenty years, there has been a growing interest in using plant
polysaccharides as an alternative, sustainable source of GAGs analogs. Only a few
plant species have sulfated polysaccharides, and they are all found in salty
environments, further supporting their marine origin and probable function in salt
tolerance®®. Seaweed polysaccharides like sulfated fucans or galactans are so far the

18



most studied representatives and an attractive alternative due to their abundant marine
storage, biodegradability and biocompatibility®:.

By chemically sulfating natural sulfated polysaccharides, it is possible to create
oversulfated derivatives that have considerably different physical and biological
properties from its precursor polysaccharide. Sulfates are formed by nucleophilic
substitution of hydroxyl groups in polysaccharides®,

Methods for regioselective sulfation have been developed in order to create
polysaccharides with predetermined patterns of sulfate groups. Recent findings
suggest that in addition to the density of negative charges and its regiochemistry in
polysaccharide backbone, several structural, also the arrangement of glycoside
linkages, molecular weight, may also impact the potential bioactivity®384,

One approach for sulfation of polysaccharides involves the use of sulfuric acid
as the sulfating agent along with dicyclohexylcarbodiimide (DCC) as a condensation
reagent in dimethylformamide (Figure 6).

H
o Y
R\/Oxs// - (|l
o CoH

Figure 6 The proposed mechanism involves the formation of a solvated, protonated
DCC/H2S0s4 intermediate with a subsequent attack of the alcohol group on the sulfur atom,
resulting in the production of dicyclohexylurea and the monosulfate ester %

Due to sulfuric acid's potent acidity, it is impractical to sulfate using DCC/H,SO4
for a number of fragile structures. On the other hand, SOs-amine based complexes
provide better reaction regulation of reaction kinetics and enable milder sulfating
conditions at lower to intermediate DS values®. Although some cleavage of

19



glycosidic linkages and other acid labile functions are still accompanied, the
incorporation of an protective groups, such as 2-methyl-2-butene was stated for non-
degradative sulfation®’.

The chlorosulfonic acid-pyridine method is still the most commonly used approach
for preparing sulfated polysaccharides due to the high DS values and yields that can
be achieved using this method. Other reagents can be used as catalysts such as DMF
(Figure 7) or 4-dimethylaminopyridine (DMAP)%,
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Figure 7 The suggested reaction mechanism furcellaran sulfation with chlorosulfonic acid
and a dimethylformamide intermediate °

7. IMMOBILIZATION APPROACHES

7.1 Radical graft copolymerization

Graft copolymerization is process that involves polymerizing a desired monomer
onto the surface of a plasma-treated polymer, resulting in the creation of a grafted
brush layer on top of the surface. Polymer brushes are essentially thin polymer films
in which the individual monomer chains are attached to a solid interface through one
end of the chain®. This method is highly selective to the surface and only modifies
the top few nanometers of the material, leaving the bulk properties unaffected®:. The
process of graft copolymerization involves the initiation of radical polymerization
through free radicals and metastable species that form on the surface after plasma
treatment. These active radicals are stable in vacuum but can react rapidly when
exposed to a gas containing polymerizable molecules to create a polymer "brush-like"
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structure on the surface. This type of structure is suitable for interacting with
biomolecules through the creation of intramolecular forces®,

Huge diversity of precursors and monomers can be used for attaching biologically
active molecules or compounds to various types of polymer surfaces, including gas
mixtures to create amino groups®. Due to presence of double bond, allylamine based
monomers can be polymerized to create a long carbohydrate backbone with a high
density of positively charged amine group side chains. The existence of unsaturated
hydrocarbon implies that radicals react with other parts of the allylamine molecule
that do not break the double bond. These reactions bring an end to the radicals and
prevent further polymerization. The process of Beckman's rearrangement reaction
may converts amine groups into oxime groups and nitrile groups via oxidation®,

There are two main methods for preparing polymer brushes: physisorption and
covalent attachment. Physisorption involves a reversible process in which polymer
chains with sticking segments adsorb onto a suitable substrate. Process of covalent
attachment can be achieved through the "grafting to™ approach or the “grafting from"
approach®. The grafting methods include radical polymerization, ionic and ring-
opening polymerization, and controlled/living radical polymerization®.

7.2 Non-covalent physical adsorption

Of the various physical methods available, one effective and straightforward
approach is the adsorption of polyelectrolytes onto charged surfaces through
electrostatic interactions®” (Figure 8). This type of physical adsorption is considered
as method of hydrophilic and biological functionalization of polymer surface by
spraying or soaking of polymer in biomolecule solution®,
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Figure 8 An adsorptive immobilization of biomolecule with sulfate group(s) and positively
charged nitrogen containing groups on the surface by Coulomb-type interactions and
hydrogen bonding
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One major limitation of this immobilization approach is that the physical binding
between the biomolecules and the surface of the polymer may not be permanent and
can be easily removed by polar solvents or cell culture media. To overcome this
limitation and improve cell affinity to the surface, it is necessary to combine this
method with another surface functionalization method. Alternatively, chemical
methods can be used to introduce active groups onto the surface of a material through
straightforward chemical reactions such as hydrolysis or aminolysis®. Pretreating the
surface with ammonia plasma facilitates subsequent collagen adsorption through
strong polar interactions and hydrogen bonds between the collagen and polar groups
on the pretreated surface. Such modifications have been found to be more effective
than simply soaking the samples in collagen solution for a few hours®,

Although such modified surfaces can be useful, they can be unstable in situations
where there are significant changes in the pH of the medium or the ionic strength.
When immobilizing biomolecule using electrostatic force, the pH of the reaction
solution and the isoelectric point of the biomolecule are important factors to consider.
The biomolecule's surface can have either a positive or negative charge depending on
how the pH of the solution compares to the biomolecule's isoelectric point (pl). This
allows the biomolecule to be immobilized onto surfaces that have the opposite charge
through ionic and highly polar interactions®. This method is not reliant on toxic
solvents, making it environmentally friendly and does not require strict control?,
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AIMS OF THE DOCTORAL THESIS

The main objective of the study is to explore the potential use of furcellaran in
biomedical applications and to enhance its bioactive properties through chemical
modification.

