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Graphical abstract

Sacran is a cyanobacterial supergiant polysaccharide with carboxylate and sulfate groups
and shows anti-allergic and anti-inflammatory properties, while too high anionic functions
restrict cell compatibility. Here quaternary ammonium groups were substituted to form sacran
ampholytes and cell-compatibility of the cationized sacran hydrogels was evaluated. The
cationized process involved using N-(3-chloro-2-hydroxypropyl) tri-methylammonium chloride
reacting with the primary amine or hydroxyl group of sacran. The degree of cationization
ranged from 32 % to 87 % for sugar residues. Hydrogels of sacran ampholyte were made by
annealing their dried sheet by thermal cross-linking and exhibited anisotropic swelling
properties. The water contact angle on the hydrogels decreased from 26.5° to 15.3° with an
increase in cationization degree, enhancing the hydrophilicity. IC50 values of sacran ampholytes
were reduced with an increased cationization degree to decrease cytotoxicity towards the L929
mouse fibroblast cell line, which is associated with an increased cell proliferation density after
3 days of incubation. SEM images show fibroblast intercellular connections. Thus, sacran
ampholyte hydrogel showed increased hydrophilicity and cell compatibility, which can lead to

various biomedical applications.
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CHAPTER1

GENERAL INFORMATION

1.1 Natural Polysaccharides

Natural polysaccharides are complex carbohydrates found in nature (Figure 1.1), synthesized
by various organisms including microorganisms, plants, algae, and animals. They offer
numerous advantages such as non-toxicity, biocompatibility, biodegradability, good solubility,
and stability (1). Polysaccharides extracted from microorganisms include alginate produced by
Azotobacter vinelandii, bacterial cellulose generated from bacteria like Salmonella,
Acetobacter, and Agrobacterium, hyaluronic acid from bacterial species such as Streptococci,
Pasteurella multocida, and Cryptococcus neoformans, as well as dextran and xanthan (2-4)
(Figurel.2). Polysaccharides extracted from plants (5) include starch, cellulose, pectin, and
gums (Figure 1.3), while those extracted from animals include chitin and chitosan (6) (Figure
1.4). Polysaccharides from algae encompass agar, galactans (7), carrageenan (8), and sacran (9)
(Figure 1.5). These polysaccharides play significant roles in various applications including
food, pharmaceuticals, and cosmetics. Polysaccharides are the most common type of
carbohydrate in nature. These polysaccharides have a molecular structure that consists of
monosaccharides connected by glycosidic linkages or covalently attached to peptides, amino
acids, and lipids(10). The main classification of natural polysaccharides includes
homopolysaccharides (11), which consist of the same monosaccharides, and
heteropolysaccharides (12), which contain heteroglycans made up of distinct types of
monosaccharides can be classified based on their monosaccharide composition, chain lengths,

and branching structures. Polysaccharides in nature can either store energy, like starch, or give



structural support, like cellulose, contributing to physical stability (13). Polysaccharides can be
categorized according to their polyelectrolyte charges, including negatively charged
polysaccharides such as alginate, hyaluronic acid, and pectin (14) and positively charged

polysaccharides such as chitin and chitosan (15).
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Figure 1.1 Different types of polysaccharides source and their classifications (16).
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1.2 Hydrogel

Hydrogels are three-dimensional polymer networks that are hydrophilic (19). They can absorb

and retain large amounts of water while maintaining their structure (20). These gels consist of

hydrophilic polymer chains that form a network and are cross-linked to create a stable gel-like

structure. The ability of hydrogels to absorb water is due to the presence of hydrophilic functional

groups connected to the polymer backbone (21). The cross-links formed between the network

chains are what give hydrogels their resistance to dissolution. Many substances, both natural and

synthetic, meet the criteria to be classified as hydrogels. However, synthetic hydrogels have

gradually replaced natural ones over the past two decades due to their increased durability, high

water absorption capacity, and strong gel strength. Synthetic polymers have well-defined

structures and can be easily modified to achieve the desired degradability and functionality. It is
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also possible to create hydrogels using entirely synthetic components, which remain stable even
under extreme temperature variations. Hydrogels can be categorized into two groups based on the
type of cross-link junctions: chemically cross-linked networks have permanent junctions, (22).
while physical networks have temporary junctions caused by entanglements of the polymer chains
or physical interactions such as ionic contacts, hydrogen bonds, or hydrophobic interactions.
Furthermore, hydrogels can be classified into four classes based on the presence or absence of an

electrical charge on the crosslinked chains.

1.2.1 Methods to Preparation of Hydrogel

Chemical cross-linking

In hydrogels, chemical crosslinking is the process of forming covalent links between polymer
chains to build a network that has the capacity to absorb and hold a lot of water. Because of the
long-lasting bonds created by the crosslinking process, these hydrogels stand out for their
stability and resilience. The functional groups, such as hydroxyl (-OH), carboxyl (-COOH), and
amine (-NH>) groups, are what define the majority of hydrophilic polymers. These functional
groups are essential because, when paired with other cross-linking agents, they can take part in
chemical cross-linking reactions. In order to turn individual polymer chains into the cohesive,
three-dimensional network that constitutes a hydrogel, this cross-linking process is essential

(Figure 1.6).

The Functions of Functional Groups in Cross-Linking.

¢ Hydroxyl Groups (-OH), These groups can generate ether or ester bonds by reacting with
cross-linking agents such as diisocyanates or epoxides, which integrates the polymer chains

into a network.
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e Carboxyl Groups (-COOH): In the presence of amines, carboxyl groups can react with
carbodiimides to produce amide bonds or engage in esterification reactions with alcohols. They
are especially helpful for creating biodegradable connections in biomedical applications.

e Amine Groups (-NHz): Amine groups are extremely reactive; they can combine with
isocyanates to make urea linkages or with aldehydes to form covalent connections that result in
Schiff bases. Because of the strength of the resultant bonds, these reactions are frequently

utilized in the creation of hydrogels.
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Figure 1.6 The chemical crosslinking mechanisms in gelation hydrogels (23).

Physical crosslinking

In hydrogel, Physical crosslinking of hydrogels occurs when non-covalent interactions,
including hydrophobic, ionic, and hydrogen bonds, contribute to the formation of a three-
dimensional polymer network. Physical crosslinking is typically conducted under milder
conditions and does not necessitate the use of reactive agents, in contrast to chemical
crosslinking that employs covalent bonds. Reversible environmental conditions, including
temperature, pH, and ionic strength, are capable of inducing or reversing this crosslinking

process (Figure 1.7).
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Type of Physical crosslinking

e Hydrogen bonding is a form of crosslinking in which hydrogen atoms interact with
electronegative atoms in the polymer chains, such as nitrogen or oxygen. Hydrogen bonds are
frequently observed in polymers that contain amide (-CONH-) and hydroxyl (-OH) groups. In
general, these bonds are more reversible and weaker than covalent bonds.

e [onic crosslinking: This process occurs when multivalent counterions interact with charged
polymer chains. For example, polymers that possess both positive and negative charges within
the same molecular structure. These charges are typically balanced within the molecule,
leading to unique interactions that can be exploited for hydrogel formation. Zwitterionic
crosslinking capitalizes on the electrostatic interactions between the oppositely charged groups
to form stable, water-soluble networks that exhibit minimal fouling, high biocompatibility,
and unique response behaviors to environmental stimuli.

e Hydrophobic interactions can cause physical crosslinking in polymers comprising both
hydrophilic and hydrophobic segments, as these interactions facilitate self-assembly in aqueous
solutions. The sensitivity of this mechanism to temperature enables its application in the

development of thermoresponsive hydrogels.
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R S T —
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Figure 1.7 The physical crosslinking of hydrogels. (23)
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1.2.2 Properties of Hydrogels

¢ Swelling Behavior

The swelling of hydrogels is mainly determined by the polymer network structure and the
interactions between the polymer chains and the solvent, often water. When a dry hydrogel is
exposed to water, the hydrophilic parts of the polymer attract water molecules through hydrogen
bonding and other dipole interactions. The water molecules penetrate the network, leading to

the expansion of the hydrogel as the polymer chains separate.

e Mechanical properties

The mechanical properties of hydrogels are influenced by their composition and structure. Fully
swollen hydrogels, which have a high-water content, usually have low mechanical strengths. The
mechanical properties of hydrogels are impacted by factors such as the composition of the
monomers, the density of cross-linking, the conditions of polymerization, and the extent of
swelling. In the swollen state, the mechanical strength of the hydrogel primarily comes from the
cross-links, as physical entanglements are almost non-existent. Many researchers have extensively
studied the relationship between mechanical properties and cross-link density. However, it is
important to note that altering the cross-link density also affects properties other than strength. For
instance, increasing the concentration of cross-linkers brings the polymer chains closer together,
which reduces diffusivity, release and swelling rates, including the maximum degree of swelling.
Consequently, these properties need to be re-evaluated whenever additional cross-links are
introduced. The mechanical behavior of hydrogels can be best understood through theories of
elasticity and viscoelasticity. These theories consider the time-independent and time-dependent

recovery of chain orientation and structure, respectively. Elasticity theory assumes that when stress

15



is applied to a hydrogel, the strain response is instantaneous. However, this assumption does not
hold true for many biomaterials, including hydrogels and tissues. For example, when a weight is
suspended from a ligament specimen, the ligament continues to extend even though the load
remains constant. Similarly, if the ligament is elongated to a fixed length, the load gradually
decreases with time. This phenomenon is known as creep and stress relaxation, which results from
viscous flow in the material. Despite exhibiting liquid-like behavior, hydrogels are functionally
solids and are therefore considered to be perfectly elastic for the purpose of this study. The next

section provides a brief introduction to the fundamentals of elastic theory.

1.3 Anisotropic Swelling of Hydrogel

Anisotropic gels, as a biomaterial, have been extensively studied in various applications, such as
biomedical, optics or electronic materials. These anisotropic materials can be created through
different methods, including self-assembly, directional freezing, magnetic field alignment,
elongation, or the solvent casting method. Among these techniques, the solvent casting method
stands out as the most straightforward approach for preparing films. In this method, oriented films
are fixed through crosslinking and then rehydrated in solvents, resulting in the formation of
oriented gels. In Figure 1.8 Okajima and coworker (24) reported The method to prepare anisotropic
sacran hydrogel via solvent casting methods is described. The results show that when hydrogels
are annealed at higher temperatures, they form smaller structures due to the ester bond formation

between hydroxyl groups and carboxylate groups in their structure.
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a 90°C  100°C 120°C

Figure 1.8 Photos of sacran film and hydrogels. (a) Sacran film (left) and hydrogels swelling in
water after the film was annealed at various temperatures (right). Scale bar: 5 mm (b) hydrogel
sheet is tough enough to deform and translucent enough to scatter the white light irradiated from

right. (c) Hydrogel sheet put on the arm.

Dongdong Ye and coworkers (25) studied the formation of ACH with a highly ordered structure is
demonstrated in this study. The process begins with the synthesis of LCG by reacting cellulose
with a small amount of EPI in a LiOH/urea aqueous solution. The LCG-containing solvent (LiOH-
urea) can be easily pre stretched under external force to create an oriented structure. Once the force
is removed, the original shape of the LCG is immediately recovered, resulting in permanently

oriented cellulose hydrogels (Figure 1.9).
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Chemical crosslinking Pre-stretching

Physical crosslinking
(within 1 min)

Cellulose solution Chemical gel (LCG)

Physical
crosslinking

© LiOH © Urea
\-\ Cellulose chain

Anisotropic cellulose hydrogel (ACH)

Chemical
crosslinking

Figure 1.9 First, the loosely chemically cross-linked gel (LCG), fabricated from cellulose
solution, was prestressed by external force and the hydrogel network aligned in the stretching
direction to form a temporarily oriented structure. Then a relatively close-packed architecture
including hybrid cross-linking networks formed in the acid solution driven by the strong self-
aggregating force of the cellulose itself, leading to permanent locking of the orientation

structure of the hydrogels (25).

1.4 Cyanobacterial Polysaccharide “Sacran”

Cyanobacteria, which are found in almost every water system on the planet, are well-known
for producing toxins that endanger both aquatic life and humans. Recent investigations on
cyanobacteria metabolites have revealed a major biological impact on human health. Notably,
these microorganisms have the ability to manufacture and release polysaccharides containing
varied functional groups, such as amino acids, phosphate, sulfate, and carboxylic acid, which
is essential for adsorption processes (26). Among the myriad of cyanobacteria species,
Aphanothece sacrum, also referred to as A. sacrum, stands out as a single-celled organism

thriving in freshwater habitats Figure 1.10 This species is remarkable for its production of a
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polysaccharide named sacran (27), characterized by its complexity. Sacran consists of various
sugar residues including galactose, glucose, mannose, xylose, rhamnose, fucose, galacturonic

acid, and glucuronic.

A B.

Figure 1.10 A) Suizenji Nori and B) Sacran™ and C) sacran in solution (27)

acid, with composition ratios of 25.9, 11.0, 10.0, 16.2, 10.2, 6.9, 4.0, and 4.2, respectively as
shown in Figure 1.11 Additionally, this heteropolysaccharide is composed of at least six distinct
types of sugar residues, Glucose (Glc), Galactose (Gal), Mannose (Man), Xylose (Xyl),
Rhamnose (Rha), and Fucose (Fuc). Additionally, sacran contains approximately 20-25%

uronic acids as anionic residues and trace amounts (around 1.0%) of aminosugar as cationic
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residues. Besides sacran has sulfated sugar residues. As a result, sacran contains 22%
carboxylates, 250% hydroxyls, and 11% sulfates groups, thereby exhibiting similarity to

glycosaminoglycan (GAG)
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H_o HO o H. _H-o
HO
R. Rl er: H OH HO OH H
, R, AV HO— W™ HO—= “on
& H H H H OH
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Figure 1.11 Main structure of sacran chains where the sequences in monosaccharide triads,
pattern of glycoside linkages, steric conformations of hydroxyls or other substitutes are
tentative(18).

