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ABSTRACT

The treatment of chronic wounds such as full-thickness wounds is crucial for
preventing infection, which can result in severe conditions and potential amputation.
Injectable self-healing hydrogel has gained much interesting for full-thickness wound
healing because the hydrogel material can be injected directly and fulfill the wound site.
Moreover, the hydrogel material has self-healing properties, which prolongs the healing
process due to the recovery ability after damage to the hydrogel. For the first study,
quaternized chitosan (QCS) was modified to improve the solubility and antibacterial
activity. Also, oxidized pectin (OPEC) was modified to achieve aldehyde groups for
Schiff’s base reaction with the amino groups from QCS. Then, the hydrogel was
optimized by varied concentrations and volumes of QCS and OPEC. The gelation of
the hydrogels was evaluated and displayed for less than 1 min. Furthermore, the self-
healing of hydrogels was studied and showed 30 min after cutting and continuous self-
healing. The mechanical properties of the pure hydrogels were characterized. The
compressibility was 162 and 117, which was not significantly different for pure
hydrogel. However, the HG_0.6:0.4 showed a significantly higher hardness than
HG_0.8:0.2. Moreover, the adhesiveness of HG_0.6:0.4 was 133 Pa within a suitable
range for application as a wound dressing. The cytotoxicity and cell migration of pure
hydrogels exhibited no cytotoxicity to NCTC clone 929 cells, and HG_0.6:0.4 showed
higher cell migration than HG_0.8:0.2 and control. Meanwhile, the extraction media

from the pure hydrogels displayed no antibacterial properties against E. coli and S.



aureus. From the result, HG_0.6:0.4 has the best potential use for the wound dressing
material for the treatment.

For the second study was to improve the biological activities of hydrogels by
incorporating with the a-mangostin (MT) or curcumin (CM)-B-cyclodextrin (CD)
inclusion complex (MTx and CMXx, respectively). MTx and CMx were prepared to
improve the water solubility. The water solubility and XRD of drug-p-CD inclusion
complexes were evaluated in this study. Moreover, the antioxidant and anti-
inflammatory activities of drug-B-CD inclusion complexes were also evaluated. The
results showed that the gelation time of the hydrogels containing drug-p-CD inclusion
complexes was within 1 min, and the gel fraction was 81-85%. The injectable self-
healing hydrogel containing drug-p-CD inclusion complexes promoted mechanical
properties and good performance in antioxidant and anti-inflammatory activities.
Furthermore, the antibacterial activity of these hydrogels against E. coli and S. aureus
was up to 80% bacterial inhibition. The hydrogels containing drug-B-CD inclusion
complexes were non-toxic to the cells and showed faster wound closure than the pure
hydrogels. Thus, these injectable self-healing hydrogels containing MTx or CMx are

good candidates for use as wound dressing materials.

Keywords: Quaternized Chitosan, Oxidized Pectin, Self-healing, Curcumin,

a-Mangostin, Wound Healing
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CHAPTER 1

INTRODUCTION

1.1 Background and Significant of Research Problem

The wound care market in Thailand is experiencing significant growth, driven
by increasing awareness of advanced wound management techniques and the rising
prevalence of chronic conditions such as diabetes and obesity. A growing demand for
innovative wound care products, including advanced dressing wounds and care devices
characterizes the market. Key factors contributing to this growth include an aging
population, improved healthcare infrastructure, and heightened healthcare spending.
Additionally, enhancing healthcare services and the presence of local and international
players in the market propel the industry’s expansion. The integration of modern
technologies and an emphasis on research and development are also crucial in
advancing wound care solutions in Thailand (Statista, 2024).

Full-thickness wounds, which penetrate the dermis and affect deeper tissues
such as subcutaneous fat, muscles, and even bones, pose significant challenges in
wound care. These wounds can result from severe trauma, surgical procedures, or
chronic conditions such as pressure ulcers and diabetic foot ulcers and suffer from a
high risk of complications, including infection, delayed healing, and extensive scarring.
The healing process is often prolonged due to substantial tissue loss and the need to
regenerate multiple skin layers (Metcalfe & Ferguson, 2007; Fui et al., 2019). To
overcome these challenges, advanced wound care techniques and products are
employed. Using bioengineered skin substitutes (Urciuolo et al., 2019; Halim et al.,
2010) and advanced dressing like hydrocolloids and hydrogels (some products that can
heal full-thickness wounds) can significantly enhance the healing process. These
solutions provide a conducive environment for tissue regeneration, maintain optimal

moisture levels, and protect the wound from infections (Sung & Lee, 2016; Jiang et al.,



2016), Ishihara et al., 2002; Abdel-Mohsen et al., 2016; Anjum et al., 2016).
Additionally, implementing a multidisciplinary approach that includes regular
debridement, infection control, and nutritional support is crucial. Nowadays, the
hydrogel dressing has been developed for full-thickness wound healing to obtain faster
and more effective wound healing.

Hydrogels are highly effective in treating full-thickness wounds due to their
unique properties and ability to create an optimal healing environment. These
hydrophilic polymer networks can retain a large amount of water, providing a moist
wound environment crucial for promoting cellular activities in wound healing. The
moisture maintained by hydrogels helps soften necrotic tissue, facilitating autolytic
debridement and reducing the risk of infection. In full-thickness wound healing,
hydrogels can significantly enhance the repair process. They can be formulated to
deliver bioactive agents such as growth factors, antimicrobial agents, and stem cells
directly to the wound site, thereby accelerating tissue regeneration and reducing
inflammation (Pan et al., 2017; Wei et al., 2022). Hydrogels also conform closely to
the wound bed, which protects the wound from external contaminants and mechanical
stress while relieving pain due to their cooling effect.