The study will focus on the following key areas:

e Activation of polymer surface through radiofrequency plasma
treatment and subsequent deposition of furcellaran onto the
surface via grafting of polymeric brushes

e Characterization of the functionalized polymer surface and
evaluation of its antibacterial activity, anticoagulant activity,
cytotoxicity, and cell proliferation

e Chemical modification of furcellaran through various sulfation
methods

e Assessment of the hemocompatibility of the sulfated
derivatives
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8. EXPERIMENTAL PART

8.1 Deposition of native furcellaran onto PET films

Sulfated seaweed polysaccharides have emerged as a possible alternative to
animal-derived sulfated polysaccharides. While furcellaran and «-carrageenan
have structural similarities, they differ significantly in terms of molecular weight
and sulfate concentration, which can affect their biological interactions.
Furthermore, although being obtained from red seaweed, furcellaran and -
carrageenan are derived from different species and might possess distinct
biological properties. By performing biological experiments to
characterize furcellaran, new options for its possible usage in biomedical
applications can be explored, leading to the development of novel materials with
distinct features and applications.

A comparative study was undertaken to evaluate the immobilization of
furcellaran and k-carrageenan onto PET surfaces utilizing a multistep technique
in which N-allylmethylamine was grafted via air plasma treatment to achieve this
goal. The functionalized films that resulted were tested for anticoagulant action,
antibacterial activity, and cytocompatibility with fibroblasts and (EC) stem cells.

8.1.1 Preparation

To activate polymer surface, both sides of the PET films (BOBET foil; 100 um)
were subjected to low-pressure plasma for 60 s at a radio frequency of 13.56 MHz
with discharge matching power was set to 50 W, and the applied air feed rate was
20 sccm under laboratory conditions (Figure 9).
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Figure 9 Schematic representation of plasma postirradiation grafting of N-
allylmethylamine onto a PET surface followed by immobilization of FUR or x-CA
polysaccharide!®?,
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The pressure inside the chamber was approximately 60 Pa. Some of the plasma-
treated PET samples were then immediately exposed to saturated MAAM vapors
to enable radical graft monomer polymerization towards polymer brushes for
subsequent immobilization of tested polysaccharides. To compare, PET samples
were also characterized and treated without MAAM grafting. Both, MAAM
grafted and nongrafted PET samples were immersed into a 0.1% (w/v) solution
of k-CA and FUR for 24 h at room temperature for their immobilization onto a
prepared polymer brush, followed by washing to remove any unbound
polysaccharides and drying overnight at room temperature.

8.1.2 Characterization of films

Contact angle and surface energy, X-ray Photoelectron Spectroscopy (XPS),
and Scanning Electron Microscopy (SEM) were used to characterize surface of
prepared films. The detailed surface characterization of the samples is described
in the relevant article, see'®?,

8.1.3 Evaluation of biological activity

The antibacterial activity was assessed using a modified version of the 1SO
22196 standard. Anticoagulant activity testing was conducted in collaboration
with KNTB hospital, and cell adhesion and proliferation were assessed in
cooperation with Prof. Humpoli¢ek research group at CPS, following ISO
standard 10993 for the biological evaluation of medical devices. Details on the
biological evaluation of prepared samples are outlined in the corresponding
article, see'®?, Each of the samples was examined three times.

8.1.4 Results and Discussion
Surface chemistry and morphology

The contact angle values (Table 1) of the PET surface showed a substantial
reduction after treatment with air plasma. This was attributed to the incorporation
of oxidative functional groups onto the surface of the PET and tailoring of its
morphology, leading to an increase in hydrophilicity and surface energy. These
alterations rendered the PET surface more suitable for subsequent immobilization.
The hydrophobicity of the immobilized FUR and k-CA samples that were grafted
onto polymer brushes exhibited an increase but remained less hydrophobic in
comparison to the untreated PET surface. In contrast, no perceptible changes were
observed in the films that lacked N-allylmethylamine (MAAM).

The initial PET foil demonstrated low surface energy values (ys) attributable to
its low surface wettability. Nevertheless, following air plasma exposure, there was
a significant increase in the ys value, which indicated a relatively substantial
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surface polarity. Despite this modification, the discrepancies between the v, values
of the plasma-treated PET and immobilized PET surfaces were insignificant.

Table 1 Contact angles (6) (w: deionized water, d: diiodomethane; f:
formamide) and surface free energy parameters of probe liquids used in the
acid-base method (yy— total surface fee energy, apolar ysL W, polar ysAB, Lewis
acid ys+ and base s - components)

Contact angles (°) for Surface  free energy
liquids (mJ/m?