Since sacran has a higher molecular weight (Mw), researchers have conducted investigations on
its liquid crystalline properties (28). The study on dielectric relaxation has shown that sacran
possesses various types of counterions, each with a different degree of interaction with the polyion.
These counterions can be categorized as strongly bound or loosely bound. The concentration of
entanglements and gelation affects the dielectric properties, such as relaxation duration and
relaxation strength, but the concentration of overlap does not. The density of bound counterions,
determined by the relaxation strength, suggests that the counterions are concentrated around the
sacran chains (29). The reduction in the charge density of the sacran chains leads to a decrease in
the repulsive force between the chains, resulting in the helix transformation or gelation behavior.
The configuration of sacran molecules in pure water and the process of gelation are connected to

the properties of liquid crystalline polyelectrolytes (18), as depicted in Figure 1.12
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Figure 1.12 Schematic illustrations representing the chain conformation of sacran in salt-free
solutions (c*: overlap concentration, ce: entanglement concentration, cp: critical polyelectrolyte
solution, cn: helix transition concentration, cg: gelation concentration). The inset microscopic
picture is Schlieren texture taken under cross-Nicol polarimetry in a concentration of 0.5

wt %.(18)

1.5 Quaternary Ammonium Compounds

Quaternary ammonium salts (QAC), which are known for their exceptional hydrophilic

properties, are often used as components in polymers to increase their water solubility.
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Quaternization is an essential method used to enhance polymer solubility. Under different
experimental conditions, quaternary ammonium groups are chemically incorporated into or onto
the polymer backbone through interactions with primary amino or hydroxyl groups. QAC is also
preferred in many applications, including water solubility, pH sensitivity, biocompatibility, and
biodegradability. (3-chloro-2-hydroxypropyl) trimethylammonium chloride, also known as Q188,
is one of the most commonly used agents in the synthesis of cationic polysaccharides. It is favored
due to its low toxicity and good solubility. When exposed to alkaline conditions, Q188 is converted
into an epoxide. This quaternization process involves replacing the OH groups present in the
polysaccharides. The degree of quaternization in the resulting product is influenced by factors such
as the amount of quaternary ammonium added, reaction time, pH of the reaction, and reaction
temperature. Increasing the content of Q188 and extending the reaction time gradually increases
the degree of quaternization. QAC with high degree of quaternization which is suitable for drug

transport, gene delivery and bacteriostat (Figure 1.13).
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Figure 1.13 Functional mechanisms of QAC (30).

1.6 Ampholytic Polysaccharides
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Ampholytic polysaccharides are complex polymers that contain both negatively charged
(anionic) and positively charged (cationic) groups species on their polymer network in a single
large structure (31). They combine the inherent benefits of polysaccharides, such as their ability
to break down naturally, their compatibility with living organisms, and their lack of toxicity,
with the functional properties of zwitterionic molecules. The polysaccharides possess a strong
affinity for water molecules due to their dual charged groups, which enhance their hydrophilic
character (32). This leads to the formation of a densely linked hydration layer. This feature not
only gives the material excellent moisture retention qualities but also improves its fouling
resistance (33), which is crucial for a wide range of applications. Moreover, the simultaneous

presence of positive and negative charges within a single entity results in a distinct internal




charge balance. This balance modifies the interactions of the polysaccharides with other
charged molecules, affecting numerous properties like solubility, binding tendency, and general
stability. (34). The charge dynamics of ampholytic polysaccharides have a wider range of
applications than traditional materials. They provide creative solutions in domains that need
accurate molecular interactions. Previously work Yabin Zhang and coworker (35) report about
the ampholytic hyaluronic acid-based hydrogel, a facile click reaction strategy is employed to
form hydrogels in situ with cytocompatibility, biodegradability, self-healing property, and
resistance to protein. The thiol-functionalized ampholytic carboxybetaine methacrylate
copolymer, which takes part as a cross-linker in the "thiol-ene" click reaction with the
methacrylate hyaluronic acid. The hydrogels are obtained under physiological conditions
without the presence of any copper catalyst and UV light. The hydrogel consisting of
ampholytic component shows an obvious reduction in protein adsorption and cell adhesion and

avoids non-targeted factor interference in the biological experiments as shown in Figure 1.14.
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Figure 1.14 Hydrogels cross-linked via “thiol-ene” click reaction between HAGMA and poly

(CBMA-co-AC) (35).
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1.7 Microneedles

Microneedles represent a transformative approach in the field of drug delivery, offering a
minimally invasive and efficient method for administering medications (36). This innovative
technology consists of arrays of tiny needles, typically ranging from a few micrometers to a couple
of millimeters in length, which can painlessly penetrate the outer layer of the skin (stratum
corneum) to deliver therapeutic agents directly into the dermal tissue (37). The design and
fabrication of microneedles leverage advances in microfabrication technology, enabling precise
control over needle geometry and size. This precision allows for the delivery of a wide range of
therapeutics including small molecule drugs, vaccines, and biologicals such as proteins and nucleic
acids (38), directly to the systemic circulation or targeted dermal cells without passing through the
gastrointestinal tract or undergoing hepatic first-pass metabolism. Microneedles are classified into
several types based on their design, material composition, and the mechanism by which they
deliver drugs. Here are the main types of microneedles commonly used in drug delivery Figure

1.15.

Solid Microneedles: These are used primarily to create microchannels in the skin. Once the skin
is perforated, drug formulations applied topically can reach the dermis. Solid microneedles do not

contain drug themselves; they merely facilitate its delivery (39).

Coated Microneedles: These have a thin layer of drug coated on their surface. When the needles
penetrate the skin, the drug is dissolved and delivered into the interstitial fluid. The amount of drug

that can be loaded onto coated microneedles is relatively limited (40).
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Dissolving Microneedles: Made from water-soluble polymers and containing the drug within
their structure, these microneedles dissolve upon insertion into the skin, releasing the drug directly

into the tissue. This type allows for a higher drug load compared to coated microneedles (41).

Hollow Microneedles: Similar to traditional hypodermic needles but on a much smaller scale,
these have a hollow center through which drugs can be injected once the needle penetrates the
skin. This type is particularly useful for delivering liquid formulations and can be used for

controlled drug release over time (42).

Hydrogel-Forming Microneedles: These microneedles are initially solid but absorb interstitial
fluid upon insertion into the skin, forming a hydrogel that can slowly release the drug. They
combine aspects of both solid and dissolving microneedles, providing a platform for sustained

release (43).

Figure 1.15 A schematic representation of drug release methods with five different types of MNs.
(A) Hollow MN:ss pierce the skin (left) and provide the release of liquid drug formulation through
the needle lumen (right). (B) Solid MNs pretreat the skin to create transient microchannels skin
(left) and increase the permeability of the drug that is then, applied in the form of a transdermal
patch, solution, cream, or gel (right). (C) Coated MNs with drug formulation (left) enable the fast
dissolution of the coated drug in the skin (right). (D) Dissolving MNs are prepared from polymer
and embedded drug in the MN matrix (left) to provide the bolus or controlled delivery of a drug
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(right). (E) Hydrogel MNs poke the skin, uptake interstitial fluids (right), and induce diffusion of

the drug from the patch through the swollen MNs (left) (44).

1.8 General Purpose

The main purpose of this study was to modify the sacran with Quat-188 to increase hydrophilicity,
solubility, and cell-compatibility. After modification, the structure should be ampholytic, providing
electrostatic interaction with water. Additionally, we aimed to apply the modified sacran in terms
of hydrogel application. The interaction of -OH, -COOH from sacran structure and new functional
groups (+N(CH3)3) from quaternary ammonium can bind together to make modified sacran showed
more swelling hydrogel and hydrophilicity properties. Based on the aforementioned pieces of
knowledge, we aim to utilize modified sacran in biological applications involving quaternary

amines.
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CHAPTER 11

QUATERNIZED SULFATED POLYSACCHARIDES WITH SUPER HIGH

MOLECULAR WEIGHT POLYMER

2.1 Introduction

Polysaccharides are large molecules composed of repeated monosaccharide units (45), which
are produced by plants (46), animals (47), and certain microorganisms (48), including specific
types of bacteria. These monosaccharide units are typically connected through glycosidic
bonds, forming structures that can be either simple linear chains or more intricate branched
configurations(10, 45). Sacran is a type of heteropolysaccharide made up of various sugar
residues including galactose, glucose, mannose, xylose, rhamnose, fucose, galacturonic acid,
and glucuronic acid (27, 49) . It also features minor amounts of alanine, galactosamine, uronic
acid, and muramic acid. Notably, 11% of its monosaccharide components are sulfated, 22%
contain carboxyl groups and 250 % hydroxyl groups. Natural polysaccharides offer multiple
benefits for biological uses, including their derivation from renewable resources, their
biocompatibility, and their non-toxic nature. However, the application of these biomaterials is
limited in scope due to limitations imposed by their physicochemical and structural properties.
Furthermore, specific polysaccharides obtained from natural organisms exhibit limited
bioactivity, suggesting the necessity for further development. As a result, the development of
methods to enhance the biological efficacy of polysaccharides is important. Numerous studies
have demonstrated a variety of polysaccharide modification techniques and properties.

Chemical modification has been found to significantly affect the biological activity of
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polysaccharides(50-52). Chemical modification of polysaccharides involves altering their
structure through chemical methods to produce polysaccharide derivatives that exhibit
enhanced or novel biological activities. Chemical modification of polysaccharides can alter
their biological functions by changing their functional groups. This process may also break
down polysaccharides, adjust their molecular weights, improve solubility, and alter their

biological effects (53-56).

Quaternization is a form of chemical modification in which a previous structure is modified
by introducing a quaternary ammonium group (57). Frequently, to introduce ionic groups into
polysaccharides, cationic agents are utilized. (3-chloro-2-hydroxypropyl) trimethylammonium
chloride (Q-188) stands out as one of the most popular choices for creating cationic
polysaccharides due to its affordability, low toxicity, and high stability (Figure 2.1). Under
alkaline conditions, Q-188 is transformed into epoxide. One noted characteristic of
quaternization is its ability to increase the qualities and commercial value of polysaccharides
through modifications to their functionality while maintaining the majority of their residual

characteristics unmodified (58).

OH CH; Cl

|
Cl

CH,

Figure 2.1 The structure of 3-chloro-2-hydroxypropyl) trimethylammonium chloride or Q-

188.

3-Chloro-2-hydroxypropyl trimethyl ammonium chloride (Q-188) is favored among these

agents due to its economical nature, low toxicity, improved stability, broad commercial
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availability, and environmentally friendly nature. As a result, Q-188 is utilized extensively in

the production procedure of quaternized ammonium polysaccharides (59, 60).

The Q-188 approach is utilized to modify sacran in order to create highly soluble ampholytic
sacran for the production of ampholytic materials. This section primarily analyzes the modification
ratio between sacran and agents, while also evaluating the characteristics of sacran and its

derivatives.

2.2 Materials and Methods

2.2.1 Materials

Sacran, a polysaccharide was extracted from the frozen biomaterials of Aphanothece sacrum.
Quat-188 (N-(3-chloro-2-hydroxypropyl)-trimethylammonium chloride) was purchased Tokyo
Chemical Industry Co., Ltd. Sodium hydroxide (NaOH), hydrochloric acid (HCl), Sodium
chloride (NaCl) and ethanol were purchased from Kanto Chemical, Japan. SnakeSkin ™

Dialysis Tubing, 10K MWCO, 35 mm dry [.D., 35 feet were purchased from thermos scientific,

USA.

2.2.2 Extraction, Preparation of Sacran Polysaccharides.

The cyanobacteria sacran were collected from a river farm located on Kyushu Island, Japan.
The sacran was subjected to freezing, followed by a soaking period of 2 days, and subsequently
washed with distilled water to eliminate the aqueous pigment. Subsequently, the sacran was
submerged and agitated in a 3% v/v solution of sodium hypochlorite. The cyanobacteria sacran
had a color change from green to brown, followed by two rounds of filtration and washing with
diluted water. Subsequently, a solution containing 4% v/v of hydrogen peroxide was agitated

without applying heat. Next, include 4 grams of sodium hydroxide. Following a 2-hour heating
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period at 60°C using a mechanical motor stirrer, the polysaccharide should be fully dissolved.
The polysaccharide solution was brought to a pH of 7 by adding 0.1 M hydrochloric acid. The
solution was gradually immersed in pure isopropanol to cause the fibrous components to
precipitate. The wet biomaterial polysaccharide was dried in an oven at a temperature of 60 °C

for a duration of 2-3 minutes, resulting in the formation of fibrous materials.

2.2.3 Sonication Effect Study of Sacran

The process of ultrasonication was carried out using a vibra-cell ultrasonic liquid processor
manufactured by Sonic and Materials, Inc. This processor operates at a frequency of 40 kHz.
The ultrasonic energy was applied in a pulse with a 30-second duration of energy, followed by
a 10-second cutoff. The amplitude of the energy was set at 40%. The 13-mm-diameter probe
was placed in 50 mL of 0.5 wt% sacran solution. During the experiment, the sacran solution

was placed on the ice bath through ultrasonication to prevent overheating.

2.2.4 Synthesis of Quaternary Ammonium Compounds-Sacran (Q-Sacran)

Sacran (0.5 g) was completely dissolved in 100 mL of Milli-Q water. Subsequently, a solution
of sodium hydroxide was prepared by dissolving 5.0 g of the compound in 100 mL of DI water,
resulting in a concentration of 5 wt%. followed this method 3 mL of 5 wt.% sodium hydroxide
solution was introduced into the sacran solution, which was continuously stirred at an elevated
temperature of 70 °C. Following a duration of 1 hour, Quat 188 (3.45 mmol) was carefully
added to the sacran solution, the pH of solution decreased, and it was necessary to raise the pH
to 12 using 5% weight of sodium hydroxide. The reaction proceeded continuously at a
temperature of 70 °C for a duration of 24 hours. After the reaction was completed, the mixture
was neutralized to around pH 7 using dilute hydrochloric acid aqueous and was reprecipitated

over ethanol. The fibrous precipitates were re-dissolved in DI water and were dialyzed using a
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dialysis membrane (Snakeskin dialysis membrane 10K MWCO, 35 mm; Thermo Scientific,
USA) over DI water for 3 days to remove residual chemical constituents. The synthetic partway
was shown in Figure 2.2. The resulting product, Q-Sacran, was collected and dried using a
freeze-dryer. The higher amount of Quat 188 (6.90 mmol, 13.80 mmol, 20.73 mmol, and 27.64

mmol) was used to prepare the sacran having higher degrees of quaternization.