Injectable hydrogel represents a cutting-edge approach for treating full-
thickness wounds, offering several advantages over traditional wound care methods.
These hydrogels comprise biocompatible polymers that can be injected in a liquid state
and then solidified in situ to form a gel-like structure. This unique characteristic allows
them to fill irregularly shaped wounds and adhere closely to the wound site (Gao et al.,
2020; Zhang et al., 2020). This adaptability is particularly beneficial for irregularly
shaped wounds in difficult-to-access areas. One of the key benefits of injectable
hydrogels is their ability to deliver bioactive agents directly to the wound site. This
localized delivery system enhances the therapeutic efficacy by maintaining high
concentrations of these agents at the injury site, promoting faster and more effective
healing. Additionally, the hydrated environment created by the hydrogels supports cell
proliferation and migration providing a barrier against infections (Liang et al., 2019).
Injectable hydrogel can also be designed to release its therapeutic payload controlled,
further optimizing the healing process and reducing the need for frequent dressing

changes.



Self-healing hydrogels represent an advancement in treating full-thickness
wounds, allowing them to repair themselves after damage, thus maintaining their
structural integrity and function over time (Zhu et al., 2022; Toohey et al., 2007). These
hydrogels are designed with dynamic cross-linking networks that can autonomously
reform after being disrupted, mimicking the natural healing processes of living tissues.
This self-healing capability is particularly beneficial for full-thickness wounds, which
often undergo significant stress and mechanical strain during healing. The self-healing
hydrogel also reduces frequent dressing changes, minimizing disruption to the healing
tissue and reducing patient discomfort. Emerging research indicated that injectable and
self-healing hydrogels can significantly improve full-thickness wound healing by
facilitating the regeneration of skin layers, reducing scar formation, and also enhancing
the speed and quality of wound healing (Yang et al., 2020; Zhao et al., 2022). These
make injectable self-healing hydrogels a promising solution in advanced wound care
and medical applications. The self-healing ability of a hydrogel should be evaluated.
This ability depends on the material's capacity to repair itself without external stimuli
and to recover its structural integrity to support its intended function quickly. Moreover,
injectability and flow properties should also be studied. The material should exhibit
shear-thinning behavior for easy injection and retain homogeneity during the injection
process. After injection, the material should then recover its original structure.

Natural product extracts have been used and incorporated into the hydrogel to
enhance biocompatibility and biological activities. Natural product extracts such as
curcumin (CM) and a-magostin (MT) are known for their anti-inflammatory and
antibacterial activities. These natural product extracts can promote cell regeneration,
reduce infection risk, and accelerate the healing process (de Andrade Neto et al., 2021;
Sharahi et al., 2020; Kamar et al., 2019; Zarena et al., 2012; Moongkarndi et al., 2004).
However, CM and MT are poorly water-soluble. Then, the inclusion complexation
using cyclodextrin has been used to improve the water solubility. Moreover, the
hydrophilic nature of hydrogels provides a moist environment crucial for wound
healing, while CM and MT display antioxidant, anti-inflammatory, and antibacterial
activities for wound healing improvement. Thus, the hydrogels containing drugs

improve the healing outcome and protect the wound from the external environment,



making natural product extracts-loaded hydrogels a superior choice for advance wound
care.

In this work, CM and MT were separately complexed with B-cyclodextrin (p-
CD) and incorporated into the injectable self-healing hydrogel for full-thickness wound
treatment. The injectable self-healing hydrogels were prepared by co-injection of two
polymer solutions until they formed a gel-state. The modified polymers used to prepare
the injectable self-healing hydrogels were quaternized chitosan (QCS) and oxidized
pectin (OPEC). The chitosan was modified to obtain QCS, which has amino groups,
while pectin was modified to obtain OPEC, which has aldehyde groups. These groups
can react to produce a Schiff’s base reaction, which has a self-healing ability. QCS and
OPEC were examined for their chemical structure using H-NMR. Furthermore,
gelation time, self-healing time, gel fraction, swelling, mass loss, and mechanical
properties of the injectable self-healing hydrogel were characterized. For the hydrogels
loaded with curcumin inclusion complex (CMx) or a-mangostin inclusion complex
(MTx) were further determined for their biological activities, including antibacterial
activity, antioxidant activity, anti-inflammatory activity, cytotoxicity, and cell

migration.

1.2 Research Objectives

1.2.1 To investigate the effect of hydrogel composition on its gelling ability,
self-healing ability, and mechanical properties.

1.2.2 To establish the effect of the hydrogel composition on its cytotoxicity and
wound healing.

1.2.3 To establish the effect of the hydrogel composition on its antibacterial,
anti-inflammatory, and antioxidant activities.

1.2.4 To investigate the effect of hydrogel composition and inclusion

complexes, on its gel formation, mechanical properties, and biological activities.



1.3 Scope of Research

A systematic investigation was conducted in two sequential phases to achieve
the research objectives. The first phase focused on developing a self-healing hydrogel
by modifying pectin to introduce aldehyde groups, which can interact with amino
groups on chitosan. While chitosan was modified to QCS to improve the water
solubility and antibacterial activity. After that, the optimization of hydrogel
composition was investigated by varying the concentration of OPEC (10 and 15% w/v)
and QCS (2, 4, and 6 % w/v). Subsequently, the volume ratios of QCS:OPEC were
varied, such as 0.2:0.8, 0.4:0.6, 0.6:0.4, and 0.8:0.2 mL. The physiochemical properties
of the hydrogels were characterized, including gelation time, gel formation, self-healing
ability, and mechanical properties, alongside biological evaluations of cytotoxicity,
antibacterial activity, and wound healing efficacy.

The second phase investigated the incorporation of inclusion complexes into the
optimized hydrogel system, beginning with the determination of optimal molar ratios
between B-CD and MT or CM (1:1 molar ratio) to produce MTx or CMx, followed by
characterization of the water solubility and crystalline structure of drug-p-CD inclusion
complexes. The biological activities of the drug-B-CD inclusion complexes were
evaluated for their antioxidant, antibacterial, anti-inflammatory activities, and
cytotoxicity. After that, the drug-p-CD inclusion complexes were loaded in the
hydrogels. The rheological and mechanical properties of the hydrogels containing drug-
B-CD inclusion complexes were evaluated by rheometer and texture analyzer.
Moreover, antioxidant activity, anti-inflammatory activity, antibacterial activity,
cytotoxicity, and wound closure of the hydrogels containing drug-B-CD inclusion
complexes were studied to evaluate the potential use of these hydrogels for wound

dressing applications.