SAMPLE Ow 04 05 O Ca S, . O3
PET 63+3 266+0.5 54+1 50.2 455 46 02 221
PET_DC 3043 256+0.6 89+12 576 459 117 08 388
PET_MAAM  33.7+18 30.8+04 12+3 571 439 131 12 357
MAAM_1000  409+1.7 28+3  18+3 56.3 451 111 1.0 29.2
MAAM_8500 47+2  32+2 20+2 55.3 433 119 15 225
MAAM_KAPA o , 282+12 1942 56.1 449 111 15 200
DC_1000 36.8+1.4 18.1+1.6 12+2 579 483 96 0.7 326
DC_8500 4742 21.7+08 11.0+1.5 583 472 11.0 14 206
DC_KAPA 46.7+10 26.8+19 11.3+1.7 577 454 122 17 209

After analyzing the surface of untreated PET by XPS (Table 2), it was found to
have 74.6% carbon and 25.4% oxygen. Plasma treatment led to an increase in
oxygen content due to the incorporation of oxidized functional groups. Plasma
treatment also resulted in a nitrogen content of 1.5%, with the highest nitrogen
content observed in MAAM-grafted samples. However, the specimens that were
not treated with MAAM had slightly higher oxygen levels. The presence of sulfur
content in the MAAM_KAPA, DC 1000, DC_8500 and DC_KAPA samples
indicates successful immobilization of polysaccharides, despite the relatively low
levels of sulfur content. The sulfur and oxygen contents together support the
effective immobilization of polysaccharides on the surface.
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Table 2 Surface elemental composition (%)

SAMPLE C N O S
PET 75+ 2 254+1.1
PET DC 69+2 15+02 293+12
PET_MAAM 7043 21402 281+12
MAAM_ 8500 74+2  10+02 253+11
MAAM_1000 746+13 1.0+01 25=2
MAAM_KAPA 74+2  09+01 248+13 02
DC_1000 70+2 297+£21 03
DC_8500 739+11 06401 255+14 0.1
DC_KAPA 73+2  07+01 265+12 0.1

The outcomes of SEM are presented by micrographs in Figure 10, where the
standard PET material displays homogenous and smooth morphology.

Figure 10 SEM micrographs of (a) untreated PET, (b) PET_DC, (c)
DC_MAAM, (d) MAAM_1000, () MAAM_8500, (f) MAAM_KAPA, (g)
DC_1000, (h) DC_8500 and (i) DC_KAPA
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Among the surfaces treated with polysaccharides, the furcellaran-coated PET
surface (Figure 10-(d,e,g,h)) exhibited a more uniformly distributed layer,
facilitating consistent adhesion and growth of fibroblasts on the surface. In
contrast, the PET surface coated with k-carrageenan (Figure 10-(i)) displayed a
somewhat heterogenous surface, which could potentially influence the behavior
of adhering cells. Similarly, the PET surface modified with MAAM displayed an
irregular and rough morphology, which is desirable for subsequent
immobilization purposes*’.

Biological activity

The immobilized samples exhibited a notably weak antibacterial effect when
compared to the PET reference. There is limited available research on the
antimicrobial properties of carrageenans. The antimicrobial effects of three
carrageenans were examined, demonstrating a significant inhibitory impact on
various bacterial strains. This study also suggested that the removal of sulfate
residues led to the loss of the bacteriostatic effect of 1-carrageenan, implying the
essential role of sulfate residues in this effect. Additionally, the presence of
carrageenan led to a concentration-dependent reduction in bacterial growth rate,
albeit with a bacteriostatic rather than bactericidal effect'®. However, the
inhibitory mechanism was likely not solely dependent on sulfate content but also
on the underlying inhibitory mechanisms, which require further investigation.
PVA-«-carrageenan films crosslinked with glutaraldehyde exhibited no
antibacterial performance unless loaded with antibacterial agents'®*. Given these
studies, the lower sulfate content of furcellaran and the unmodified nature of
immobilized polysaccharides might contribute to the limited antibacterial activity
observed. Additionally, the amount of immobilized furcellaran and k-carrageenan
on the PET surface might not reach the minimum inhibitory concentration (MIC).

In light of these results, it is apparent that furcellaran may not be regarded as a
promising antibacterial agent on its own. More detailed results are published in
ARTICLE II1I.

Anticoagulant activity tests indicated the ability of the treated surfaces to
prolong clotting time. As seen in Table 3, the extrinsic coagulation pathway,
assessed through prothrombin time (PT), remained unaffected by any of the tested
samples.

In terms of activated partial thromboplastin time (aPPT), the clotting times for
samples PET_DC 8500 and PET_DC_KAPA were slightly extended, indicating
some interference with the intrinsic coagulation process.

As for thrombin time (TT), which measures the time taken for fibrinogen to
convert to fibrin, PET_DC_KAPA exhibited the longest clotting time, surpassing
the threshold for mild anticoagulant activity. Moreover, plasma-treated PET
displayed prolonged clotting times above the threshold, attributed to its
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hydrophilic surface, roughness and negative charge resulting from plasma
treatment. These characteristics are associated with reduced protein adsorption
and the activation of blood components®?.

As expected, the anticoagulant activity was adversely affected by samples
treated with MAAM®, Out of all samples, a minor anticoagulant effect was
detected in the instance of sample PET_DC_KAPA, which is likely associated
with its sulfate content.