0S04H
:
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Figure 2.2 Synthetic partway of Q-sacran.

2.2.5 Characterization of Sacran Derivatives.

2.2.5.1 Nuclear Magnetic Resonance Spectroscopy (NMR)

The solid-state 1*C DD-MAS NMR spectra (125.8 MHz) of Sacran and its derivatives were
acquired using a Bruker Avance III 500 spectrometer equipped with a 4 mm MAS probe head

(4 mm VTN probe), The total recording time and recycle delay were measured to be 27 ms and
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20 s, respectively. Notably, the spectra were carefully matched to the glycine carbonyl signal,
which exhibited a chemical shift at 176.03 ppm (61).
2.2.5.2 Calculation of The Degree of Quaternization (%DQ)

The degree of quaternization was evaluated by'>*C NMR spectroscopy using equation (1)

integral area of CH3 of trimethylammonium (Quat) 1
%DQ = [ X

integral area of C1 of sugar backbone E

]x 100% (1)

Here, around 50 ppm represents the integral 1>C area of the trimethyl amino group of Quat,
while that of a signal of the C; carbon for sugar residues around 100 ppm, as depicted in Figure

2.3 and Figure 2.4.
2.2.5.3 Calculation of Degree of Quat incorporation (DQ-incorporation)

To Calculate the degree of quaternary ammonium (Quat incorporation) or reaction degree
relative to the initially fed quat amount in sacran, where the quat is positioned at the Cs position
and its cationic parts are assumed to form aggregates with their cationic parts on the top of

surface to interact with inner anions.
- Calculate the molar amount of sacran

First determine the molar amount of sacran units available for substitution from this equation

2

weight of sacran
Molar amount of sacran ght of ]

2)

- [Moalr mass of repeating unit

- Determine the theoretical molar amount of Quat for full substitution

To achieve a DQ of 100%, calculated the amount of Quat needed to fully substitute the available

hydroxyl groups on sacran. (3)
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3)

. o Molar amount of sacran
Theoretical full substitution Quat amount = [ ! , ]
Number of hydroxyl per sacran unit

- Calculate the actual molar amount of quat incorporated (4)

Using the degree of quaternization from NMR to calculated

Actual Quat incorporated = Theoretical full substitution Quat amount X %] 4)

- Calculate the degree of Quat incorporation (5)
Finally, compare the actual molar amount of Quat incorporation to the molar amount of Quat
initially added to calculate the degree of incorporation.

Actural of Quat incorporation
Molar amount of Quat added

Degree of Quat incorporation = ] x 100% (5)

2.2.5.4 Attenuated Total Reflectance Fourier Transform Infrared Spectroscopy (ATR-FTIR)

The chemical structure of sacran and modified sacran, specifically the sulfate content, was
characterized using chondroitin sulfate as an external standard through solid-state Attenuated Total
Reflectance Fourier Transform Infrared Spectroscopy (ATR-FTIR). Analysis was performed using
a Spectrum 100 FT-IR Spectrometer (Perkin Elmer). Spectra were recorded in transmittance mode

across a range of 4000 to 400 cm™'.

2.2.5.5 Thermal Gravimetric Analysis (TGA)

Thermogravimetric Analyses (TGA) of both Sacran and Q-sacran were conducted with a
Rigaku TG 8121 instrument under a controlled nitrogen flow at a rate of 20 ml/min.
Approximately 7 mg of the sample was placed in the platinum pan for analysis. Subsequently,
the temperature parameters were programmed to increase at a rate of 20°C/min, ranging from

an initial temperature of 50 °C to a final temperature of 850 °C. (62).
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2.2.6 Molecular Weight Determination

The molecular weight of sacran was calculated using a size-exclusion chromatography multi-
angle laser light scattering (SEC-MALLS) system equipped with a fused silica column. The
column temperature was maintained at 40°C. A 0.1 M sodium nitrate solution, flowing at a rate
of 1 mL/min, was used as the eluent. Before measurement, the 100 mL sample solution, with a
concentration of 0.01 wt%, was filtered using a 5 mm pore size filter. The light scattering
measurements were performed using the DAWN Heleos multi-angle laser light scattering
detector from Wyatt Technology, which operated at a wavelength of 665 nm. This detector was
positioned between the SEC system and a precision refractive index (RI) detector, specifically
the Wyatt Technology Optilab T-rEX, which has a laser wavelength of 658.0 nm. The refractive

index increment (dn/dc) value for sacran was determined to be 0.185 mL/g (24).

2.2.7 Determination of Solubility and Salination Study

The solubilities of sacran and Q-sacran were investigated as follows. Sacran and Q-sacran
were tried to dissolve in various solvents to see how well they dissolved. The samples were first
mixed with a solvent at room temperature, and then the temperature was slowly raised until it
reached 60 °C while being stirred until a clear solution formed. Moreover, we also investigated
the impact of salination, aqueous mixes of sacran were prepared using 0.1 M solutions of NaCl

in Milli-Q water.

2.2.8 The Dynamic Light Scattering (DLS)

Dynamic light scattering (DLS) technique is subsequently utilized to analyze and characterize
the particle size, hydrodynamic diameter, or polymer coils suspended of the polysaccharide in

solution. This analysis was conducted using a Zetasizer Nano ZS90 (Malvern Instruments Ltd.,
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England). at a consistent temperature of 25 °C, the observed intensity of dispersed light is
represented as the count rate of photons, measured in kilo counts per second (kcps). The sample
container utilized in this study was a disposable folded capillary cell, namely the DTS 1070

model.(63),(64).

2.2.9 Steady-Shear Viscosity Measurement.

Viscoelastic measurements were conducted utilizing a rheometer (MCR 301; Anton Paar,
Graz, Austria) which included a stainless-steel cone plate, which is the CP50 model
manufactured by Anton Paar, having a diameter of 50 mm. The temperature during the
viscoelastic measurement was recorded as 25.0 = 0.5°C using a Peltier plate. An experiment
was conducted to measure the viscosity of a fluid under steady-shear flow conditions. The shear

rate varied within the range of 0.001 to 1,000 s (65).
2.3 Results and Discussion

2.3.1 Effect of Ultrasonication on Molecular Weight Reduction.

Ultrasonication is a technique that uses sound waves of high frequency to induce a mechanical
force in a liquid medium. This technique is non-toxic and easy to provide lower polymer
segment from large polymer segment. At the process, sacran solution concentration 0.5 wt.%

was characterized by the molecular weight reduction with SEC as shown in Table 1.
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Table 1. Ultrasonication effect to reduction of molecular weight of sacran chains.

Irradiation time Mw PDI
(min) (g/mol) (Mw/Mn)
0 3.07 x 105+ 8.010% 2939.33+339
5 2.89 x 106+ 8.954% 807.70+65
10 2.70 x 106+ 12.418% 484.30+34
15 2.46 x 106+ 7.852% 103.72+21

2.3.2 Synthesis and Characterization of Modified-Sacran

2.3.2.1 BC-Nuclear Magnetic Resonance ('*C-NMR)

A quaternization reaction has three stages. The initial stage has the reaction between the sacran
polysaccharide and sodium hydroxide, followed by the engagement of the epoxy ring from the
quaternizing agent, and culminating in the reaction between the hydroxyl group of sacran
polysaccharide and epoxide. This final step results in the formation of an ether bond within the
structure. The reaction mechanism shown in Figure 2.3 illustrates the characterization, so
confirming the structure of Sacran. The '*C-DDMAS nuclear magnetic resonance (NMR)
spectra showed signals at chemical shifts of 101.03 ppm (carbon atoms of C; and C2), 73.10
ppm (C3, C4, and C5), and 175.50 ppm (carboxyl group) were detected. Following the process
of quaternization, Q-sacran exhibited a new signal corresponding to trimethyl ammonium
(+N(CHs3)3) within the chemical shift range of around 50-55 ppm. Furthermore, the degree of

quaternizing was determined using equation 1. in the '*C analysis. The findings demonstrate
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that the quaternization degree (%DQ) of QAC-sacran is extensively reported in Table 2., in

relation to the integral area of C; carbon inside the sugar backbone.
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Figure 2.3 The structure showed the carbon atom of the main sugar ring of the sacran and

modified sacran.
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Figure 2.4 1°C- NMR spectra of (A) sacran and (B-F) modified Sacran at difference amount of

quaternary ammonium.
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Table 2. Quaternization degree (%DQ) of Q-sacran prepared under different Quat amount

added and Molecular weight of origin sacran and modification sacran.

Amount of Degree of Molecular weight
Conditions QAC Quaternization (DA)
(mmol) (%DQ)
A. Sacran - . 2.46x10°
B. Sacran with NaOH i - 7.98x10°
C. Q1-Sacran 3.45 3247 7.41x10°
D. Q2-Sacran 6.90 3341 1.94x10°
E. Q3-Sacran 13.80 61+8 2.23x10*
F. Q4-Sacran 20.73 79+6 4.51x10*
G. Q5-Sacran 27 64 8749 4.18x10¢

The modification of sacran has shown that it has a dual effect. The first effect, after being
modified with a quaternizing agent, was transformed into an ampholytic polysaccharide that
showed both anionic and cation charges. In addition, the second effect is the molecular effect
of modification sacran, which will decrease due to the effect of alkaline hydrolysis, the result
as shown in Table 2. The method of turning a hydroxyl group into ethers is a well-established
reaction in the structure of several polysaccharides. In order to achieve the synthesis of sacran
ethers, it is necessary to carefully control the reaction conditions within the pH range of around
13-14. This specific pH range is essential for facilitating the desired etherification reaction (16).
Throughout this procedure, alkaline hydrolysis (OH") will be observed, wherein hydroxide ions
act as nucleophiles and target the glycosidic connections within the sugar backbone. Sacran is
a type of polysaccharide composed of a number of sugar rings. (66), The alkaline hydrolysis of

modified sacran is shown in Figure 2.5
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Figure 2.5 Alkaline hydrolysis of glycosidic linkages bond.

Hydroxide ion can be deprotonated hydroxyl group at the C2 of sugar ring on the structure,
and then the sugar rings break down and the polymer molecular becomes smaller (67).

2.3.2.2. The Compositions of Carboxyl Groups and Sulfate Groups in Their Sacran

Structure.

Sacran is a polysaccharide composed of anionic groups, including carboxylate and sulfonate,
which constitute approximately 34% mol of the total sugar units. The degree of carboxylate
incorporation in sacran and its modified forms is detailed in Table 3, showing similar levels of

carboxylate group incorporation across all samples, ranging from 17-21%. These results suggest
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that the quaternary ammonium (quat) groups interact with the hydroxyl groups at the C-6 position

of the sugar rings.

Table 3. A summary incorporation of COOH in sacran and modified sacran.

DQ COOH" COOH incorporation °
Conditions Incorporation ? (mol) (%)
(%)
A. Sacran - 5.94x10* 22
B. QI-Sacran 67.95 4.74x104 20
C. Q2-Sacran 35.65 5.51x104 20
D. Q3-Sacran 32.54 5.37x10* 20
E. Q4-Sacran 28.19 5.43x10* 20
F. Q5-Sacran 23.30 5.58x10* 21

a) The incorporation valve of Q-188 has been incorporated into the sacran. b) mol of COOH refers

to sacran, and ¢) %COOH incorporation of sacran and modified sacran.

In FTIR analysis, the purpose of this study is to estimate the number of sulfate groups present in
sacran. The well-defined sulfate absorption peaks of chondroitin sulfate for FTIR spectroscopy
were used as an external reference. Quantifying the sample amount directly in the FTIR analysis
was not feasible; consequently, a ratiometric approximation was employed to measure the change
in the intensity of absorption bands. This is a relative method for comparing band intensities,
providing clues about changes in the composition or structure of the sample (68). The normalized
spectra for both the reference standard and sacran are identical and correspond under ideal
conditions. Comparative analysis of the peak heights for sacran and chondroitin sulfate is
presented in Figure 2.6. In the chondroitin spectrum, a strong S=0 absorbance band at 1226
cm! indicates the presence of sulfate groups, constituting approximately 50% mol of chondroitin

sulfate. The peak at 1033 cm! is attributed to the C-O-C bonds of aliphatic ethers and sulfate
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groups in polysaccharides, with polysaccharides having 200% ether per sugar residue. In the sacran
spectrum, the specific S=O band appears at 1226 cm™!, and the peak corresponding to the ether and
sulfate in polysaccharides is observed at 1037 cm™'. Table 4. summarizes the FTIR normalized
peak height ratios for specific peaks. The results indicate that the ratio of peak heights at
1226/1033 cm™ for chondroitin and 1226/1037 cm™ for sacran corresponds to a sulfate

composition of approximately 13% mol per sugar residue.

C-O-Cether bond
! 3
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[ W
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R-COOH
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R-OH

|
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Figure 2.6 The FTIR spectrum of chondroitin sulfate has 50%mol sulfate to sugar residues and

sacran polysaccharide.
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Table 4. A summary of the FTIR peak height ratio from chondroitin sulfate as an external

standard comparing with sacran.