CHAPTER 2

LITERATURE REVIEWS

2.1 Wound

A wound, by definition, is a disruption of the normal structure and function of
the skin or tissue. The wound can be classified into different types based on their cause,
appearance, and depth, including abrasion, laceration, punctures, incisions, and
avulsions (Velnar et al., 2009). Each type of wound requires a specific approach to care
and treatment. The body’s natural response to a wound involves a complex healing
process in 4 stages: hemostasis, inflammation, proliferation, and remodeling. Initially,
the body works to stop bleeding through clot formation, followed by an inflammatory
phase where the immune system activates to remove debris and fight potential infection.
During the proliferative phase, new tissue begins to form, and in more severe wounds,
collagen is laid down to provide structural support. This is when granulation tissue fills
the wound bed, and re-epithelialization occurs as the skin closes. Finally, the
remodeling phase strengthens the new tissue, though scars may form as a result of the
healing process (Wang & Windbergs, 2017). Wound healing can be affected by
numerous factors such as infection, poor circulation, diabetes, malnutrition, and the
overall health of the individual. Severe of chronic wounds may need medical treatments
like sutures, antibiotics, or advanced therapies to heal properly. Effective wound care
is crucial for faster healing and preventing complications like infections or chronic
wounds, which can require long-term management. The depth of a wound plays a
crucial role in its classification, treatment, and healing process. Superficial wounds
affect only the outermost layers of the skin, such as abrasions or minor cuts, which
usually heal quickly with minimal scarring. However, deeper wounds penetrate through
the dermis into underlying tissues, including muscles, tendons, or even bones. These
types of wounds can result from trauma, surgery, or chronic conditions like pressure
ulcers. A full-thickness wound is characterized by the destruction of both the epidermis

and dermis, extending into the subcutaneous tissue and, in severe cases, involving



muscles, tendons, and bones. These wounds represent a significant disruption of the
skin’s structural integrity, requiring a more complex healing response compared to
partial-thickness wounds (Rivera et al., 2007). The primary mechanisms of full-
thickness wound healing include inflammation, tissue proliferation, and remodeling. A
longer inflammatory phase as the body heals with significant tissue damage and
potential infection risks. Moreover, the slower formation of granulation tissue is due to
the depth and complexity of the wound, which may require external support like
advanced therapies. Consequently, in full-thickness wounds significantly delay re-
epithelialization and scar formation. The final stage, remodeling, is marked by the
deposition of type 1l collagen, which is gradually replaced by the more robust type |
collagen, resulting in scar formation. This phase can last from months to years, with the
tensile strength of the wound reaching only about 80% of its original integrity.

Given the complexity of full-thickness wounds, therapeutic interventions often
involve advanced techniques such as negative pressure wound therapy (NPWT), skin
grafts, or bioengineered tissue substitutes to enhance healing (Han & Ceilley, 2017).
Understanding the pathophysiology of full-thickness wound healing is crucial for
developing effective treatment strategies and improving patient outcomes. Full-
thickness wounds are typically more challenging to treat due to the greater risk of
infection, delayed healing, and complications such as necrosis or tissue loss. The
treatment often involves thorough cleaning, debridement of dead tissue, and the use of
advanced dressing or grafting to promote regeneration. The healing of full-thickness
wound is a complex process involving inflammation and remodeling influenced by
factors like circulation, health conditions, and wound care. Severe wounds may need
surgery or long-term care to avoid complications, making it crucial to assess wound

depth for effective treatment and to reduce lasting damage.

2.2 Wound Dressings

Wound dressings are an essential component in treating and managing wounds,
protecting the wound site, promoting healing, and preventing infection (Vowden &

Vowden, 2014). They come in various types, each tailored to specific wound



characteristics such as exudate levels, depth, and the presence of infection. The primary
function of wound dressing is to maintain a moist environment, which accelerates
healing by supporting cell migration and reducing the risk of scar formation (Murakami
etal., 2010; Horn, 2012). Different dressings, such as hydrocolloids, foams, hydrogels,
and alginates, are designed to manage varying levels of exudate, with some dressings
offering additional benefits like antimicrobial properties. The correct selection of a
wound dressing is crucial in facilitating autolytic debridement, managing pain, reducing
scarring, and preventing complications like maceration or infection. Proper dressing
not only enhances the body’s natural healing process but also minimizes discomfort for
the patient.

2.2.1 Film Dressings

Film dressings are thin, transparent, adhesive wound covering made from a
polyurethane membrane that allows oxygen and moisture vapor to pass through while
providing a protective barrier against bacteria and contaminations. They are primarily
used for superficial wounds, minor burn, surgical incisions, and as a secondary dressing
to secure other wound care materials. Tanaka et al. prepared gelatin film dressing for
superficial or deep partial-thickness wounds in the skin (Tanaka et al., 2005). Moreover,
Chin et al. developed the film dressing using alginate-pectin for wound healing (Chin
etal., 2018).

2.2.2 Foam Dressing

Foam dressings are designed to absorb moderate to heavy amounts of exudate
while maintaining a moist wound environment. They are often used for venous ulcers,
surgical wounds, and pressure ulcers. The foam dressings have high absorptive
capacity, ability to cushion the wound, and flexibility, making them ideal for use on
difficult-to-dress areas like heels or elbows. Foam dressings are also non-adhesive,
reducing trauma to the wound during dressing changes. Mostly, foam dressings were
prepared using polyurethane (Liu et al., 2017; Forni et al., 2018). However, they are
not suitable for dry or necrotic wounds. Moreover, they are typically more expensive
than the other types and might require frequent changes if saturated.