Table 3 Anticoagulant activity expressed by clotting times

SAMPLE PT (s) aPTT (s) TT (5)
PET 12.0+0.2 29.140.2 18.0+0.1
PET DC 12.6+0.3 32.8+0.4 20.140.2
PET_MAAM 12.6+0.2 30.5+0.5 18.5+0.6
MAAM_1000  12.1+0.2 28.8+0.7 18.4+0.1
MAAM_8500  12.4+0.1 30.6+1.0 18.6+0.2
MAAM_KAPA  12.3+0.2 29.7+1.0 18.940.1
DC_1000 13.0+0.2 32.5+0.8 18.740.2
DC_8500 13.3+0.1 33.4+0.5 19.7+0.1
DC_KAPA 12.3+0.1 33.9+0.4 20.5+0.1

The cytotoxicity assessment (Figure 11) yielded values exceeding 80%.
According to 1SO 10993-5, if viability is reduced to < 70 % of the blank, it has a
cytotoxic potential. In general, the cell viability of samples that underwent
functionalization with MAAM and polysaccharides (FUR, k-CA) demonstrated
an increase compared to samples treated solely with plasma, signifying that all
materials can be classified as non-toxic and cytocompatible. Numerous studies
have suggested that cells exhibit a tendency to adhere to hydrophilic surfaces’.
Conversely, it has been reported that cells adhere and proliferate at the highest
rate when cultured on a hydrophobic surface or with a contact angle of
approximately 70 degrees'®. This could potentially explain why untreated PET
exhibited the most favorable proliferation outcomes. In previous studies, plasma
treated surfaces exhibit improved proliferation of fibroblast and endothelia
cellst?’,

As anticipated, the cell proliferation observed in furcellaran-coated samples
aligns with previous research findings on other seaweed polysaccharides®®1%,
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Figure 11 Relative cell viability of cells incubated with PET films coated
with furcellaran of different water gel strengths (1000, 8500) and K-
carrageenan tested on a mouse embryonic fibroblast cell line (NIH/3T3).

After five days of embryonic stem cell (ESC) proliferation on uncoated
(Figure 12-C) and gelatine-coated samples (Figurel2-D), no significant
difference was observed between the reference (cells cultured on TPP plastic) and
PET (Figurel2-A). As depicted in Figure 12-B, the cell viability on TPP plastic
coated with gelatine (reference) and PET coated with gelatine did not display any
significant variance. Consequently, PET was established as a suitable material for
cell cultivation and was utilized as a reference in subsequent testing.

N-allylmethylamine (MAAM) treated PET films did not show any
proliferation and was observed significant reduction in cell viability on sample
MAAM _8500. One potential explanation for this observation is the correlation
between the gel strength of FUR 8500 and insufficient interaction with the amine
groups of MAAM. The gel strength of FUR 8500 was lower than that of FUR
1000, which also corresponded to the lower content of 3,6-anhydro-D-galactose
residues. The amount of these units could adversely affect the immobilization of
FUR 8500. Additionally, intramolecular interactions between grafted polymer
brushes and polysaccharides may not have been sufficient for immobilization,
negatively impacting subsequent interactions with ESCs. Another possibility is
that the MAAM coating on the PET films may have interfered with the signaling
pathways or biochemical cues involved in ESC proliferation.
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Nevertheless, the most significant finding was that samples DC 8500
(Figure 13-B) and DC_KAPA exhibited significantly increased ESC proliferation
compared to that of the reference PET (Figure 13-A). This suggests sufficient
polysaccharide immobilization and its potential to enhance ESC proliferation.
Notably, all gelatine-coated samples did not exhibit cytotoxic effects, except for

sample MAAM_8500_ G.
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Figure 12 Cell viability in the ES R1 cell line with comparison of (A) reference
(TPP) and PET; (B) TPP and PET coated with gelatine; (C) PET as a reference
and samples; (D) PET and samples coated with gelatine.; * p <0.05, ** p < 0.01,

*%% 1) < 0,001,
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Figure 13 Mouse embryonic cells (Line R1) on A) PET uncoated with 0.1%
gelatine and B) DC 8500 uncoated with 0.1% gelatine

8.1.5 Conclusion

The study conducted a comparative analysis of the immobilization of
furcellaran and k-carrageenan onto PET surfaces using a multistep approach via
plasma treatment and N-allylmethylamine. The results showed that air plasma
treatment significantly increased the hydrophilicity and surface energy of the PET
surface, making it more suitable for subsequent immobilization. The immobilized
polysaccharides exhibited an increase in hydrophobicity, but still remained less
hydrophobic than the untreated PET surface. The successful immobilization of
polysaccharides on the surface was supported by the presence of sulfur content.

All examined samples were found to be non-cytotoxic to the fibroblast cell line
in vitro. Notably, samples DC 8500 and DC_KAPA exhibited significantly
enhanced proliferation of embryonic stem cells compared to reference PET,
suggesting potential applications of furcellaran in biomedical contexts. However,
sample MAAM _8500 showed a significant reduction in cell viability, indicating
the need for further investigation. The anticoagulant activity of the PET samples
was also assessed, revealing that furcellaran immobilization had a slight
interference with the intrinsic coagulation pathway. Conversely, no antibacterial
activity was observed in any of the tested samples.