Compound Peak Intensity Ratio Sulfate Composition
(cm™) (1226/1033 or 1226/1037) (% mol)
Chondroitin Sulfate 1226/1033 0.83 50
Sacran 1226/1037 0.21 13

2.3.2.3 Thermogravimetric Analysis (TGA)

The thermal characteristics of sacran and Q-sacran were evaluated by TGA. Derivative TGA
analyses (DTG) were also made. Figure 2.7 illustrates TGA of sacran and various Q-sacran
specimens. The TGA of sacran profile showed weight loss observed in the temperature range
0f 25-130°C was approximately 10 %. This can be attributed to moisture vaporization from the
specimens. Subsequently, the second and third stages of mass-loss were observed. The large
mass-drops down to around 50 % were identified in the range of 250-300°C and DTG peak of
sacran were observed at a temperature of 282 °C as shown in Figure 2.7B, which should be
assigned thermal degradation due to the breakdown of the sacran backbone. The profiles of
TGA and DTG of sacran with NaOH and without Quat also showed weight loss due to moisture
vaporization from specimens around 13.45% at the same temperature as sacran. Furthermore,
the second state of the TGA thermogram of the sample showed a weight loss due to the structure
decomposition of around 28.70% at a temperature range of 170-230 °C. The DTG were
observed at a temperature of around 222 “C. To compare the DTG peak of sacran and sacran

with NaOH, the temperature was shifted to a lower temperature after hydrolysis due to the
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hydrolysis reaction breaking the glycosidic bonds, leading to the cleavage of polysaccharide
(1). TGA and DTG analyses of Q-sacran at various concentrations (Figures 2.7A and 2.7B)
demonstrated a moisture content spanning from 10-12 % at 25-130 °C. The mass reduction
attributed to thermal degradation varied between 45% and 60%. When comparing the DTG
peaks of sacran with NaOH and Q-sacran, a slight decrease in temperature was observed from
222 °C to approximately 280 °C. The results of this study suggest that the temperature
degradation was accelerated by the etherification reaction between quaternary ammonium and
sacran. The DTG peak temperature difference Q-sacran, however, was not significantly

impacted by quaternization.
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Figure 2.7 A) Presents the thermogram obtained from the thermogravimetric analysis (TGA)
of sacran and Q-sacran derivatives under six different settings and B) displays the temperature

composition obtained from the derivative thermogravimetry (DTG) analysis.
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2.3.3 Hydrodynamic Radius and Zeta Potential of Modified Sacran

The dynamic light scattering (DLS) was used to measure the hydrodynamic radius and zeta
potential of Q-sacran in aqueous solutions at a temperature of 25 °C (Table 5). The
hydrodynamic radius, Ry, of sacran as particles in water was evaluated at approximately 4700
+ 1300 nm. Ry values of Q-sacran with degrees of 32 %, 33 %, 61 %, 79 %, and 87 % were
estimated as 1600 £220 nm, 950 + 80 nm, 950 + 80 nm, 1100 + 120 nm, and 990 £ 30
nm, respectively, indicating that cationization of sacran reduced Ry. Sacran intrinsically formed
supercoiled assembles in spite of densely substituted anionic groups, presumably based on
hydrogen bonding and hydrophobic interactions. (69) As the composition of cations increased,
the ion pair number of quaternary ammonium groups with original anions of sacran increased.
These interactions have two effects 1) on interfering the assemble formation by the bulky Q-
group, 2) on tightening the assemble form by ionic interaction of incorporated cations with

original anions. These effects resulted in the reduction of Rp.
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Table 5. Characterization the hydrodynamic radius (R) results for original sacran and sacran

with Q-composition in DI-water and DMSO of sample in aqueous solution

In water In DMSO
Conditions Hydrodynamic Hydrodynamic
radius radius
(nm) (nm)

A. Sacran 4700+1300 517+160
B. Sacran with NaOH 1790+£120 597+£30
C. QI-Sacran 1600+220 982+65
D. Q2-Sacran 950480 658+70
E. Q3-Sacran 950+80 2405+105
F. Q4-Sacran 1100£120 32174977
G. Q5-Sacran 990+30 47244892

In DMSO, as the number of cations in Q-sacran increased, the ion pair number of modified QAC
groups with the original anions of sacran also increased. These interactions caused the polymer
chains to aggregate, resulting in a decrease in their solubility. Based on the interchain interaction,
the modification with QAC enhanced the resulting aggregation, leading to an increase in particle

size was shown in Figure 2.8.
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Figure 2.8 Solubility in DMSO A) Sacran and from B-G are modified sacran B) Q1-Sacran C)

Q2-Sacran D) Q3-acran E) Q4-Sacran and F) Q5-Sacran

The Ry and zeta-potential of Q-sacran were evaluated in a saline solution (Table 6), showing that
Rn decreases and zeta potential increases as the cationization degree increases by NaCl addition.
This phenomenon can be explained by the interplay between electrostatic interactions among the
charged groups of Q-sacran and ions from the saline solution. Upon the addition of NaCl, Na"and

CI ions can connect with Q-sacran assembles to dissociate and to reduce Ry values.

Table 6. The zeta potential of original sacran and the modification sacran as a difference Q-

composition in NaCl 0.1 M.

In NaCl 0.1 M
Conditions Hydrodynamic Zeta Potential
radius (mV)
(nm)
A. Sacran 1100£260 -18.9+0.2
B. Q1-Sacran 8204120 -17.2+0.6
C. Q2-Sacran 700+40 -15.9+0.6
D. Q3-Sacran 640+80 -14.0£0.5
E. Q4-Sacran 560£20 -10.0£0.2
F. Q5-Sacran 520+60 -9.2+0.5
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2.3.4 Screening Effect of Sacran and Modified Sacran

The value of the zeta potential of original sacran was approximately -59.2 mV, whereas those of
Q-sacran had increased values from -54.8 to - 41.9 mV with increasing compositions of the
quaternary ammonium group (Figure 2.9) This can be regarded as evidence of cationization. The
increasing rate was estimated as 19 mV per cationization unit. It is noteworthy that the zeta-
potential is negative even for samples with large cationization degrees. The assembled
characteristics can be attributed to both positive charges (-N(CH3)3") and original negative charges
(-COO and -SOy) of sacran, as well as their interactions with one another. The sacran chains were
very efficiently assembled to form micro-scaled supercoils against electrostatic repulsion. Even
in high cationization degrees, the supercoil assembles were formed in which not only anions but
also incorporated cations were contained inside. Around the surface of assembles, it is speculated
that the 6-substituted cation groups should be directed inside to interact with inner anions, and
necessarily sulfated anions groups substituting at opposite 2- or 3-positions should be directed to

the surface.
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Figure 2.9 Zeta potential, , of Q-sacran with various compositions. A) Open circle, Co,: in
water, Closed circle, Cnaci,: in NaCl solution (0.1M). B) Screening effects of NaCl addition to
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2.3.5 Viscosity Properties of Sacran and Modified Sacran

The graph illustrates the dependence of apparent viscosity on shear rate for aqueous sacran
solutions and modified sacran with varying quantities of quaternary ammonium compounds
(QAC). Both the sacran and Q-sacran solutions in water exhibit characteristics of a non-
Newtonian, shear-thinning fluid. When the viscosities of these solutions are compared, it is
clear that all of the samples of modified sacran have lower viscosities than sacran at a
concentration of 0.5 wt.%. In basic, at a lower concentration of ¢<0.004 wt%, the sacran
solution exhibited a significantly reduced viscosity behavior at the given shear rate. When the
concentration of sacran was increased to 0.015 <c¢ <0.20 wt.%, the viscosity of sacran increased
because the sacran chain became closer together and formed a semi dilute-entangled regime
(70) For this reason, the sacran solution at 0.5 wt.% as shown in Figure 2.10 has a very high
viscosity of more than 100 Pa-s at a shear rate of 0.1 s”!, and the sacran chains, which can be
close to each other, make the viscosity higher. Furthermore, the effect of difference
concentration of quaternary ammonium on sacran. The results indicate that the viscosities of
Q1 and Q2 are much lower. Moreover, as positively charged Q3, Q4, and QS5 are introduced,
the viscosity further diminishes, reaching a minimum of 1 Pa-s at a shear rate of 0.1 s™!. The
primary cause of this phenomenon can be linked to variations in molecular weight and the
secondary phenomenon of electrostatic repulsion between its segments. The repulsive forces
between the polymer segments lead to their dispersion. On the other hand, the observed
decrease in viscosity resulting from the introduction of sacran structures with positive charges
can mostly be attributed to electrostatic interactions between the quaternary ammonium

compounds with positive charges and the sacran with negative charges.
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Figure 2.10 Shear-rate dependence of the apparent viscosity for sacran derivatives solution at

25°C with 0.5 %wt.

2.4 Conclusion

The sacran polysaccharide was synthesized and its properties were analyzed after modification.
Quaternary ammonium was incorporated into the sacran structure through an etherification
process. The quaternization level of the quaternary ammonium was measured using 13C NMR and
ranged from 33% to 87% substitution. The modification of sacran resulted in two structural
changes: 1) improved ampholytic properties, with well-balanced anionic and cationic charges, and
2) conversion of the hydroxyl groups into cationic entities to increase the charge density. Sacran
consists of anionic groups, specifically carboxylate and sulfonate, which make up about 32% mol

of the total sugar units. The extent of carboxylate integration in sacran and its modified variants is

59



detailed, showing consistent levels of carboxylate groups in all samples, ranging from 17-21%.
These results demonstrate that the quaternary ammonium (Quat) groups interact with the hydroxyl
groups at the C-6 position of the sugar rings and with a sulfate composition of approximately 13%
mol per sugar residue. The hydrodynamic radius, Rh, of sacran particles in water was determined
to be approximately 4700 £ 1300 nm. Rh values for Q-sacran with quaternization degrees of 32%,
33%, 61%, 79%, and 87% were found to be 1600 £ 220 nm, 950 + 80 nm, 950 + 80 nm, 1100 +
120 nm, and 990 + 30 nm, respectively. These findings suggest that cationization of sacran leads
to a reduction in Rn. As the cation content increased, the number of ion pairs formed between the
quaternary ammonium groups and the original anions of sacran also increased. These interactions
influence the assembly in two ways: 1) by disrupting the assembly formation through the bulky
Q-group, and 2) by tightening the assembly through ionic interactions between the incorporated
cations and original anions, resulting in a reduction of Rn. The Ry and zeta potential of Q-sacran
were assessed in saline solution, showing that Rn decreases and zeta potential increases with higher
degrees of cationization due to the addition of NaCl. This behavior is attributed to the interplay of
electrostatic interactions among the charged groups of Q-sacran and ions from the saline solution.
When NaCl is added, Na* and CI" ions can associate with Q-sacran assemblies to dissociate and
decrease Rn values. The rotational viscosities of Q-sacran in aqueous solutions displayed non-
Newtonian and shear-thinning properties. All variants of Q-sacran exhibited lower viscosities
compared to sacran across all shear rates, which can be explained by the interaction of sacran
anions with the integrated cations leading to a more compact configuration in water, thus reducing

viscosity along with a decrease in molecular weight.
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CHAPTER III

PREPARATION OF ANISOTROPIC AMPHOLYTIC HYDROGEL MATERIALS

3.1 Introduction

Hydrogels are a type of material composed mainly of water that is contained within a
network of polymer chains (71). These materials are characterized by their significant water
content, generally exceeding 90% (72), resulting in their softness, flexibility, and
compatibility with living organisms. Hydrogels possess a unique set of characteristics that
make them extremely well-suited for a wide range of uses, especially in the field of
biomedicine (73). Hydrogels possess specific characteristics that result from the physical or
chemical connections between the polymer chains (74). The gel structure is kept stable by
the cross-links even with its high-water content. The specific type of linkages in hydrogels
allows for two classifications.: chemically cross-linked, which involves the formation of
covalent bonds between polymer chains, and physically cross-linked, which relies on
entanglements or non-covalent interactions like hydrogen bonds or ionic bonds to maintain
the network structure (75, 76). Hydrogels are highly adaptable and find application in
several fields such as drug delivery (77), wound dressings (78), tissue engineering scaffolds
(79), and contact lenses (80). In drug delivery, hydrogels can be created to deliver
therapeutic compounds with high specificity, in response to specific stimuli such as pH,
temperature, or enzymes. Hydrogel ability to adapt to ambient conditions makes them well-
suited for developing more precise and effective treatments with fewer adverse effects.
Hydrogels can be synthesized using many techniques, such as polymerizing hydrophilic
monomers (81), cross-linking pre-formed polymer chains (82), or utilizing natural sources

like gelatin or alginate. The selection of synthesis technique and materials can be customized
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to get specific qualities necessary for various applications, emphasizing the versatility of
hydrogels in meeting a wide range of requirements.

Anisotropic structures are commonly found in organisms, giving them extraordinary
physiological functions and properties that help them adapt to various environments. These
structures have distinct mechanical, optical, and biological characteristics. For example,
collagen molecules are tightly packed and precisely aligned bundles of elastic fibers found
in skeletal muscles. The mechanical strength of this hierarchical fibrous arrangement is
significant when viewed in the direction of the fibers. Specialized anisotropic functions, like
load bearing, directional movement, and muscle contraction support, rely entirely on these
properties. Anisotropic structures provide materials with directional physical properties and

exceptional mechanical strength, as well as unique biological characteristics (Figure 3.1).
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Figure 3.1 Structurally anisotropic hydrogels for tissue engineering (83).
Sacran, a megamolecular polysaccharide derived from the cyanobacterium Aphanothece

sacrum, possesses unique anisotropic properties due to its highly organized molecular

structure. This anisotropy allows for distinct and favorable material characteristics, particularly
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in mechanical and biological applications. The anisotropic structure of sacran is a result of
molecular alignment, which occurs in different orientations depending on the processing
conditions. This alignment significantly affects its physical properties, such as viscosity,
elasticity, and tensile strength, making it suitable for diverse applications requiring directional
dependency. For instance, sacran can exhibit increased mechanical strength along one axis
while maintaining flexibility or having varying properties along other axes. Moreover, the
anisotropy of sacran contributes to its biological functions. In biomedical applications, the
structure of sacran can be modified to mimic the natural extracellular matrix, thereby
promoting cellular orientation and proliferation. This unique feature makes it an ideal material
for scaffolding in tissue engineering, where guiding specific cell growth directions is crucial.
Furthermore, the anisotropic nature of sacran allows it to respond to environmental stimuli like
humidity and temperature, making it suitable for smart material applications. For example, it
can be used in wound dressings that adjust their characteristics in response to changes in the
wound environment. Additionally, it can be utilized in packaging materials that alter their

permeability according to external conditions.