2.2.3 Hydrogel Dressing

Hydrogel dressings are increasingly recognized for their effectiveness in

managing full-thickness wounds due to their unique properties that promote a moist



environment, which is critical for optimal healing. These dressings are composed of
cross-linked polymer networks that can retain a significant amount of water, typically
70-90% by weight, allowing for hydration of the wound bed while simultaneously
absorbing exudates. The ability to maintain moisture is crucial in full-thickness
wounds, as it facilitates autolytic debridement, accelerates granulation tissue formation,
and enhances epithelial cell migration across the wound surface. Hydrogel dressings
also act as a thermal insulator, maintaining the optimal temperature for the enzymatic
activity involved in wound repair and protecting the wound from external
contamination. Pan et al. developed a soft, flexible, porous, translucent, breathable,
non-adhesive hydrogel-based wound dressing for full-thickness skin defect. The
hydrogel was prepared by mixing poly(vinyl alcohol) solution, Human-like collagen
solution, carboxymethyl chitosan solution, and Tween80 as a pore-forming agent,
followed by two freeze-thawing cycles, and finally removing the tween80 by
immersing these hydrogels in ultrapure water. The hydrogels showed a suitable
moisture vapor transmission rate, outstanding hemostatic performance, and bacterial
barrier activity, which are beneficial in promoting the wound healing process.
Furthermore, they exhibited excellent mechanical properties, biocompatibility, and
histocompatibility. Therefore, these hydrogels promoted full-thickness skin wound
healing (Pan et al., 2017). Wei et al. synthesized chitosan/alginate hydrogel dressing
crosslinked via hydrogen and covalent bonds. These hydrogels displayed suitable pore
size and tunable rheological properties for cell adhesion. Moreover, hemostatic
property and antibacterial activity due to the amino groups from chitosan were
exhibited. These hydrogels have great potential as multifunctional hydrogel dressing
for full-thickness wounds (Wei et al., 2022).

2.3 Injectable Hydrogel Dressing

Injectable hydrogel dressings are an advanced class of wound care materials
designed to promote healing by providing a versatile, minimally invasive solution for
managing a variety of wounds, particularly full-thickness and complex wounds (Qu et

al., 2018; Zhao et al., 2017). These hydrogels are composed of biocompatible polymers
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that can be injected in a liquid state and subsequently solidify or form a gel in situ, with
its superior fluidity allowing it to fill irregular wounds or deep wounds without
wrinkling or fluting. This unique feature allows the hydrogel to fill irregular wound
cavities, making it especially useful for wounds that are difficult to access or treat with
traditional dressing (Li et al., 2015). Injectable hydrogels are typically made from more
than one polymer. There are two ways to prepare the injectable hydrogels, co-injection
of 2 polymers, the hydrogels are formed after injection of 2 polymers with a proper
gelation time. The other way, the injectable hydrogels are designed to respond to
environmental stimuli, such as temperature or pH, allowing them to solidify upon
injection or change properties in response to the wound’s conditions (Alexandae et al.,
2013; Lavanya et al., 2020).

The key benefits of injectable hydrogel dressings are their ability to deliver
therapeutic agents directly to the wound site. They can be loaded with bioactive
molecules, such as growth factors, antimicrobial agents, or stem cells, which are
released gradually as the hydrogel degrades over time (Ma et al., 2020; Hu et al., 2020).
This localized delivery system helps to promote wound healing, enhancing cell
proliferation, reducing infection, and modulating the inflammatory response.
Additionally, the physical properties of injectable hydrogels, such as stiffness, porosity,
and degradation rate, can be tailored to suit specific wound environments, ensuring
optimal support during the different stages of healing. The injectable hydrogel dressings
are particularly promising for treating chronic or full-thickness wounds, including
pressure ulcers, burns, and diabetic foot ulcers, where traditional wound dressings
might fail to provide sufficient coverage or support. The ability to form a protective
barrier while also delivering bioactive treatments directly to the wound bed sets
injectable hydrogels apart from conventional dressing (Gao et al., 2020; Del Olmo et
al., 2022). Du et al. successfully developed a new type of injectable hydrogel through
the chemical cross-linking between hydrophobically modified chitosan (hmCS) and
oxidized dextran (OD) and the hydrophobic interaction of hydrophobic aliphatic chains.
The hmCS/OD solution was injected into a rat’s body through the skin to form a gel. It
showed remarkable potential in wound healing and other tissue regeneration
applications (Du et al., 2019). Moreover, the injectable hydrogel can be prepared from

stimuli-responsive polymers. Zhu et al. developed a versatile hydrogel composite with



11

injectability, thermo-sensitivity, and antibacterial activity for full-thickness and large
wounds. Hydroxypropyl chitosan was adopted and reversibly cross-linked with poly(N-
isopropylacrylamide) to build a thermosensitive hydrogel. This hydrogel can be
injected into the wound site through the syringe due to its thermos-sensitivity. The
hydrogel solution turned to a gel state when the temperature changed. Moreover, this
hydrogel exhibited antibacterial and anti-inflammatory activities, which possess great

promise in clinical application as a wound dressing (Zhu et al., 2022).

2.4 Self-Healing Hydrogels

Self-healing hydrogel dressings represent a cutting-edge advancement in wound
care, especially for managing full-thickness wounds (Chen et al., 2018; Chen et al.,
2022). These hydrogels possess the remarkable ability to autonomously repair
themselves after damage or deformation, offering a durable and adaptable solution for
the dynamic environment of a wound bed. The self-healing hydrogels are composed of
biocompatible polymers that form a network capable of recovering from mechanical
disruption (Sharma et al., 2018; Han et al., 2019). This property is particularly
beneficial in full-thickness wounds, which often require extended periods of healing
and are prone to dressing disruption due to body movement, wound exudate, or external
force. The self-healing hydrogels can maintain their structural integrity and continue to
function even after experiencing damage, ensuring consistent coverage and wound
protection. Moreover, these hydrogels provide a moist environment that promotes faster
tissue regeneration and reduces pain in patients with deep or chronic wounds. To
achieve self-healing properties, the dynamic covalent bond and the physical non-
covalent interaction are incorporated into the hydrogels. Many researchers have
developed self-healing hydrogels for wound healing, drug delivery, or medical
applications. Moreover, the gelation and healing time are considered, as shown in Table
2.1.
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Table 2.1 The Development of the Self-Healing Hydrogels