In conclusion, the findings of this study suggest that furcellaran holds promise
for use in biomedical applications, thereby paving the way for the development
of novel materials endowed with unique properties and potential applications in
the field.
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8.2 Chemical modification of furcellaran for enhanced blood
compatibility

Cardiovascular illnesses are a significant public health concern, and the most
common diagnoses are venous thromboembolism (VTE) and acute coronary
syndrome (ACS), both of which occur from the formation of blood clots in veins
or arteries. Heparin has been used as a conventional therapy for thromboembolic
diseases for more than 50 years. However, its limits, as well as the 2008
contamination crisis, have prompted the search for alternate medicationst
Sulfation has emerged as a powerful method of producing semi-synthetic heparin-
like products from non-mammalian polysaccharides using the glycosaminoglycan
(GAG) strategy.

Algal polysaccharides have received a lot of interest as a prospective source of
natural compounds that could potentially replace the much-needed heparin
product. These polysaccharides' sulfation pattern functions as a functional code
that can convey a variety of biological actions®®. As a result, research has
concentrated on modifying their sulfate distribution and selectively adding sulfate
groups to non-sulfated polysaccharides, with the goal of increasing their
therapeutic and biological relevance. Ongoing research in this area is expected to
become increasingly important as sustainable processes and renewable resources
gain more emphasis.

Furcellaran, a naturally sulfated polysaccharide derived from marine algae, is
a feasible substrate for the enhancement of unique properties, notably against
thrombus formation. To introduce sulfate groups into furcellaran with the goal of
achieving the desired degree and pattern of sulfation, several methods can be used,
including chlorosulfation, sulfur trioxide with pyridine, and sulfuric acid methods,
and sulfamic acid in the presence of dissolved activators or deep eutectic solvent,
with activators such as DCC or DMAP™111,

In this study, chlorosulfonic acid, SO3-Py complex and sulfuric acid with DCC
were chosen based on their well-established track record in the literature,
availability, hence for consistency and comparability with previous studies. The
biological activity of the polysaccharide will be then reflected by various
structural parameters such as the degree of sulfation (DS), molecular weight,
sulfation position, sugar type, and glyosidic bond.

The aim is to compare the effectiveness of the used methods and subsequently
test the hemocompatibility of the sulfated product. Results will serve as a jumping
off point to implement novel methods for further optimization and to acquire well-
defined sulfated products with desired properties.
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8.2.1 Preparation
Sulfation of furcellaran

The sulfation of furcellaran was preceded by obtention of FUR in a pyridinium
salt form using Amberlite IR 120" cation exchange column. The eluate was
neutralized by pyridine (pH 7-8), dialyzed and lyophilized. Sulfation (Figure 14)
by SO5-Py complex was proceeded as follows: FUR was dissolved in anhydrous
DMSO/DMF by stirring at room temperature for 30 min, and then SOs-Py
complex in molar ratio 4:1 to sugar unit was added. The mixture was heated at 70
°C for 3 hours, then poured into ice water and neutralized with 1 M NaOH.
Afterwards, it was precipitated, dialyzed, and lyophilized to yield FUR_DMSO
or FUR_DMF. To employ chlorosulfonic acid method, FUR was added to a three-
necked flask containing anhydrous DMF (30 mL) and 2 mL of chlorosulfonic acid
added dropwise with cooling. The reaction mixture was heated at 60°C for 2 h.
The resulting solution was neutralized, precipitated and dialyzed. The final
product, sample FUR_HSO3CL, was obtained after freeze-drying. Sulfation via
H,SO, and DCC was performed in the following manner: FUR was dissolved in
anhydrous DMF with DCC (4:1 to sugar unit) dissolved in DMF. 96% H,SO, was
added dropwise and the reaction mixture was kept at 0 °C for 30 min. The mixture
was neutralized, filtered, and dialyzed. The sample FUR_DCC, was obtained after

lyophilization.
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Figure 14 Schematic representation of sulfation methods with targeted sulfate
position. The structures do not reflect the strict composition of the sample
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8.2.2 Characterization of sulfated derivates

The native and sulfated furcellaran samples were characterized using FTIR, Gel
Permeation Chromatography (GPC), elemental analysis (Flash 2000 CHNS/O),
and XPS. For a comprehensive understanding of the methodology employed,
details are provided in the relevant article (ARTICLE 1V).

8.2.3 Evaluation of hemocompatibility

The anticoagulant activity was carried out in collaboration with KNTB
Hospital, and cytotoxicity testing was assessed in cooperation with Prof.
Humpolicek's research group at CPS, following 1SO standard 10993 for the
biological evaluation of medical devices. The platelet adhesion test was conducted
in partnership with Pavol Jozef Safarik University in Kosice. For detailed
information on the biological evaluation of the prepared samples, see (ARTICLE
V)

8.2.4 Results and Discussion

The utilization of FT-IR spectroscopy facilitated the characterization of native
furcellaran and its sulfated derivatives. The spectra obtained from this
examination, as depicted in Figure 15, revealed a multitude of absorption peaks.

As depicted in Figure 15-A. The O-H stretching signal was observed at
approximately 3400 cm, and the asymmetric C-H stretch band of the saccharide
ring was noted at 2920 cm*. Additionally, a band at 1650 cm™ was attributed to
water deformation.