Recently, we modified sacran with quaternary ammonium (Q-188), the modified sacran
become like an ampholytic polysaccharide containing both positive and negative charges.
The increasing positive on the structure made the sacran have a low molecular weight and
low viscosity. According to chapter 2, we were able to successfully prepare the ampholytic

sacran.
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3.2 Materials and Methods

3.2.1 Materials

Sacran, a polysaccharide was extracted from the frozen biomaterials of Aphanothece
sacrum. Quat-188 (N-(3-chloro-2-hydroxypropyl)-trimethylammonium chloride) was
purchased Tokyo Chemical Industry Co., Ltd. Sodium hydroxide (NaOH), hydrochloric acid
(HCI), Sodium chloride (NaCl) and ethanol were purchased from Kanto Chemical, Japan.
SnakeSkin ™ Dialysis Tubing, 10K MWCO, 35 mm dry 1.D., 35 feet were purchased from
thermos scientific, USA. 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide
(MTT) dye were obtained from Sigma-Aldrich, USA. DMEM; sigma-Aldrich, St. Louis,

MO, USA containing 10% fetal bovine serum (FBS).

3.2.2 Hydrogel and Anisotropic Swelling

Sacran and modified sacran were fabricated using the solvent casting process. In brief, a
0.5 w/v% solution of sacran and Q-sacran was cast onto a polypropylene case (2 cm x 2 cm
x 1.5 cm) and dried in an oven at 60 °C for 24 hours to form a dry film. The dried film has
a thickness of around 0.02-0.04 mm, and the film was cut into 5 mm x 5 mm squares using
a surgical knife. These square films were then thermally annealed at 140 °C for 4 hours to
crosslink the sacran chains in the dry film. Subsequently, the square films were immersed
in deionized (DI) water at room temperature and left for 24 hours, causing the dry film to
transform into a hydrogel. Excess water on the hydrogel was removed by using tissue paper.
Afterward, the swelling degree (q), defined as the weight ratio of the hydrogel to the dry

film, was calculated using the following equation (1).
Swelling degree (q) = W ger / W fitm (1)

In the given expressions, where W ¢ represents the weight of the hydrogel, and W s

denotes the weight of dry films, the degree of anisotropy in swelling was clarified. The
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modified sacran exhibited anisotropic swelling in water, whereby the swelling degree along
both the width (x-axis and y-axis) remained nearly constant, while the swelling along the
thickness (z-axis) increased. The degree of anisotropy in swelling ratio was computed using

the following equation. (2)

The degree of anisotropy in swelling = a7/ aw (2)

The linear swelling ratios, denoted as aT for the thickness along the z-axis and aw for the

thickness along the x-axis or y-axis, were determined using the following equation (4)

The linear swelling ration = (11 — lo)/ lo 3)

Here, where 1; represents the thickness after swelling, and 1o denotes the thickness before

swelling.

3.2.3 Wettability and The Contact Angle (®)

The procedure involved the painstaking preparation of solutions containing sacran and its
modified derivatives at a hydrogel film, The static contact angle of the samples was
measured using a contact angle goniometer (Model DN-501 AC100-240V 50/60Hz, Kyowa
Interface Science Co. Ltd.). During this process, the interval of time taken for the water
droplets of 1.5 pL to spread on the hydrogel film was measure. The contact angle was
determined using software based on the analysis of the droplet images. A series of five
measurements were performed on a sample film, and the resulting contact angles were

recorded and averaged (26).

3.2.4 Cytotoxicity

The cytotoxicity of different quantities of each Q-sacran has been evaluated using the 3-
(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide (MTT) method. Briefly,

fibroblast cell lines (L-929) were introduced into a 96-well plate, with each well containing

68



0.1 mL of media and a cell concentration of 1.0 X 10* cells/mL. Following a 72-hour
incubation period at 37 °C, the cells were subjected to the addition of 0.1 mL of medium
containing varying concentrations of Q-sacran solution. Following that, the cells were
incubated for a further 24 hours. Subsequently, the medium was put away, and the cells were
subjected to three rinses using 0.2 mL of phosphate-buffered saline (PBS). Later, a volume
of 0.1 mL of MTT solution with a concentration of 100 pg/mL was introduced. This MTT
stock solution was made by dissolving 10 mg of MTT dye in DMEM, resulting in a final
volume of 10 mL. Then, 2 mL of the stock MTT dye solution was mixed with 18 mL of
DMEM without fetal bovine serum (FBS). The resulting mixture was added to the
experimental, which was then subjected to incubation at a temperature of 37 °C for a
duration of 4 hours. The insoluble formazan crystals generated by the reduction of MTT
were dissolved in 0.1 mL of dimethyl sulfoxide (DMSO), and their absorbance at 540 nm
was measured using a microplate reader (Versa Max, Molecular Device Japan K.K., Tokyo,

Japan) (27).

3.2.5 Cell Culture

A mouse fibroblast-like cell line (L929) was chosen for all biological assays to assess the
biocompatibility and cell adhesion properties of the ampholytic sacran hydrogel. L929 cells
(American Type Culture Collection, Manassas, VA,USA) were cultured in DMEM (Sigma
Aldrich) supplemented with 10% fetal bovine serum (FBS, Biochrom AG, Germany).

incubated at 37 °C in a humidified atmosphere with 5% CO..

3.2.6 Cell Adhesion and Proliferation

The original sacran and modified sacran film hydrogels were shaped into circular forms to
fit into a 24-well plate. Subsequently, the films underwent sterilization using a 70% ethanol

solution and were allowed to air dry on a sterile 24-well plate within a biosafety cabinet.
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Following this, the 1929 fibroblast cell line was incubated in DMEM containing 10% FBS
in a humidified atmosphere with 5% CO- at 37°C. After the designated incubation period, 1
mL of a 1.0 x 10° cells/mL suspension was seeded onto each hydrogel sample and cultured.
After three days of culture, the samples were rinsed with sterile PBS buffer, and the number
of adhered cells was subsequently counted. After being rinsed with PBS, each hydrogels
sample was immersed in 0.1 mL of the growth medium supplemented with 10 uL of CCK-
8 stock solution. The hydrogels sample were subsequently cultured for a duration of 3 hours
at 37 °C in a humidified atmosphere consisting of 5% CO>. An analysis was performed to

measure the absorbance at a specific wavelength of 450 nm.

3.2.7 Cell Morphology

The morphology of adherent cells on both the original and modified sacran hydrogel was
observed by SEM images. L-929 cells (1.0 x 10° cells /mL) were seeded onto the hydrogel
and allowed to incubate for 72 hours. Following incubation, the cells were fixed using a
10% neutral buffered formalin solution (Wako, Japan) for 24 hours. Subsequently, the
samples underwent a dehydration process by immersion in ethanol, transitioning from lower
to higher concentrations (60% to 100% ethanol) to remove water from the samples.
Following this, the samples were immersed in #-butanol twice for one hour each to further
dehydrate them. The dehydrated samples were then air-dried at room temperature. Once
dried, the hydrogel samples were sputter-coated with gold and subsequently examined using

SEM to visualize the cellular morphology and interactions with the hydrogel substrate.

3.2.8 Live and Dead Cell Viability Assay

The viability of adherent cells on both the original and modified sacran hydrogel was
evaluated through staining with calcein acetoxymethyl ester (Calcein AM) and ethidium

homodimer-1 (EthD-1). To prepare the working solutions, a calcein AM 50 uM in DMSO
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(Add 2 pL of calcein AM to 158 uL of DMSO) and make an EthD-1 2 mM in DMSO. L-
929 cells (1.0 x 10° cells /mL) were seeded onto the hydrogel and incubated for 72 hours,
followed by three rinses with PBS buffer. Subsequently, 2 uL of 50 uM calcein AM and 4
uL of 2 mM EthD-1 were added to each 1 mL of medium on the hydrogel, and the samples
were thoroughly mixed. The cells were then incubated for 20 minutes in a humidified
atmosphere with 5% CO; at 37 °C, protected from light. After the incubation period, the
stained cells were examined using a fluorescence microscope (BZ-X810). The stained cells
were categorized into two groups: live cells, which emit green fluorescence, and dead cells,

which emit red fluorescence. The cell density was evaluated by using ImageJ software.
3.3 Results

3.3.1 Hydrogel Properties

Hydrogels represent intricate three-dimensional networks of hydrophilic polymers capable
of absorbing and retaining water. A noteworthy bio-polysaccharide, sacran, exhibits
distinctive hydrogel properties. The formation of sacran hydrogel can be achieved through
either chemical means utilizing divinyl sulfone (DVS) or through physical crosslinking
employing thermal crosslinking methods. In this work, original sacran and modified sacran
with QACs were prepared into hydrogels via thermal crosslinking. For sacran, during the
process of water evaporation heating, the sacran chains can create intermolecular
interactions, including hydrogen bonding with other sacran chains, which leads to the
formation of physical cross-links between the chains, as shown in Figure 3.2 Meanwhile,

the modification of sacran also introduced hydrogen bonding to their structure, including
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the electrostatic interaction between positive charges from quaternary amine and negative

charges from carboxyl groups.

Figure 3.2 the intermolecular interaction with physical crosslinking between

During the swelling experiments, a dried film was immersed in a large quantity of deionized
water for 24 h at room temperature. Subsequently, the hydrogel was carefully wiped and

weighed in its swollen state, as determined by equation 2. The summarized results are
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presented in Figure 3.3 Upon reaching equilibrium swelling, the hydrogel with a Q-

composition of 87% exhibited a swelling ratio of 9.3. In contrast, the original sacran
hydrogel displayed a swelling ratio of 7.1, while other hydrogels with Q-compositions
ranging from 32% to 79% showcased varying swelling ratios of 5.9, 6.4, 7.3, and 8.0,
respectively. The difference in hydrogel ratio can be ascribed to intermolecular interactions
like double crosslinking facilitated by hydrogen bonding and ionic repulsion. Furthermore,
it is noteworthy that the crosslinking density of hydrogels can impact their degree of

swelling ratio.
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Figure 3.3 Swelling degrees of Q-sacran hydrogels with various cationization degrees. Data
are shown as a mean +s.d., (n=3), ****p<0.0001, ***p<0.001, and *p<0.05, determined by

one-way ANOVA followed by Tukey’s test.

3.3.2 Anisotropy Properties

The anisotropy in swelling, denoted by o.T /a®, was determined by calculating aT for the
thickness along the z-axis and aw for the thickness along the x-axis, as derived from
equation 3. In Figure 3.4, the results depicted the variation in aT /aw values across physical
crosslinked hydrogels produced through thermal crosslinking at 140 °C, ranging
approximately from 62. the impact of physical crosslinking by modified sacran on aT as
notable, particularly with the increase in Q-composition on sacran chains. As the Q-
composition reached its highest,aT /aw exhibited a value range of 122. This value was
approximately twice that of the original sacran. This phenomenon can be explained in terms

of swelling behavior because of the modification sacran have a strong electrolyte function
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group. Strong electrostatic interaction between the polymer sidechains of sacran hydrogel

was observed.

140

120 +

100 -

ns 122

| 111 E

62

74

63¥65

0 5 10 1520 25 30 35 40 45 50 55 60 65 70 75 80 85 90 95

Cationization degree (%)

Figure 3.4 ratio of linear swelling degree of thickness to that of width. Data are shown as

a mean +£s.d., (n=3), ****p<0.0001, ***p<0.001, and *p<0.05, determined by one-way

ANOVA followed by Tukey’s test.

As the swelling degree ratio increased, there was a corresponding spontaneous increase in

anisotropy. The summarized results were shown in Figure 3.5. The anisotropy versus

swelling degree of all hydrogels was increased from 4.9 to 8.6, respectively. These results

can suggest that the diameter of the gel (thickness) rises but its length does not change as

the gel expands (its volume increases).
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Figure 3.5 Normalized anisotropy by swelling degrees. Data are shown as a mean +s.d.,

(n=3), ****p<(0.0001, ***p<0.001, and *p<0.05, determined by one-way ANOVA followed

by Tukey’s test.

The water contact angle was a method utilized to quantify the extent of water droplet
dispersion across a material surface. Fundamentally, the absorption characteristics of a
surface can be classified as hydrophilic (10°<6<90°), hydrophobic (90°<6<150°), or
superhydrophobic (150°<6<180°) (84, 85). For the purpose of this study, is a measure of
wettability and how water interacts with the surface of the materials. A total of six samples,
including the origin sacran (0% Q-composition) and the quaternary ammonium
modification of sacran as a various composition, were analyzed. The measurement of the
sample angle was performed subsequent to the application of water onto the hydrogel
polymer at an annealing temperature of 140 °C. Figure 3.6 The contact angle of
sacran with water was observed to be approximately 26.5°. and gradually decreased down

when the Q-composition increased, as the 87 % Q-composition the water contact angle was
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approximately 15.3°. This phenomenon could be explained that a decrease in the water
contact angle indicates an increase in hydrophilicity, the surface of the quaternary
ammonium modification of sacran becomes more wettable and water-loving. The
quaternary ammonium modification of sacran consist of both positive and negative charges
within the same molecular structure this balanced charge distribution minimizes
electrostatic repulsion between the hydrogel surface and water molecules, facilitating better

wetting and a lower contact angle.
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Figure 3.6 Water contact angle on Q-sacran with various cationization degree. Data are
shown as a mean #s.d., (n=3), ****p<0.0001, ***p<0.001, and *p<0.05, determined by

one-way ANOVA followed by Tukey’s test.