Self-healing Gelation Healing Healing Reference
mechanism time (min)  time (min)  condition
10-20 24 h 37°C Sun et al. (2019)
30 24 h 37°C Xiao et al.
Imine bond (2019)
2 2h - Lietal. (2018)
1 15 min - Yuan et al.
(2021)
Imine bond and 0.8 20 min 37°C Zhou et al.
hydrogen bond (2021)
hydrogen bond 1 min 15 min 37°C Wan et al.
(2022)
Disulfide bond 1 min 10 - Chen et al.
(2019)
Acylhydrazone 120 min 0.5h Room Chen et al.
bones temperature (2019)
Hydrogen bond 9 min 5 min - He et al. (2021)

2.4.1 Dynamic Covalent Bonds

Dynamic covalent bonds are a type of chemical bonding used extensively in
materials developed for biomedical application (Bertsch et al., 2022). This dynamic
behavior allows materials to adapt, heal, or reconfigure themselves, making it
particularly useful for designing self-healing materials. The bonds such as imine bond
(Schiff’s base) (Liu et al., 2018), disulfide (Bi et al., 2023), and boronate ester bonds
(An et al., 2020) are often used in the systems due to their ability to break and reform

under mild conditions. However, the boronate ester bonds can be hydrolyzed in water.
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Furthermore, the usefulness is limited to environments with controlled or predictable
pH levels. Thus, the use of self-healing boronate ester bonds may not provide much
mechanical strength and limit the wound healing application (Kirchner et al., 2024).
The disulfide has poor stability in the presence of reducing agents (Bebiano et al.,
2024). This bond depends on specific redox conditions for reversibility, which can limit
its functionality in environments where these conditions are not easily controlled. The
Schiff’s base reaction, which involves the formation of an imine bond between an
amine and an aldehyde or ketone, offers a significant advantage for full-thickness
wound healing due to its dynamic and reversible nature. In the context of wound
dressings, Schiff’s base chemistry allows the creation of hydrogels that can adapt and
self-heal in response to the wound environment. This is particularly beneficial for full-
thickness wounds, which often require prolonged healing periods and are subject to
mechanical stress from body movement. The Schiff’s base-based hydrogels can
maintain a moist wound environment, promoting faster tissue regeneration and
responding to fluctuations in pH. Additionally, the reversible nature of imine bonds
allows for controlled material degradation, ensuring that the dressing gradually
disintegrates as the wound heals. This adaptability, combined with the biocompatibility
of the Schiff’s base reaction, makes it a promising mechanism for developing advanced,
responsive wound dressings tailored to the unique needs of full-thickness wounds.
Zhang et al. designed a composite hydrogel dressing with antibacterial activity and self-
healing ability. These composite hydrogels were prepared based on Schiff’s base and
thiol-alkynone double cross-links. The amino group of chitosan was reacted with the
aldehyde group of oxidized alginate to obtain the Schiff’s base reaction. These
hydrogels displayed good self-healing, mechanical properties, and good antibacterial
activity (Zhang et al., 2022). Moreover, Li et al. prepared self-healing hydrogel based
on dynamic Schiff’s base reaction. In this work, hyaluronic acid was used to prepare
the self-healing hydrogels. Firstly, dialdehyde-modified hyaluronic acid (AHA) was
synthesized. Then the AHA/cystamine dihydrochloride (AHA/Cys) hydrogels were
formed by blending AHA and Cys at acidic pH levels (Li et al., 2020). Chen et al.
produced an injectable self-healing hydrogel that effectively promotes wound healing.
In this study, konjac glucomannan was modified to obtain an aldehyde group from
oxidized konjac glucomannan. After that, the aldehyde group reacted with the amino



14

groups of chitosan to form imine bonds or Schiff’s base reactions. These hydrogels
exhibited good self-healing and injectable properties. Moreover, these developed
hydrogels were injectable and significantly shortened wound recovery time in a full-
thickness skin defect (Chen et al., 2018).

2.4.2 Physical Non-Covalent Interactions

The self-healing hydrogels based on physical non-covalent interactions utilize
reversible, weak forces like hydrogen bonding, ionic interactions, van der Waals forces,
and hydrophobic interaction to achieve their dynamic and adaptable properties. The key
advantage of non-covalent interactions is their ability to break and reform quickly under
physiological conditions without external stimuli. This allows the hydrogel to maintain
its integrity even under stress or movement, which is particularly beneficial for wounds
on joints or frequently disturbed areas. Ye et al. prepared hydrogels by mixing solutions
of humic acid (HA) and polyvinylpyrrolidone (PVP), in which the HA worked as a
crosslinking agent to form a hydrogel bond with the PVP. These hydrogen bonds are
dynamic leading to self-healing properties. These hydrogen bond-crosslinked
hydrogels exhibited adhesive properties and rapid hemostasis, which have the potential
to be a wound dressing material (Yu et al., 2022). Zhang et al. developed chitosan-based
self-healing hydrogels formed through noncovalent interactions. The hydrogels were
fabricated using in situ free radical polymerization of acrylic acid (AA) and acrylamide
(AM) in the presence of chitosan in dilute acetic acid aqueous solution. In this study,
multiple noncovalent interactions were formed. These included ionic interactions
between the anionic acrylic acid (AA) segments and the positively charged amino
groups of chitosan and hydrogen bonds were introduced between AM segments and
hydrogen bonding between AM segments and the chitosan backbone. These self-
healing hydrogels crosslinked via noncovalent interaction showed rapid network
recovery, high stretchability, and efficient self-healing properties at high water content
(Zhang et al., 2019).
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2.5 Chitosan

Chitosan, a biopolymer derived from the deacetylation of chitin found in the
exoskeletons of crustaceans, has gained significant attention as a key component in
hydrogel wound dressings due to its unique combination of biocompatibility,
biodegradability, and inherent bioactivity. Chitosan-based hydrogels are particularly
attractive for wound healing applications because they not only provide a moist
environment that accelerates healing but also exhibit antimicrobial properties, which
reduce the risk of infection (Raafat et al., 2008). Chitosan is a cationic polymer,
meaning it has a positive charge, which allows it to interact electrostatically with the
negatively charged cell membranes and extracellular matrix components. Moreover,
this interaction can promote cell adhesion, migration, and proliferation, which are
crucial for regenerating damaged tissues in full-thickness wounds. Additionally,
chitosan can act as a hemostatic agent by promoting blood clotting, which is beneficial
for controlling bleeding in acute wounds (Ahmed et al., 2016; Kozen et al., 2008). It
has been used as a hydrogel dressing that can provide self-healing properties because
amino groups of chitosan can react with aldehyde groups to produce imine bonds, the
Schiff’s base reaction. Qu et al. used the benzaldehyde-terminated amphiphilic segment
Pluronic F127 to form micelles reacting with chitosan to prepare the self-healing
hydrogel (Qu et al., 2018). However, there are some challenges associated with the use
of chitosan in hydrogel wound dressing. One limitation is that pure chitosan is not
soluble at neutral or alkaline pH levels, restricting its use in certain physiological
conditions. This limitation makes it necessary to modify chitosan to improve its
performance.