For native furcellaran, a single band appeared at 845 cm™ (Figure 15-B,D),
corresponding to the axial galactose-4-sulfate. Following sulfation, a new
absorption band emerged at 820 cm-1 (Figure 15-B,D), which can be assigned to
C-0-S of galactose-6-sulfate!'?, and the peak associated with galactose-4-sulfate
became less prominent. This phenomenon may be attributed to the susceptibility
of the polysaccharide to the sulfation methods employed. In the case of
FUR_DCC (Figure 15-D), sulfated groups were distributed proportionally
between the G4 and G6 positions. However, the intensity of these bands was
relatively low compared to other samples.

In general, chemical sulfation can lead to partial cleavage, resulting in a
reduction in the molecular weight (My,) of the resulting polymer as shown in
Table 4. As seen, high PDI of the furcellaran pyridinium salt was observed due to
various factors, such isolation and purification as well as the inherent
polydispersity of native furcellaran itself. The decrease of My, could be attributed
to the removal of impurities through precipitation, dialysis and an acidic character
of sulfating agents. M,, of oversulfated derivates ranged from 12,473 to 2,720 Da,
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representing a noticeable decline compared to unmodified furcellaran. The use of
sulfating agents such as HSO;CIl or H,SO4 during sulfation likely led to the
degradation of the polysaccharide more likely in a radical mechanism. These
highly reactive and hygroscopic reagents in an acidic environment could result in
unwanted hydrolysis and partial degradation of the furcellaran backbone!®3,
Besides the molar ratio of reagent to sugar unit used, the major factor contributing
to the degradation is temperature and reaction time. More detailed results are
published in ARTICLE IV.

Since the 3,6-anhydro-a-galactosidic bond in furcellaran's structure is
susceptible to acidic conditions, its presence is closely associated with
depolymerization!!4. The existence of the 3,6-anhydro-galactosidic bond was
confirmed by a band at 930 cm™ (Figure 15-B) in all sulfated samples, although
the band's intensity was lower compared to native furcellaran. Notably, the sample
FUR_HSO3CL exhibited the least intense band, indicating a partial disruption of
the galactosidic bond. Another band at 1060 cm™ (Figure 15-B, C) was attributed
to C-O stretching vibrations of sulfate ester groups. The most intense band,
observed at 1220 cm}(Figure 15-B,C), indicated the total sulfate content>,

The elemental analysis data presented in Table 4 confirmed that oversulfated
furcellaran samples exhibited a significant increase in sulfur content compared
to parental polysaccharide, where FUR_HSO3CL has the highest DS.

Table 4 Molecular weight and elemental composition and degree of sulfation of
tested samples

Elements

(Yow/w)
Sample Muw (Da) C S H N D
FUR 131 534 31.5£04 2.0+£0249+03 0.1 0.15
FUR_DMSO 12473 22.8+0.1 8.0+0.1 41+02 1 0.8
FUR_DMF 7648 21.7+£0.1 82+0342+02 08 0.53
FUR_HSO3CL 2720 16.8 69+03 238 04 0.91
FUR _DCC 4 816 257+02 32+024.2 0.8 0.28

36



3470 2920 1650 1220 1060 930 845 820
A) iy B) | [ ey

Transmittance (a.u.)
Transmittance (a.u.)

T ol A

| | I
I I I
I I I
lI II = ; | 3 L ) 8 i . ;

4000 3500 3000 2500 2000 1500 1000 1500 1350 1200 1050 900 750

Wavenumber (cm™) Wavenumber {cm™)
C) 1220 106 D) 82

r = r
|
|
|
I

Shin e

Transmittance (a.u.)
Transmittance (a.u.)

(e)

1400 1300 1200 1100 1000 900 880 860 840 820 800
Wavenumber (cm™) Wavenumber (cm™)

Figure 15 Attenuated total reflectance (ATR)-FT-IR spectrum collected from the

samples. Spectrum (a) is for FUR, spectrum (b) is for FUR_DMSO, spectrum (c)

is for FUR_DMF, spectrum (d) is for FUR_HSO3CL and spectrum (e) is for

FUR_DCC.
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The figure 16 a) illustrates a comparison of the complete carbon peaks for all
examined samples. The inset provides a detailed deconvolution of the C 1s peak
for the FUR sample, which is further divided into five components, located at
approximately 284.6, 285.0, 286.3, 287.8, and 289.0 eV, respectively. The
component at around 284.6 eV corresponds to hydrocarbon C-C/C-H bonds,
while the component at 285.0 eV relates to C-S chemical bonds. As depicted in
Figure 16 b), all samples display spin-orbit sulfur splitting S2p1/2 and S2p3/2 at
pii 169.1 eV and 167.7 eV, respectively. These binding energies are characteristic
of the sulfate group and remain consistent across various reaction conditions.

The components centered at a binding energy of approximately 286.3 eV, 287.8
eV, and 289.0 eV are associated with oxygen-containing functional groups,
specifically C-O, C=0, and O-C=0, respectively. The presence of the C=0 group
may suggest potential oxidation of the polysaccharide, which might be attributed
to alkali treatment during the extraction or storage and reaction conditions. More
detailed results are published in ARTICLE IV.

a) b)

—FUR

— FUR_DMSO

—— FUR_DMF

— FUR_HSO3CL S2p3 sulfate
FUR_DCC
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——————————————— T
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Figure 16 XPS spectra: a) overlay of the high-resolution C 1s scans for
furcellaran and its derivates. Inset displays the results of C 1s deconvolution for
FUR sample, b) binding of sulfate for FUR_DMSO as a representative sample