3.3.3 Cytotoxicity Evaluation of Fibroblast Cell Lines

To examine the safety of the quaternary ammonium modification sacran, the MTT assay

was performed in fibroblast L-929 cell line. As seen in Figure 6. The cell viability of sacran
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and Q-sacran was demonstrated. This MTT assay method should be noted that the cell
viability was measured after incubated cell line for 24 h with sample at 37 °C. in addition
the amount of sample was showed difference concentration, the highest concentration of
sacran was found to be 0.5 wt.%, while the maximum concentration of Q-sacran was 5.0
wt.% In this experiment, the modified sacran with the highest concentration of quat was
investigated. Figure 7A demonstrates that sacran exhibited the least cytotoxicity, with a
viability of 55 % at a sacran dosage of 0.5%. In contrast, Figure 3.7 demonstrates that Q-
sacran, at almost the same concentration of 0.625 wt.%, showed cytotoxicity with viability
of 62% and 70 % for the quaternary ammonium modification sacran as 79 and 87 %,
respectively. When the amount of all samples was increased to 5.0 wt.%, the cell viability
suddenly decreased as the amount of sample increased, and the viscosity of the sample also
increased, causing the cell to die. In summary, it could be concluded that sacran (86) and
modified sacran did not show any cytotoxicity to fibroblast cell lines, suggesting that

modified sacran can be applied in biological application.
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3.3.4 Cell Proliferation

We examined how varying the amount of quaternary ammonium added to sacran affected
the properties of the resulting hydrogel and its impact on cell viability, as shown in Figure
3.8. It has been shown that significant differences in cell proliferation were observed between
day 1 and day 3. According to the Q1-Q4 Sacran modifications, with cationization degrees
ranging from 32% to 79%, do not show significant differences in cell proliferation compared
to the original Sacran. This suggests that these levels of cationization do not sufficiently alter
the molecular structure to significantly affect cellular interactions. The inherent biological
properties of sacran might overshadow the effects of lower degrees of cationization. However,
Cells exposed to Q5-sacran demonstrated the highest proliferation rate from day 1 through
day 3, whereas cells exposed to original sacran exhibited the lowest proliferation rate during
this period. This trend is likely attributed to the presence of trimethyl ammonium (-N(CH3)3")
groups, which have been shown to enhance cell attachment and increase cell numbers on
modified hydrogels promoting greater cell proliferation. Moreover, the hydrophilicity on
surface the hydrogels, the wettability of cell adhesion surface can affect cell adhesion. cells
are likely to adhere to hydrophilic surface. According to previous studies, the attachment of
L929 cells largely depends on surface wettability-hydrophilic surfaces support better cell
attachment (87). Cells often do not adhere well to hydrophobic surfaces and are relatively
unchanged and remain round and non-spread. On the other hand, cells attach in significantly
higher numbers and begin to spread on hydrophilic surfaces (Figure 3.6) suggesting a direct

relationship between surface wettability and the extent of cell attachment.
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Figure 3.8 The viability of L929 cells cultured on Q-sacran at different concentrations of
quaternary ammonium for 3 days was measured via CCK-8 assay. Data are shown as a
mean *s.d., (n=3), ****p<0.0001, ***p<0.001, *p<0.05 and ns = not significant compare
with control and original sacran, determined by one-way ANOVA followed by Tukey’s

test.

3.3.5 Modification Sacran Increased Adhesion Of L-929 Cells Line.

SEM images were utilized to examine the surface structure and compare the adhesion of L-
929 cell lines to hydrogels created from original sacran and Q-sacran after 3 days incubation
period, as shown in Figure 3.9. The cells extruded on all hydrogel materials. The SEM images
confirm the presence of intercellular connections on all six material compositions, but the
number of cells adhered to the surface varies. The images showed an increased number of cells
adhered to the surface of Q-sacran, indicating cell proliferation. SEM being qualitative,
portrays the information about cell morphology as well as adhesion behavior (88). The original

sacran surface is negatively charged, which matches the negative charge of the cell lines.
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Despite this, certain cells can adhere to the sacran surface. On the other hand, Q-sacran
develops a positive charge due to its potent hydrophilic characteristics and the presence of
quaternary ammonium. Q-sacran appears to improve the adhesion of cell lines to the material
surface.

 Original sacran

Q1-sacran Q2-sacran

Figure 3.9 SEM images of L-929 cells line adhered to sacran and modified sacran after

incubated 3 days.
3.3.6 Cells Live and Dead.

L-929 cells were cultured in Q-sacran hydrogels at a concentration of 1.0 x 10° cells/mL
for 3 days. Fluorescence assays, which are quantitative, can reveal information related to
cell viability and density. This was assessed within the hydrogels using Calcein AM and
EthD-1 staining to distinguish between live and dead cells. The findings indicated a high
level of cell viability in both types of hydrogels, with the majority of cells remaining viable
(green) throughout the culture period, and only a minimal occurrence of dead cells (red) as
shown in Figure 3.10A. The live cell count was reported in units of mm?, with values of
210420 for the original sacran. As the cationization degree in the sacran hydrogel
increased, the number of cells increased to 420+30, 1000+20, 1040+300, 1060+100, and

1950+50, respectively. Consequently, the number of dead cells was 250+140, 50+10,
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30£10, 50+£30, 90+10, and 180450, respectively, after 3 days of culture. These results
suggest that increasing the amount of cation composition may be an effective strategy for

promoting cell survival, as shown in Figure 3.10B.
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Figure 3.10 A) Image of live and dead staining after 3 days. Live cells green (calcein AM)
while dead cells are red (EthD-1), and B) Quantification of cell live and dead/mm? from
fluorescence microscopy images. Data are shown as a mean +s.d., (n=3), ****p<0.0001,

*#%p<0.001, *p<0.05 and ns = not significant compare with original sacran, determined by

one-way ANOVA followed by Tukey’s test.

3.4 Conclusion

In conclusion, the sacran ampholyte hydrogels were fabricated using the solvent casting

technique. The sacran ampholyte films underwent annealing at 140 °C for 4 hours before being
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soaked in DI water for 24 hours at ambient temperature, after which the swelling characteristics
of the sacran ampholyte hydrogels were analyzed. The swelling weight ratios, or q values, of
the altered sacran labeled as Q1 and Q2 were lower compared to unmodified sacran, whereas
Q3, Q4, and Q5-sacran exhibited higher values, though these differences were not statistically
significant, with averages ranging from 5.9 to 9.3, escalating with an increased degree of
cationization. To assess the anisotropic behavior of the Q-sacran hydrogels, the original sacran
displayed an anisotropy of 62, whereas Q4 and QS5-sacran showed significantly elevated
anisotropies exceeding 110, indicating that cationization enhances anisotropy. The cationized
versions of sacran showed superior enhancement of hydrogel swelling anisotropy compared to
the original sacran, suggesting that the carboxylic acids align perpendicularly to the thickness
when cations are able to interact with anions. Consequently, ester linkages predominantly
occurred along the plane. The water contact angle on the Q-sacran hydrogel films was recorded,
with the angle measurement taken following water application at an annealing temperature of
140 °C. The initial contact angle for sacran was around 26.5°, which decreased progressively
with increasing Q-sacran content, likely due to the presence of both positive and negative
charges on the hydrogel surface, enhancing wetting and reducing the contact angle. MTT assay
conducted on the fibroblast L-929 cell line showed that sacran had the lowest cytotoxicity, with
a cell viability of 55% at a 0.5% sacran concentration. In comparison, Q-sacran, at a similar
concentration of 0.625 wt.%, showed higher cytotoxicity with viability of 61 and 70% for Q4
and QS5-sacran, respectively. The study also explored how various levels of quaternary
ammonium incorporation affected the properties of the hydrogel and their impact on cell
viability, revealing significant differences in cell proliferation from day 1 to day 3. Cells
exposed to Q5-sacran exhibited the highest proliferation rates over this period, while those
exposed to the original sacran showed the lowest. This pattern is likely due to the presence of

trimethyl ammonium (+N(CH3)3) groups, which enhance cell attachment and proliferation on

83



the modified hydrogels. SEM imaging was used to see the surface morphology, comparing cell
adhesion on hydrogels made from original sacran and Q-sacran after a 3-day incubation. The
cells kept their elongated fibroblast characteristics on all materials. The SEM images verified
intercellular connections across all six compositions, although the number of cells adhering
varied. More cells adhered to the Q-sacran surfaces, showing enhanced cell proliferation. Live
and dead cells were quantified per square millimeter, with figures of 210+20 for the original
sacran. As the degree of cationization in the sacran hydrogel increased, the number of living
cells rose to 420430, 1000+£20, 1040+£300, 1060£100, and 1950450, respectively. So, the count
of dead cells after 3 days of culture stood at 250+£140, 5010, 30£10, 50+£30, 90+10, and

180450, respectively.
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CHAPTER 1V

FRABICATION HYDROGEL OF SACRAN/POLY VINYLALCOHOL
MICRONEEDLE

4.1 Introduction

Microneedles are an innovative and emerging technology in the field of transdermal drug
delivery systems. These tiny, needle-like structures, typically ranging from 50 to 900
micrometers in length (89, 90) , are designed to penetrate the stratum corneum, the outermost
layer of the skin, to deliver therapeutic agents directly into the dermis. Unlike traditional
hypodermic needles, microneedles offer a minimally invasive, pain-free alternative for drug
administration (91), which can significantly improve patient compliance and comfort (92).
There are various types of microneedles, each tailored for specific applications and drug
delivery mechanisms (93). These include solid microneedles, which are used to create
microchannels in the skin through which drugs can diffuse (94); hollow microneedles, designed
to inject liquid formulations directly into the skin (95); coated microneedles, which are coated
with drugs that dissolve upon skin insertion (96); and dissolving microneedles, made from
biodegradable polymers that encapsulate drugs, releasing them as the microneedles dissolve in
the skin (97). Additionally, hydrogel-forming microneedles can absorb interstitial fluid and
swell, creating channels for sustained drug release (98). The versatility of microneedle
technology extends beyond drug delivery to include applications in vaccine administration,
cosmetic treatments, and diagnostics. Their small size and ease of use make them particularly
suitable for mass vaccination programs, especially in resource-limited settings. Furthermore,
advancements in materials science and fabrication techniques continue to enhance the efficacy,
safety, and application range of microneedles, positioning them as a transformative tool in
modern medicine. Microneedles represent a significant leap forward in the quest for efficient,

patient-friendly drug delivery methods (99). By overcoming the limitations of traditional
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needles and transdermal patches, they offer a promising solution for the controlled and targeted

delivery of a wide variety of therapeutic agents.
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Figure 4.1 Type of microneedles patch (100)

The field of transdermal drug delivery has witnessed remarkable advancements with the advent
of microneedle technology. Among the various types of microneedles, hydrogel microneedles
have gained significant attention due to their biocompatibility, biodegradability, and ability to
encapsulate and release therapeutic agents in a controlled manner (101). This study focuses on
the fabrication of hydrogel microneedles composed of sacran and polyvinyl alcohol (PVA),

aiming to leverage their unique properties for enhanced drug delivery applications.

Sacran, a high-molecular-weight polysaccharide derived from cyanobacteria, exhibits excellent
water retention and gel-forming capabilities (27). These characteristics make it an ideal
candidate for developing hydrogel microneedles that can effectively deliver drugs through the
skin. Polyvinyl alcohol, a synthetic polymer known for its mechanical strength and flexibility,
complements sacran by providing structural integrity to the hydrogel microneedles. The
combination of sacran and PVA aims to create a robust yet flexible microneedle system capable

of maintaining its form during insertion into the skin while ensuring a sustained release of
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encapsulated drugs. The fabrication process involves the precise blending of sacran and PVA
in optimal ratios to achieve the desired mechanical and drug delivery properties. This mixture
is then subjected to micro molding techniques to form microneedles with uniform size and
shape. Subsequent cross-linking and drying processes solidify the hydrogel structure, rendering
the microneedles ready for use. The resulting sacran/PVA hydrogel microneedles are expected
to exhibit superior performance in terms of drug encapsulation efficiency, insertion reliability,

and sustained drug release profiles.

This innovative approach to microneedle fabrication not only enhances the potential of
transdermal drug delivery systems but also opens new avenues for the application of natural
polymers like sacran in biomedical engineering. The development of sacran/PVA hydrogel
microneedles represents a significant step forward in creating more effective, patient-friendly,

and versatile drug delivery platforms.

4.2 Materials and Methods

4.2.1 Materials

Sacran, a polysaccharide was extracted from the frozen biomaterials of Aphanothece
sacrum. Quat-188 (N-(3-chloro-2-hydroxypropyl)-trimethylammonium chloride) was
purchased Tokyo Chemical Industry Co., Ltd. Polyvinyl alcohol (PVA) was purchased from
Japan VAM & POVAL Co., LTD. Sodium hydroxide (NaOH), Hydrochloric acid (HCI),
Sodium chloride (NaCl), Citric acid and ethanol were purchased from Kanto Chemical, Japan.
SnakeSkin ™ Dialysis Tubing, 10K MWCO, 35 mm dry .D., 35 feet were purchased from
thermos scientific, USA. 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide
(MTT) dye were obtained from Sigma-Aldrich, USA. DMEM; sigma-Aldrich, St. Louis, MO,

USA containing 10% fetal bovine serum (FBS).
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4.2.2 Preparation of Hydrogel-Forming Films

Hydrogel films were fabricated from the aqueous polymer blend containing mainly a
biocompatible polymer, PVA, Sacran and citric acid (as a crosslinking agent), dried at room
temperature and heated at 130 °C. The blend compositions were achieved by investigating the
effect of PVA concentration and adding other materials such as sacran and varying
concentrations of Q-sacran on the swelling degree. The polymer blend was dried for 48 h at
room temperature to form films. After drying, the films were cured at 130 °C for 60, 120 and
180 minutes to induce ester bonding crosslinking between PVA, sacran and citric acid. The

crosslinking films were slowly cooled down at room temperature.
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4.2.3 Swelling Kinetic of The Hydrogel Films

The swelling properties of the hydrogels were investigated by directly immersing the
hydrogel films sample in phosphate Buffer (PBS) 7.4 at room temperature. 10x10 mm? of the
hydrogels were first weighted in the dry state and then placed into the PBS 7.4 at pre-
determined time intervals, after finishing each time the hydrogel was wiped with paper to
remove excess water and then weight again at each time point. To calculate the percentage of
swelling degree at equilibrium (eq. 1)
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W gel-W film
W film

% swelling = x 100 (1)

4.2.4 Attenuated Total Reflectance Fourier Transform Infrared Spectroscopy (ATR-
FTIR).

Attenuated total reflectance (ATR) Fourier transform infrared (FTIR) spectroscopy was used
to investigate the esterification crosslinking between PVA, sacran, Q-sacran and intermolecular
interaction among the hydrogels film. The IR spectra of the original materials and hydrogels
were performed using a Spectrum 100 FT-IR Spectrometer (Perkin Elmer). Spectra were

recorded in transmittance mode across a range of 4000 to 400 cm™.