Quaternized chitosan (QCS) is a chemical-modified form of chitosan in which
quaternary ammonium groups are introduced to enhance its properties, making it more
suitable for hydrogel dressings. This modification significantly improves the solubility
of chitosan across a wider pH range, especially in neutral and alkaline environments.
Moreover, quaternization boosts the antimicrobial activity of chitosan as the positively
charged quaternary ammonium groups more effectively disrupt the negatively charged

bacterial cell membranes (Zhang et al., 2015). Wang et al. prepared an antimicrobial
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hydrogel dressing using hyaluronic acid and QCS for wound treatment. In this work,
chitosan was used to improve water solubility and antimicrobial activities (Wang et al.,
2019). Xue et al. synthesized QCS to prepare hydrogels as wound dressing materials.
In this work, QCS was used to improve the antibacterial and adhesive properties. These
hydrogels were developed for applying to a full-thickness skin defect model and
evaluated for their effect on wound repair (Xue et al., 2019). Additionally, QCS does
not prevent the Schiff’s base reaction between the amino groups of chitosan and the
aldehyde groups. Zhao et al. synthesized QCS-g-polyaniline and benzaldehyde groups
functionalized poly(ethylene glycol)-co-poly(glycerol sebacate) to prepare injectable
conductive self-healing hydrogel through a Schiff’s base reaction for wound healing.
In this study, the amino group in quaternized chitosan reacted with the aldehyde groups
from benzaldehyde. These hydrogels displayed a self-healing time of 2 hours after
damage (Zhao et al., 2017).

2.6 Pectin

Pectin, a natural polysaccharide primarily derived from the cell walls of fruits,
has emerged as a promising material for hydrogel wound dressing preparation due to
its excellent biocompatibility, biodegradability, and ability to form a hydrogel.
Therefore, pectin has been used as a gelling agent (Sriamornsak, 2003). As a plant-
based polymer, pectin is composed mainly of galacturonic acid units, allowing it to
form gels in the presence of divalent cations like calciumions. This characteristic makes
it highly adaptable for hydrogel wound dressing, where a moist, stable environment is
essential for accelerating the healing process. One of the key advantages of pectin-based
hydrogels for wound healing is their ability to interact with the extracellular matrix and
skin cells, promoting tissue regeneration. Pectin has been shown to support fibroblast
proliferation, which is crucial for the production of collagen and the reconstruction of
the dermal layer in full-thickness wounds. Rezvanian et al. prepared hydrogel through
ionic crosslinking of alginate and pectin for wound dressing application (Rezvanian et
al., 2017). Giusto et al. developed a new, easy-to-make pectin-honey hydrogel as a

wound healing membrane. In this research, the pectin-honey hydrogel had optimal
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characteristics for wound healing (Giusto et al., 2017). Moreover, Gupta et al. prepared
hydrogels that consisted of pectin and gelatin. The pectin was oxidized to obtain the
aldehyde group (-CHO). The crosslinking reaction occurred through the formation of a
Schiff’s based reaction between the aldehyde group of oxidized pectin and the amino
group of gelatin (Gupta et al., 2014). However, no research report oxidized pectin
reacted with quaternized chitosan to prepare the injectable self-healing hydrogel

through a Schiff’s base reaction.

2.7 Natural Product Extracts

Natural product extracts contain bioactive compounds which have the potential
to heal the wound. Recently, natural product extracts have increased attention in
biomaterial fabrication due to their properties such as antioxidant activity, antimicrobial
activity, anti-inflammatory activity, anticancer activity, and anti-tyrosinase activity
(Talib, 2011; Rahmani et al., 2015; Rao et al., 2016; Anand et al., 2008; Ghasemzadeh
et al., 2018). Curcumin (CM) is a polyphenol compound, which is the main compound
of the medical plant turmeric (Trigo-Gutierrez et al., 2021). CM has various
pharmacological effects, including anti-inflammatory, antioxidant, and antibacterial
activities. Shefa et al. prepared hydrogels loaded with CM by a freeze-thaw method for
wound dressing. The cell viability analysis of the hydrogels using MTT assay indicated
they were non-toxic. Moreover, the wound closure was studied using full-thickness
excision wounds in a rat model, which showed a better % wound closure of the CM-
loaded hydrogels when compared to the control (Shefa et al., 2020). Jing et al.
fabricated composite hydrogels as wound dressing materials. CM-containing
nanoparticles were loaded into silk fibroin and sodium alginate hydrogels. The
composite hydrogel exhibited excellent biocompatibility and antibacterial properties
against Gram-negative (E. coli) and Gram-positive (S. aureus) bacteria. In addition, the
obtained composite hydrogels improved the closure of bacterial-infected wounds (Jing
etal., 2023). Gupta et al. prepared CM-loaded cellulose hydrogels for wound treatment.
The antioxidant activity of the hydrogels was evaluated using a DPPH assay, and the

results showed that these hydrogels decreased oxidative stress at the wound site.
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Moreover, the hydrogels displayed hemocompatibility, cytocompatibility, and
antioxidant properties, supporting the potential use in hydrogel dressings (Gupta et al.,
2019). Mangosteen (Garcinia mangostana Linn) has gained much attention in medical
applications. The mangosteen peels contain phenolic compounds such as xanthones and
mangostin, which display antibacterial, anti-inflammatory, anti-cancer, antioxidant,
and wound healing properties. Xanthones are effective for wound-healing agents due
to stimulating fibroblast cell proliferation (Yang et al., 2017; Obolskiy et al., 2019).
Moreover, the mangostin comprises o- mangostin, -mangostin and y-mangostin
(Mahabusarakam et al., 1987). Many studies have reported the biological activity of
mangosteen (Moongkarndi et al., 2014; Chavan et al., 2021). Ghasemzadeh et al.
reported the antioxidant and antimicrobial activities of the a-mangostin (MT). The
antioxidant activity was evaluated using DPPH assay and exhibited good antioxidant
activity. In addition, MT exhibited antibacterial activity against Gram-positive bacteria
(Ghasemzadeh et al., 2018).