The cytotoxicity of native furcellaran and its oversulfated derivates (Figure 17)
was tested in the concentration range of 0.1-2 mg/mL. All samples reduced cell
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viability in a dose-dependent manner, but none were cytotoxic at concentrations
up to 0.1 mg/mL. Native furcellaran was less cytotoxic than sulfated derivatives,
with viability reaching 76.8% at 1 mg/mL. Higher DS values were found to be
more likely to contribute to cytotoxicity, but among the oversulfated samples, no
direct relationship between DS and cytotoxic activity was observed. For SO3-Py
complex reaction, two different solvents, DMSO and DMF were utilized to
leverage their distinct nucleophilic properties to achieve varying degree of
sulfation. Despite to presumed stronger nucleophilic ability and lower cell growth
inhibition of DMSO solvent!®1t’ hoth FUR_DMSO and FUR_DMF samples
demonstrated comparable cell viability outcomes. The introduction of sulfate
groups on the G-6 position caused stronger cytotoxicity than on the G-4 position.
This is in accordance with Liang et al., demonstrating a 2-fold decrease in
HUVEC cell viability after treatment with the oversulfated k-carrageenan (1
mg/mL) compared to unmodified x-carrageenan!'®. Higher cytotoxicity in
oversulfated samples may be due to a combination of high DS, lower M,, and
sulfation position compared to unmodified furcellaran, as the negatively charged
membrane surface prevented interactions between furcellaran and cells.
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Figure 17 Relative cell viability values expressed as a percent of control
(expanded polystyrene); * p < 0.05, ** p < 0.01, *** p < 0.001
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A) Activated partial thromboplastin time (aPPT) B) Thrombin time (TT)
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Figure 18 Anticoagulation activity results; A) aPTT: activated partial
thromboplastin time; B) TT: thrombin time; C) PT: prothrombin time. The
significant differences compared to the control group (NS: negative control,
saline solution) are designated as * p < 0.05; ** p < 0.01; *** p < 0.001. The
clotting time of saline solution in the PT, APTT and TT assays was 13.5s, 29.1 s,
and 18.5 s, respectively. No coagulation response was observed for sodium
heparin (positive control) across the range of concentrations tested.

Native furcellaran and its sulfated derivatives demonstrated a dose-dependent
prolongation of clotting time (Figure 18) in the aPPT and TT assays, except for
FUR_DCC. Despite a higher sulfur content in comparison to native furcellaran,
subtle variations in the arrangement and distribution of sulfated residues along the
galactan backbone might be accountable for the interaction among proteases,
inhibitors, and coagulation system activators, leading to procoagulant effects'®,
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Therefore, variances in the degree and pattern of sulfation along the
polysaccharide chain could explain the results observed for FUR_DCC.

FUR_HSO3CL exhibited the highest anticoagulant activity, with a 4-fold
increase compared to native furcellaran in aPPT assay. Saluri et al.'?° revealed A-
carrageenan has an enhanced anticoagulant effect when the molecular weight is
significantly reduced compared to the native sample. This implies that
carrageenans may demonstrate their optimal efficacy within a specific molecular
weight range. The significant prolongation of aPPT time observed for native FUR
highlights that its comparatively elevated molecular weight might increase the
likelihood of effective collisions. This is due to the longer chain possessing a
greater number of repeating units and higher valence, enabling it to bind to a larger
number of receptors'?!. The sulfate content was identified as the major factor
responsible for prolonging the intrinsic pathway, however effect of
polysaccharides on fibrin formation depends on the overall structural features of
polysaccharide, as interaction with coagulation cofactors and their target
proteases and inhibitors were determined to be very stereospecific'?2. According
to Liang and Maio 2%, a sulfate ester at the G4 position seemed to be more
efficient.

d) FUR_HSO3CL

h)FUR DMF > i) FUR_DCC

Figure 19 Morphology of platelets a) untreated PET, b) FUR_HSO3CL c)
untreated PET, d) FUR_HSO3CL, e) Air plasma treated PET_DC, f) FUR, g)
FUR_DMSO, h) FUR_DMF, i) FUR_DCC. Two different magnifications are
shown: 1000 % (a, b) and 3000 x (c—i).
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Tested samples were found to act only on the intrinsic pathways of the blood
coagulation system, which is reflected in their insignificant prolongation of
clotting time in the prothrombin time (PT) assay. Among the all tested samples,
FUR_HSO3CL showed itself to be potent anticoagulant agent in PT assay, likely
as a result of considerably reduce M, (2.7 kDa) during the sulfation along with
high DS. In study of Melo et al.1?*, the low molecular weight fractions from the
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sulfated galactan of Botryocladia occidentalis showed high anticoagulant activity,
and the total thrombin inhibition mediated by the heparin cofactor 1l was even
stronger that of the parent polysaccharide. Thus, the coagulation inhibition profile
resembling that of heparin, by facilitating the neutralization of factor Xa and
thrombin through the endogenous coagulation inhibitor antithrombin?, Elevated
DS enhances the density of negative charges, thereby inhibiting the activity of Ila
and Xa. The results of aPPT and TT assays also indicate that anticoagulant
behavior is influenced not only by the high sulfate density but also by factors such
as molecular size, the position of sulfate groups, and other structural
characteristics.

The presence and morphology of platelets adhered to the samples were
estimated by SEM (Figure 19) that reveal a noticeable difference between the
untreated PET sample and the treated ones.