4.2.5 Thermogravimetric Analysis (TGA)

Thermogravimetric Analyses (TGA) of both Sacran and Q-sacran were conducted with a
Rigaku TG 8121 instrument under a controlled nitrogen flow at a rate of 20 ml/min.
Approximately 7 mg of the sample was placed in the platinum pan for analysis. Subsequently,
the temperature parameters were programmed to increase at a rate of 20°C/min, ranging from

an initial temperature of 50 °C to a final temperature of 850 °C.

4.2.6 Preparation of The Hydrogel-Forming Microneedles Arrays (HFM)

The sacran hydrogel formulation combined a 0.5% w/w of sacran, 0.5% and 1.0 % w/w of
modified sacran in a 13% w/w of PVA solution. PVA stock solution was mixed for 3 hours with
MilliQ-water at 90 °C to create solution then the sacran and modified sacran was mixed with
PVA solution continuously for 6 hours at 90 T to create the mixture of PVA and Sacran. Briefly,
a 100 pL of mixture solution was poured into the microneedles silicon molds, needle density 6
x 6, 1000 pm height. Then use a high vacuum to crease the solution put into the needles shape
until the bubbles disappear then dried at room temperature 48 hours. After drying, the hydrogel
microneedles were cured in an oven 130 °C for 60, 120 and 180 minutes to induce the ester

boned crosslinking between PVA and sacran. (Figure 4.2). After cooling, the hydrogel
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microneedles were removed from the PDMS needle molds then stored in the silica gels until
use.

4.2.7 Assessment of The Mechanical Properties of The Hydrogel-Forming Microneedles
(HFM)

The mechanical integrity of microneedle patches is important for their effective application
in transdermal drug delivery systems. To evaluate this, the maximum compressive mechanical
load of PVA/Sacran, PVA/MSacranl, and PVA/MSacran2 microneedle patches was tested
using a ZTA-1 Digital Force Gauge (IMADA, Inc., USA). The procedure involved sealing each
microneedle patch to a lower substrate, with an array of 36 microneedles within a
1 cm x 1 cm area. The testing apparatus was configured to bring a force linker into contact with
the microneedle array via a stepping motor, moving at a constant velocity of 20 um/s. The
compression test was designed to continue until the initial failure of a single microneedle was

detected. The uniaxial facture force per one needle was follow from equation 2.

Fp
Uniaxial Facture Force per one needle = ; (2)

4.2.8 Parafilm Insertion Study

Mechanical strength and penetration ability tests were conducted to detect the strength of the
microneedles against the applied force. This evaluation involved measuring the microneedles
ability to penetrate 8§ layers of parafilm, which approximates the thickness of human skin. After
penetration, the percentage of microneedle penetration ability was calculated using the

following equation 3.

number of holes inn layer

x100%  (3)

%penetratl'on ofn layer - total number of holes
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4.2.9 Scanning Electron Microscope (SEM)

The morphology of the hydrogel microneedles was evaluated by using scanning electron
microscopy (SEM). The microneedles shape was studied using scanning electron microscopy
with energy dispersive spectroscopy (SEMEDS, Miniscope TM3030Plus) at an acceleration

voltage of 15 kV under high chamber pressure with standard SEM carbon tape as background.

4.2.10 Cytotoxicity Test

The cytotoxicity of all samples has been evaluated using the 3-(4,5-dimethylthiazol-2-yl)-
2,5-diphenyl tetrazolium bromide (MTT) method. Briefly, fibroblast cell lines (L-929) were
introduced into a 96-well plate, with each well containing 0.1 mL of media and a cell
concentration of 1.0 X 10* cells/mL. Following a 72-hour incubation period at 37 °C, the cells
were subjected to the addition of 0.1 mL of medium containing all samples. Following that,
the cells were incubated for a further 24 hours. Subsequently, the medium was put away, and
the cells were subjected to three rinses using 0.2 mL of phosphate-buffered saline (PBS).
Later, a volume of 0.1 mL of MTT solution with a concentration of 100 pg/mL was
introduced. This MTT stock solution was made by dissolving 10 mg of MTT dye in DMEM,
resulting in a final volume of 10 mL. Then, 2 mL of the stock MTT dye solution was mixed
with 18 mL of DMEM without fetal bovine serum (FBS). The resulting mixture was added to
the experimental, which was then subjected to incubation at a temperature of 37 °C for a
duration of 4 hours. The insoluble formazan crystals generated by the reduction of MTT were
dissolved in 0.1 mL of dimethyl sulfoxide (DMSO), and their absorbance at 540 nm was

measured using a microplate reader (Versa Max, Molecular Device Japan K.K., Tokyo, Japan)

4.3 Results and Discussion

4.3.1 Swelling Kinetic of The Hydrogel Films

The swelling properties and the crosslinking density of hydrogel materials are important

factors that influence their performance. The crosslinking materials should exhibit a high
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swelling degree. When it comes to hydrogel microneedles, the ability to absorb skin interstitial
fluid after insertion is of particular importance. This absorption facilitates the effective delivery
of therapeutic agents encapsulated within the hydrogel matrix. The swelling behavior of the
hydrogel can be affected by various factors, including the type, time to crosslinking, and
concentration of the crosslinking agent. In this research, we studied the concentration of the
crosslinking agent (citric acid) and the time to crosslinking. From these results (Figures 4.3 —
4.6), all materials without a crosslinking agent could not form hydrogels at optimization times
of 60, 120, and 180 minutes. In Figure 4.3, the swelling degree at a curing time of 60 minutes,
even with the addition of the crosslinking agent from 0.5 to 1.5%, did not result in hydrogel
formation due to insufficient crosslinking time to create ester bonds between PVA. In contrast,
under condition A5 (PVA with 0.5% w/w citric acid and a 120-minute crosslinking time), the

swelling degree was higher than in other conditions as shown in Table 4.1.
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Figure 4.3 Swelling degree of PVA and varying concentration of citric acid.

In Figures 4.4 - 4.6, the condition involving PVA and sacran or Q-sacran with 1.0% w/w
citric acid and a 60-minute crosslinking time showed hydrogel formation and a higher swelling
degree compared to longer crosslinking times of 120 and 180 minutes. This phenomenon is
due to sacran ability to form ester bonds with citric acid, similar to PVA with citric acid.

Moreover, it also demonstrated the hydrogen bonding between PVA and sacran. In contrast, at
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higher crosslinking times of 120 and 180 minutes, all conditions showed a higher crosslinking

density than at 60 minutes. This effect resulted in a lower swelling degree with increasing

crosslinking time.
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Figure 4.4 Swelling degree of PVA, sacran 0.5 % w/v and citric acid.
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Figure 4.5 Swelling degree of PVA, Q-sacran 0.5 % w/v and citric acid.
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Figure 4.6 Swelling degree of PVA, Q-sacran 1.0 % w/v and citric acid.

The hydrogel formation with 1.0% w/w citric acid and a 60-minute crosslinking time
generally results in a higher swelling degree compared to longer crosslinking times. This is
attributed to the lower crosslinking density, which allows for more water uptake. Sacran has
the ability to form ester bonds with citric acid and hydrogen bonds with PVA enhances the
swelling capacity. To consider specific formulations, we want to select B7 which exhibits the
highest swelling degree in the B-series, C7 which shows the highest swelling degree in the C-

series and D7 which demonstrates a high swelling degree in the D-series.

Table 4.1 Present the formation which showed the highest swelling degree at the same

concentration of citric acid 1% w/w at annelling time 60 minutes.

Formula Conditions Name
B7 PVA with Sacran at 0.5 %w/v PVA/Sacran
C7 PVA with Modified sacran at 0.5 %w/v PVA/M1-Sacran
D7 PVA with Modified sacran at 1.0 %w/v PVA/M2-Sacran

4.3.2 Attenuated Total Reflectance Fourier Transform Infrared Spectroscopy (ATR-
FTIR).

FTIR spectroscopy was used to investigate the chemical structures of various individual
materials and their composites in hydrogel films. The materials analyzed included polyvinyl

alcohol (PVA), PVA crosslinked with citric acid (CA), sacran, quaternized sacran (Q-sacran),
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and the resultant hydrogel films. The FTIR spectrum of PVA displayed a broad band at 3200-
3400 cm™!, which is indicative of the presence of hydroxyl (OH) groups. This broad absorption
band confirms the extensive hydrogen bonding typically associated with the hydroxyl groups
in PVA. When PVA was crosslinked with CA, the FTIR spectrum showed a broad absorption
band in the region between 3000-3500 cm™'. This band is attributed to the stretching vibrations
of the hydroxyl groups from the carboxylic acids in CA. Additionally, a band observed between
1600-1700 cm™ corresponds to the carbonyl (C=0) stretching vibrations, a characteristic
absorption band of the carboxylic group. The sacran spectrum presented characteristic peaks,
notably the C-O ester linkage observed around 1200-1300 cm™, and the C-O-C linkage of
polysaccharides at approximately 1000 cm™. These bands are typical of sacran complex
polysaccharide structure. The Q-sacran spectrum shows the characteristic spectrum new peak
at 1466 cm-1, which was attributed to C-H asymmetric stretching of methyl group (+N(CH3)3)
of Quat188. The hydrogel films, which incorporate PVA, Q-sacran and citric acid, exhibited
all the characteristic peaks of their individual components. The presence of the broad hydroxyl
band at 3200-3400 cm ™', the carbonyl absorption at 1600-1700 cm ™, the ester linkage at 1200-
1300 cm™, and the C-H asymmetric stretching peak 1466 cm™ confirm the successful

integration of these materials into the hydrogel matrix.
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Figure 4.7 FTIR spectra of PVA, citric acid (CA), sacran and Q-sacran.
4.3.3 Thermogravimetric Analysis (TGA)

The provided thermogravimetric analysis (TGA) and derivative thermogravimetric (DTG)
curves detail the thermal degradation behavior of hydrogel films made from blends of PVA,
Sacran, Citric Acid, and Q5-Sacran as shown in Figure 4.8. From the TGA results PVA, Sacran,
Sacran-Q5 and Hydrogel films had shown the initial degradation begins around 200 °C, PVA
exhibits initial degradation at 200°C, with significant weight loss between 200°C and 450°C,
and stabilization after 450°C. Citric Acid degrades rapidly starting at 150°C, with complete
degradation by 300°C and no significant residual weight. Sacran begins degrading at 200°C,
with major weight loss between 200°C and 500°C, continuing to decrease gradually up to
800°C. SacranQ5 follows a similar pattern to Sacran, with initial degradation at 200°C,
significant weight loss between 200°C and 450°C, and continued decrease up to 800°C.
Hydrogel Films start degrading at 200°C, with major weight loss between 200°C and 450°C,
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stabilizing after 450°C. following the TGA results was shown that hydrogel films demonstrate
improved thermal stability due to crosslinking, with degradation extending beyond 450°C due
to the hydrogel films combine the thermal degradation behaviors of PVA, Sacran, and Citric
Acid, showing complex degradation patterns due to crosslinking, which enhances their thermal
stability and broadens the degradation temperature range. The results from the TGA and DTG
analyses demonstrate that the hydrogel films have improved thermal stability due to the
crosslinking between PVA, Sacran, and Citric Acid. This crosslinked structure ensures gradual

and extended degradation
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Figure 4.8 A) Presents the thermogram obtained from the thermogravimetric analysis (TGA)
of PVA, Citric acid, Sacran, SacranQS5 and Films settings and B) displays the temperature

composition obtained from the derivative thermogravimetry (DTG) analysis.

4.3.4 Mechanical Test

The results of the compressive mechanical load tests are shown in Figure 4.9. The force (N)
is plotted against displacement (mm) for each type of microneedle patch. A minimum force of
0.058 N/needle was required to penetrate the stratum corneum, the outermost layer of our skin.

The testing apparatus was configured to bring a force linker into contact with the microneedle
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array via a stepping motor moving at a constant velocity of 20 um/s. The compression test
continued until the initial failure of a single microneedle was detected. Once failure was
detected, the sensor advanced an additional 1 mm to ensure complete recording of the failure
event. PVA/Sacran microneedles exhibited the highest mechanical strength, with a maximum
force approaching 39.18 N before initial failure. Compared to PVA/Msacranl and
PVA/Msacran2, Msacran1 showed the lowest mechanical strength among the three types, with
a maximum force around 25.57 N, while PVA/Msacran2 showed a mechanical strength of
32.05 N, higher than that of PVA/Msacranl (Table 4.2). From this behavior, it could be
concluded that Msacran has more hydrophilicity than sacran, which can lead to swelling and
reduced structural integrity. Increased water uptake can weaken the interactions between

polymer chains, making the microneedles less rigid.
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Figure 4.9 Facture force of the microneedles patch in a uniaxial fracture force test.
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Table 4.2 The summary of the mechanical strength of various microneedle patches.