2.8 Cyclodextrin Inclusion Complex

Cyclodextrins (CDs) are considered valuable compounds that can be applied in
different industrial fields, such as for food or pharmaceutical applications (Cravotto et
al., 2006; Jug et al., 2008; Loftsson et al., 2010; Li et al., 2014). CDs are a group of
cyclic oligosaccharides composed of glucose units linked by a-1,4-glycosidic bonds,
with three main types: a-cyclodextrin (6 glucose units), B-cyclodextrin (7 glucose
units), and y-cyclodextrin (8 glucose units), each having progressively larger internal
cavities. The hydrophilic outer surface of CDs enables them to dissolve in water, while
their hydrophobic inner cavity can trap non-polar guest molecules, such as poorly
soluble drugs (Szejtli, 1998). This unique structural feature makes CDs highly valuable
in pharmaceutical formulations for enhancing drug solubility, bioavailability, and
stability. The encapsulation of a guest molecule within the CD cavity occurs through
non-covalent forces, including van der Waal interactions, hydrogen bonding, and
hydrophobic forces. This inclusion process can protect sensitive molecules from

degradation caused by environmental factors such as oxidation, heat, and light,
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prolonging the shelf-life of the encapsulated compounds. CDs are non-toxic
ingredients, and the three CDs, B-CD is the most widely used because its cavity fits
expected guests with molecular weight between 200 and 800 g/mol and also because of
its ready availability and reasonable price (Szente & Szejtli, 2004). Various methods
are employed to form CD inclusion complexes, such as kneading, co-precipitation,
freeze-drying, and spray drying (Cid-Samamed et al., 2022).

2.8.1 Kneading

The kneading method (the paste method) is moderately simple for poorly water-
soluble guests. This method involves dissolving CD in DI water in a mortar, and then
the guest is added to obtain the paste. After the paste solid is obtained, the free particles
will be removed with a small amount of solvent. This method is highly efficient and
scalable. However, this method might achieve incomplete complexation due to uneven
solvent distribution or insufficient mixing. Thus, the complex may require additional
processing to ensure complete encapsulation (da Silva Junior et al., 2017; Wadhwa et
al., 2017).

2.8.2 Co-Precipitation

The co-precipitation method is useful for non-water-soluble guests. The guest
is dissolved in ethanol, and the appropriate amount of CD in DI water is added to the
guest solution with agitation. After that, the solution is cooled, and formation of
complex crystals occur (Jiang et al., 2019). Moreover, different organic solvents such
as diethyl ether or benzene can also be used to dissolve the guest when using this
method. The co-precipitation is one of the most used methods due to its simplicity and
efficiency.

2.8.3 Freeze-Drying

The freeze-drying method, also known as lyophilization, is widely used for
forming inclusion complexes with CDs. This method involves dissolving the guest
molecule and CD in a suitable solvent, typically water or a water-alcohol mixture. The
resulting solution is then frozen to convert the solvent into a solid state, after which the
solvent is removed by sublimation under reduced pressure, leaving behind a dry powder
containing the inclusion complex (Mohan et al., 2012). Freeze-drying offers several
advantages, including producing highly stable and pure complexes and preserving the
integrity of thermolabile (heat-sensitive) compounds since the process avoids high
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temperatures. This makes it especially suitable for pharmaceuticals where drug stability
is crucial. Furthermore, the freeze-dried complexes often exhibit enhanced solubility
and bioavailability compared to their unprocessed counterparts.

2.8.4 Spray Drying

The spray drying method is widely used for forming inclusion complexes with
CDs, especially in industrial applications, due to its scalability and efficiency. The host
and CD are first dissolved in a suitable solvent to create a homogeneous solution. This
solution is then atomized into fine droplets and rapidly dried using hot air, forming a
fine powder containing the inclusion complex. The high surface area of the atomized
droplets allows for quick solvent evaporation, which facilitates the encapsulation of the
guest molecule within the cyclodextrin cavity (Shan-Yang & Yun-Horng, 1989; Hay et
al., 2017). The spray drying method offers several advantages, including its rapid
processing time and suitability for continuous large-scale production. Additionally, it
enhances the solubility and bioavailability of poorly soluble drugs, making it a preferred

method for pharmaceutical formulations on an industrial scale.

2.9 Cyclodextrin Inclusion Complex with Natural Product Extracts

The natural products have poor water solubility, reducing their absorption and
effectiveness in the body. Moreover, natural products are sensitive to environmental
factors, which might degrade before reaching the target. These factors restrict the
application of CM and MT in pharmaceutical formulation. Thus, improvement in the
stability and solubility of curcumin is important. Cyclodextrin inclusion can protect the
active ingredients from degradation, extending their shelf life and maintaining their
potency (Parameta et al.,2011; Khan & Singh, 2016). Many researchers have reported
CM-CD inclusion complex (CMx), Celebioglu and Uyar prepared CMx-loaded
nanofibrous via electrospinning to improve water soluble and antioxidant activity
(Celebioglu & Uyar., 2020). Zhang et al. synthesized CMXx for cancer therapy. This
study encapsulated CM into CD to improve CM delivery (Zhang et al., 2016). CMx and
MT-CD inclusion complex (MTx) have also been prepared and incorporated into

hydrogels. Gupta et al. prepared CMx loaded into a hydrogel for wound dressing (Gupta
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et al., 2020). Kiti et al. prepared CMx and incorporated it into a bilayer wound dressing
(Kiti et al., 2020). Wathoni et al. prepared MTx in hydrogel formulation to improve
wound healing properties (Wathoni et al., 2020).