As anticipated, the untreated PET surface (Figure 19 — a), ¢)) exhibits activated
blood platelets characterized by dendritic spreading, hyalomere, and an
intermediate pseudopodia network. After RF air plasma discharge activation
(FUR_DC), only a few platelets in a non-activated, round shape were detected on
the surface (Fig. 19¢)). Such a phenomenon can be explained by the introduced
oxygen functional groups and higher hydrophilicity of the surface, which is less
favorable for the adsorption of proteins. A predominance of inactivated platelets
of spherical shape without platelet aggregation was found on the surface treated
with native furcellaran (Fig. 19f)). However, some undetectable particles were
entrapped in the vicinity of platelets which may origin from the PRP itself. Platelet
aggregates were observed in the case of FUR_DCC (Fig. 19i)), which are well-
known to be critical for hemostatic plug formation and thrombosis. Conversely,
surfaces subjected to highly sulfated furcellaran derivatives (Fig. 19b), d, g-i))
exhibited a notable reduction in platelet adhesion, along with the absence of the
most activated platelet stages on the pathway to full spreading. Only some resting
platelets with discoid shape and few inactivated spherical platelets were observed
indicating the excellent anti-platelets adhesion property and potential
antithrombotic characteristics.

8.2.5 Conclusion

In the second part of the research, four different methods of sulfation were used
to enhance the hemocompatibility of furcellaran, resulting in derivatives with
varying degrees of sulfation and low molecular weight. The sulfated furcellaran
derivatives showed a dose-dependent increase in cytotoxicity, which was
attributed to the sulfation process. The furcellaran sulfate produced using
chlorosulfonic acid had the highest sulfate content and had a significant impact
on the anticoagulant activity, which was directly proportional to the sulfate
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content and low molecular weight. The furcellaran sulfates produced using
SO3.Py complex showed significant effects on both the intrinsic and common
pathways of the coagulation cascade, regardless of the solvent used. The native
furcellaran was most effective in retarding fibrin formation, suggesting that the
stereochemistry of the polysaccharide may also play a role in the final step of the
clotting cascade, in addition to the sulfate content. All oversulfated samples
exhibited an excellent anti-platelet activity. However, the furcellaran derivative
produced using dicyclohexylcarbodiimide did not show any beneficial effects on
coagulation and antiplatelets adhesion likely due to its low sulfate content and
molecular weight. The study indicates that sulfation has the potential to improve
the hemocompatibility of furcellaran and may be a promising candidate for
anticoagulant therapy after further optimization.
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SUMMARY OF WORK AND CONTRIBUTION TO
SCIENCE

The progression of the field of biomaterials science stands as a critical pursuit,
especially when addressing intricate challenges associated with interfacial
biocompatibility, antibacterial properties, and hemocompatibility within the
realm of biomedical applications. The use of polysaccharide polymers derived
from diverse algal species has emerged as a promising avenue to tackle these
intricate issues.

Sulfated seaweed polysaccharides have garnered significant attention due to
their several biological activities, with their sulfate pattern acting as a code able
to transmit functional information. Among these polysaccharides, furcellaran,
derived from the red algae Furcellaria lumbricalis, stands out as a compelling
candidate. While furcellaran has traditionally been the subject of research
primarily focused on its prospective applications in packaging materials and its
role in the food industry, it is of paramount importance to emphasize the limited
extent of prior investigations aimed at uncovering its prospective role in the
broader biomedical context.

One significant scientific contribution lies in the study of immobilizing
furcellaran onto PET surfaces through multistep approach. This intricate
methodology involves grafting N-allylmethylamine onto a functionalized PET
surface through air plasma treatment, followed by anchoring furcellaran as a
bioactive agent. Through analysis of surface characteristics employing contact
angle measurements, XPS, SEM, a comprehensive understanding of the resulting
modified surfaces was achieved.

The impact of these surface modifications on biomedical applications was
investigated through a series of rigorous cell interaction assays. These included
assessments of antibacterial activity, anticoagulant activity, and cytocompatibility
with fibroblasts and stem cells, Notably, furcellaran-coated PET films exhibited
a remarkable enhancement in embryonic stem cell (ESC) proliferation in vitro,
underscoring their promise in promoting cell growth.

Furthermore, a parallel line of research focused on the sulfation of furcellaran,
an endeavor that holds significant implications for its anticoagulant properties.
Various sulfation methods were explored, each yielding furcellaran derivatives
with different DS and M. In vitro clotting assays illuminated the role of sulfate
esters in conferring anticoagulant activity. The results demonstrated the potential
of sulfated furcellaran derivatives to interfere with intrinsic coagulation pathway,
offering substantial anticoagulant efficacy. Importantly, these sulfated derivatives
showed non-cytotoxic behavior up to a concentration of 0.1 mg/mL and exhibited
a substantial reduction in platelet adhesion, further substantiating their
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hemocompatibility. These findings afford the opportunity to infer the
effectiveness of applied methodologies, as well as contemplate their prospective
optimization.

In summary, these research efforts collectively advance our understanding of
the role of furcellaran and its sulfated derivatives in biomedical applications. The
systematic surface modifications and comprehensive characterizations pave the
way for enhanced interfacial biocompatibility and hemocompatibility, as well as
the potential for novel therapies. These findings contribute significantly to the
evolving field of biomaterials science, offering promising avenues for addressing
critical challenges in healthcare and medical device development.
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