Formula Total Force Force/needle
(V) (V)
PV A/Sacran 39.18+3.9 1.08+0.10
PVA/M1-Sacran 25.5743.5 0.71£0.09
PVA/M2-Sacran 32.05+2.4 0.89+0.06

4.3.5 Penetration Test

The results provided summarize the mechanical strength and penetration ability of
microneedles made from PVA/Sacran, PVA/M1-Sacran, and PVA/M2-Sacran, tested against
eight layers of parafilm to simulate human skin thickness (Table 4.3). As a PVA/Sacran
microneedles Shows excellent penetration ability up to the 3rd layer (100%) and the
penetration ability starts to drop significantly after the 4th layer, with only 67% penetration.
PVA/M1-Sacranm was shown good penetration in the 1st layer (94%) but decreases sharply in
subsequent layers, By the 3rd layer, penetration drops to 53%, and by the 4th layer, it is 33%
and PVA/M2-Sacran Maintains 100% penetration ability up to the 2nd layer shows a significant

reduction in penetration ability in the 3rd layer (85%).

Table 4.3 The percentage of penetration test

Layer PVA/Sacran PVA/M1-Sacran PVA/M2-Sacran
1 100 94 100
2 100 75 100
3 100 53 85
4 67 33 68
5 3 0 6
6 0 0 0
7 0 0 0
8 0 0 0
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These results indicate that the mechanical strength and penetration ability of microneedles vary
significantly based on their composition. Each Parafilm® layer has an average thickness of
about 126 um. Consequently, stacking 8 layers of Parafilm® results in a total thickness of 1008
um, which matches the thickness of the skin layer from the stratum corneum to the upper

dermis.

4.3.6 Scanning Electron Microscopy

The SEM images in Figure 4.8 illustrate the morphology of hydrogel-forming microneedles
prepared with various formulations of sacran and modified sacran in a polyvinyl alcohol (PVA)
matrix. The detailed preparation method ensures that the microneedles are formed correctly
and crosslinked to achieve the desired mechanical properties. The following discussion
evaluates the results and provides insights into the differences observed between the various
formulations. Figure 4.10A shown PVA/Sacran microneedles exhibit a well-defined, uniform
conical structure with smooth surfaces and sharp tips. The use of unmodified sacran in the
hydrogel matrix contributes to the formation of robust microneedles with high mechanical
strength. The uniformity and structural integrity are essential for consistent skin penetration
and effective drug delivery. The microneedles in Figure 4.10B also display a conical shape but
with slightly less uniformity compared to those in Figure 4.8A. The surface appears to have
more irregularities, and the tips are not as sharp. The presence of 0.5% w/w modified sacran
(M1-Sacran) increases the hydrophilicity of the hydrogel, leading to potential swelling and
reduced structural integrity. This could result in decreased mechanical strength and less
efficient skin penetration. Figure 4.10C shown the microneedles shape of 1.0% w/w modified
sacran (M2-Sacran). The microneedles in Figure 4.8C show similar morphological
characteristics to those in Figure 4.8B, with conical shapes and some surface irregularities.
However, these microneedles appear slightly more robust than those in Figure 4.8B. The use

of 1.0% w/w modified sacran (M2-Sacran) further increases hydrophilicity. While this
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formulation shows improved robustness compared to MSacranl, it still does not achieve the
same mechanical strength as the PVA/Sacran microneedles. The increased hydrophilicity may

contribute to swelling, affecting the overall mechanical properties.

Figure 4.10 SEM image of hydrogel microneedles A) PVA/Sacran B) PVA/M1-Sacran and

C) PVA/M2-Sacran.
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4.3.7 Cytotoxicity Test

The image displays the results of a cytotoxicity test conducted on fibroblast cell lines (L-929)
using the MTT method was shown in Figure 4.11. The test evaluates the cell viability after
exposure to various concentrations of different samples, specifically PVA, PVA/Sacran,
PVA/M1-Sacran, and PVA/M2-Sacran. At low concentration PVA and PVA/Sacran maintain
high cell viability, close to 100%. PVA/M1-Sacran and PVA/M2-Sacran show slightly viability,
but still above 80%. As the concentration increases, PVA and PVA/Sacran consistently show
minimal cytotoxicity, with cell viability near or above 80%. However, PVA/M1-Sacran and

PVA/M2-Sacran exhibit a dose-dependent reduction in cell viability,
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Figure 4.11 The cell viability of PVA, PVA/Sacran, PVA/M1-sacran and PVA/M2-sacran,
Data are shown as a mean +s.d., (n=8), ****p<0.0001, ***p<0.001, *p<0.05 and ns = not
significant compare with original sacran, determined by one-way ANOVA followed by

Tukey’s test.
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4.4 Conclusion

The study successfully demonstrates the fabrication and evaluation of hydrogel-forming films
and microneedles using polyvinyl alcohol (PVA), sacran, modified sacran (Q-sacran), and citric
acid as a crosslinking agent. The results reveal key insights into the swelling behavior, thermal
stability, mechanical properties, and cytotoxicity of the hydrogel formulations. Hydrogel films
with 1.0% w/w citric acid and a 60-minute crosslinking time exhibit the highest swelling degree
compared to those with longer crosslinking times of 120 and 180 minutes. This is attributed to
the lower crosslinking density, which allows for greater water uptake. The selected
formulations B7 (PVA/Sacran), C7 (PVA/M1-Sacran), and D7 (PVA/M2-Sacran) show optimal
swelling properties, demonstrating the ability of sacran to form ester bonds with citric acid and
hydrogen bonds with PVA, enhancing swelling capacity. The thermogravimetric analysis
(TGA) and derivative thermogravimetric (DTG) curves indicate that hydrogel films exhibit
improved thermal stability due to crosslinking. PVA, sacran, and Q-sacran start degrading at
around 200°C, with significant weight loss occurring between 200°C and 450°C. Hydrogel
films combine the thermal degradation behaviors of PVA, sacran, and citric acid, showing
complex degradation patterns and extended thermal stability beyond 450°C due to the
crosslinked structure. Mechanical testing of the microneedles reveals that PVA/Sacran
microneedles possess the highest mechanical strength, with a maximum force of approximately
39.18 N before initial failure. In contrast, PVA/M1-Sacran microneedles show the lowest
mechanical strength at 25.57 N, while PVA/M2-Sacran microneedles exhibit intermediate
strength at 32.05 N. The increased hydrophilicity of modified sacran formulations (M1-Sacran
and M2-Sacran) leads to swelling and reduced structural integrity, affecting mechanical
performance. Penetration tests using parafilm layers show that PVA/Sacran microneedles

maintain excellent penetration ability up to
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the 3™ layer, with significant drops in penetration after the 4" layer. PVA/M1-Sacran
microneedles demonstrate good initial penetration but rapidly decrease in subsequent layers.
PVA/M2-Sacran microneedles maintain 100% penetration up to the 2™ layer, with a notable
reduction thereafter. The cytotoxicity evaluation using the MTT method indicates that at low
concentrations, PVA and PVA/Sacran maintain high cell viability close to 100%. PVA/M1-
Sacran and PVA/M2-Sacran show slightly reduced viability but remain above 80%. At higher
concentrations, PVA and PVA/Sacran exhibit minimal cytotoxicity with cell viability near or
above 80%, whereas PVA/M1-Sacran and PVA/M2-Sacran display a dose-dependent reduction
in cell viability. The study highlights that hydrogel formulations with 1.0% w/w citric acid and
a 60-minute crosslinking time are optimal for achieving high swelling degrees. The crosslinked
hydrogel films demonstrate improved thermal stability and mechanical properties suitable for
biomedical applications. Among the microneedle formulations, PVA/Sacran shows the best
mechanical strength and penetration ability, making it a promising candidate for transdermal
drug delivery systems. The cytotoxicity results confirm the biocompatibility of the hydrogel

formulations, supporting their potential for safe and effective medical use.
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CHAPTER V

GENERAL CONCLUSION

The aim of this study is to modify sacran into ampholytic materials for use in biological
applications. Additionally, the research aims to examine various properties of the modified
sacran, such as molecular weight, solubility, hydrodynamic radius, and zeta potential.
Subsequently, hydrogel sheet materials were prepared from the modified sacran, and

investigations were conducted on cell adhesion and cell viability.

Chapter 2. In this study, we investigated the impact of quaternary ammonium (Q-188) on
sacran, a supergiant polysaccharide. A modified version of Sacran was successfully
synthesized. The degree of quaternization of sacran was range around 32 % to 87 % of sugar
residues. The modification of sacran can result in two structural changes: 1) improved
ampholytic properties, showing a better balance between negative and positive charges, and 2)
conversion of hydroxyl groups into cationic groups to enhance the overall charge. The
hydrodynamic radius (Rn) of sacran particles in water was found to be decreased with the
cationization degree increase. These findings show that the cationization of sacran reduces its
Rn. Despite the presence of densely substituted anionic groups, sacran naturally forms
supercoiled assemblies, most likely due to hydrogen bonding and hydrophobic interactions.
Sacran, while having extensively substituted anionic groups, spontaneously forms supercoiled
assemblies, most likely as a result of hydrogen bonding and hydrophobic interactions. The
value of the Zeta potential of sacran and modified sacran was also increased from — 54.8 to -
41.9 mV This can be considered as indication of cationization. The rate of increase was
calculated to be 19 millivolts per cationization unit. It is important to mention that the zeta-

potential still is negative even in samples with high levels of cationization. The assembly
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properties of sacran can be related to the presence of both positive charges (+N(CHs)z) and
original negative charges (-COO™ and -SOx), as well as their interactions with each other. We
have investigated the screening effect in polysaccharides in NaCl environment, The ratio of the
zeta-potential difference to the initial zeta-potential of sacran was utilized to calculate the NaCl
screening effects, which were then plotted against the cationization degree. The screening
effects exhibited a slight rise as the cationization degree raised from 0% to 60%, but a
substantial increase above 60%. If the effects of NaCl are merely an ionic strength-based
screening of surface potential for sacran assembly, then the screening effects should be
virtually constant without regard to the degree of cationization. The phenomenon of the
screening effect increasing may be ascribed to a structural alteration of amphoteric sacran
chains, such as the appearance of a part of the cation on the upper surface of aggregates. This

modification could potentially promote interactions both within and between molecules.

Chapter 3. In this study, we investigated the crosslinking of the hydrogel sacran sheet through
physical crosslinking at 140 °C. After immersing the film sheet, it was seen that the sheet
swelled and exhibited anisotropic properties. The swelling degree increased as the degree of
cationization increased, with the values ranging from 5.9 to 9.3. in order to investigate the
anisotropic behavior of modified sacran gels, Original sacran shows the anisotropy of 62 but
the modified sacran was showed the valve over 110, from these results means the cationization
degree has an effect in anisotropic properties. The hydrogel sheet showed hydrophilicity and
wettability. The water contact angle of sacran was seen to be approximately 26.5° while the
value gradually decreased when the Q-sacran composition increased. To assess the safety of
Q-sacran, we conducted the MTT assay using the fibroblast cell line L-929. The cell viability
of Q-sacran was shown that sacran exhibited the least cytotoxicity, with viability of 55 %. In
contrast, the results show that Q-sacran, at a concentration of 0.625 wt.%, showed cytotoxicity

with viability of 61% and 70% for Q4 and Q5-sacran, respectively. From these results showed
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that modified sacran did not show Q-sacran has been found to cause significant cytotoxicity in
fibroblast cell lines, showing its potential for use in biological applications. The cells adhesion
of cell lines was creased from the original sacran and modified sacran, the results presented
that the cells keep their elongated fibroblast properties on all materials and presence of
intercellular connections on all six material compositions, but the number of cells adhered to
the surface varies. The original sacran surface has a negative charge that is compatible with the
negative charge of the cell lines. However, there are certain cells that are still able to adhere to
the sacran surface. In contrast, Q-sacran has a positive charge due to its strong hydrophilic
properties and the presence of quaternary ammonium. Q-sacran seems to enhance the adhesion
of cell lines to the surface of the material. After conducting thorough investigations, we are

interested in applying the modified sacran in the field of biology.

Chapter 4. In this study demonstrates the successful fabrication and evaluation of hydrogel-
forming films and microneedles using PVA, sacran, modified sacran (Q-sacran), and citric
acid as a crosslinking agent. Key findings include, Swelling Behavior, hydrogel films with
1.0% w/w citric acid and a 60-minute crosslinking time exhibit the highest swelling degree.
Formulations B7 (PVA/Sacran), C7 (PVA/M1-Sacran), and D7 (PVA/M2-Sacran) show
optimal swelling due to lower crosslinking density, facilitating greater water uptake. The
thermal stability at the results TGA and DTG analyses reveal improved thermal stability of
hydrogel films due to crosslinking. PVA, sacran, and Q-sacran start degrading at around
200°C, with significant weight loss between 200°C and 450°C. Crosslinked hydrogel films
exhibit extended thermal stability beyond 450°C. Mechanical testing shows PVA/Sacran
microneedles possess the highest mechanical strength (39.18 N). PVA/M1-Sacran
microneedles have the lowest strength (25.57 N), while PVA/M2-Sacran microneedles exhibit
intermediate strength (32.05 N). Increased hydrophilicity in modified sacran formulations

leads to swelling and reduced structural integrity. PVA/Sacran microneedles maintain
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excellent penetration up to the 3rd parafilm layer, with significant drops after the 4th layer.
PVA/M1-Sacran shows good initial penetration but decreases rapidly in subsequent layers.
PVA/M2-Sacran maintains 100% penetration up to the 2nd layer, with a notable reduction
thereafter. At low concentrations, PVA and PVA/Sacran maintain high cell viability close to
100%. PVA/M1-Sacran and PVA/M2-Sacran show slightly reduced viability but remain
above 80%. At higher concentrations, PVA and PVA/Sacran exhibit minimal cytotoxicity,
while PVA/M1-Sacran and PVA/M2-Sacran show a dose-dependent reduction in cell viability.
hydrogel formulations with 1.0% wi/w citric acid and a 60-minute crosslinking time are optimal
for achieving high swelling degrees. These crosslinked hydrogel films exhibit enhanced
thermal stability and mechanical properties, making them suitable for biomedical applications.
Among the microneedle formulations, PVA/Sacran stands out for its superior mechanical
strength and penetration ability, indicating its potential for transdermal drug delivery systems.
Cytotoxicity results confirm the biocompatibility of these hydrogel formulations, ensuring their

safe and effective use in medical applications.
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