However, no study has explored the use of MTx and CMx incorporated into
injectable self-healing hydrogels for wound dressing applications. Building upon prior
research on QCS/OPEC-based self-healing injectable hydrogels. This study aims to
enhance the biological activity of these materials by incorporating MTx and CMXx as
bioactive compounds. In particular, the inclusion of these natural products is expected
to enhance the antioxidant and anti-inflammatory activity of the hydrogels.

In this research, MTx and CMx were prepared and incorporated into the
QCS/OPEC injectable self-healing hydrogels for wound dressing applications. Firstly,
the QCS/OPEC hydrogel was investigated for use as a wound dressing. Additionally,
these hydrogels have self-healing ability, which prolongs the shelf-life of the hydrogel,
leading to reduced dressing replacement. Subsequently, MTx and CMXx were
incorporated into the hydrogel. Moreover, the biological activated such as anti-
inflammatory, cytotoxicity, and wound closure effects were further evaluated.
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CHAPTER 3

RESEARCH METHODOLOGY

3.1 Materials

Chitosan (CS, degree of deacetylation > 90%,

Mw: 500-700 kDa) Bio 21 Co., Ltd,

Pectin from citrus peel (Galacturonic acid >

74.0 %) Sigma-Aldrich, USA

Glycidyl trimethylammonium chloride

(GTMAC) Sigma-Aldrich, USA

Sodium periodate (> 99.8%) Sigma-Aldrich, USA

Curcumin (CM) Aktin Chemicals, Inc.,

a-Mangostin (MT) Sigma-Aldrich, USA

(2-hydroxypropyl)-B-Cyclodextrin (3-CD,

average Mw: ~1380) Sigma-Aldrich, USA

2,2’-azino-bis(3-ethylbenzothiazoline-6-

sulfonic acid) diammonium salt (ABTS) Sigma-Aldrich, USA

Ethylene glycol (> 99%) Sigma-Aldrich, USA

3-(4,5-dimethylthiazol-2yl)-2,5-

diphenyltetrazolium bromide (MTT) Thermo Fisher Scientific

Dulbecco’s Modified Eagle Medium (DMEM) ~ Thermo Fisher Scientific

Fetal bovine serum (FBS) Thermo Fisher Scientific
3.2Methodology

3.2.1 Preparation of Quaternized Chitosan (QCS)
The chitosan was modified by dissolving 1 g of chitosan in acetic acid (1% v/v,
70 mL) overnight. Following this, 10 mL of GTMAC was added to the chitosan solution

under continuous stirring, and the resulting solution was refluxed at 60 °C for 6 h. The
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resulting QCS solution was dialyzed against distilled water using a snakeskin
membrane for 3 days with the exchange of water every day and lyophilized to form the
solid QCS product.

3.2.2 Preparation of Oxidized Pectin (OPEC)

The OPEC was prepared by dissolving 2 g of pectin in ethanol/water solution
(20 mL ethanol/80 mL water). After that, 0.32 g of sodium periodate in 3 mL of distilled
water was added to pectin solution. The resulting solution was stirred for 2 h in the
dark. Following this, 5 mL of ethylene glycol was added and stirred for 2 h. The OPEC
solution was dialyzed against distilled water using a snakeskin membrane for 3 days
with the exchange of water every day and lyophilized to form the solid OPEC product.

3.2.3 Characterization of QCS and OPEC Polymers

!H NMR and 1D DOSY NMR spectroscopy were run on a Bruker 500 MHz
spectrometer. All samples were run in D2O at approximately 10 g/L at room
temperature. 1D DOSY spectra were collected with the following acquisition
parameters; A = 100 ms, 6 = 2 ms, gradient strength = 95 %, number of scans = 128.
All data were analyzed with Bruker Topspin software.

The degree of esterification, DE, in pectin was calculated from standard *H

NMR spectra using equation 3.1.

J CH3+H(C2)— [H(C3)

3
JH(C3)

DE (%) =

x 100% (3.1)

Where [CH3+H(C2) represents the integral of protons on the methoxy group as
well as the proton on C2 as these overlap (3.5-3.8 ppm), and [H(C3) is the integral of
the proton on C3 (3.9 ppm).

The degree of acetylation, DA, of chitosan was calculated using equation 3.2.

JCcH3
DA (%) = fH(c32—C6) X 100% (3.2)
6

Where [H(C2-C6) represents the integral of protons on C2-C6 on both monomer

units (2.9 — 4.0 ppm) and JCH; represents the three methyl protons of the N-acetyl-D-

glucosamine unit of chitosan (1.96 ppm).
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The degree of substitution, DS, to quantify the degree of quaternization of QCS
was calculated using the integrals of the peak corresponding to the methylene (2.7 ppm)
of the introduced functionality and methyl protons of the N-acetyl-D-glucosamine unit
of chitosan (1.96 ppm) using equation 3.3.

JcHy

DS (%) = +2- % DA (%) (3.3)

[ CH3

3

3.2.4 Viscosity

Viscosity values for pectin, OPEC, and the OPEC solution used to prepare the
hydrogels were determined using Ubbelohde at 27 °C by comparing the runoff time of
each solution with water at the same temperature. Aqueous polymer solutions of 0.05
%w/v were evaluated with reference to ultrapure water. The viscosity was calculated

using equation 3.4 with the viscosity of water at 27 °C as 0.8025 cP.

dS S
N = Nw = (3.4)

WtW

where 1 is the viscosity, d is the measured density, and t is the runoff time.
Subscript s denotes the tested solution and w represents water.

3.2.5 Fourier-Transform Infrared Spectroscopy (FTIR)

FTIR spectra were collected using a Perkin Elmer Spectrum Two FTIR
Spectrometer. Perkin Elmer Spectrum software was used to collect transmission data
from 4,000-450 cm™ with a resolution of 4 cm™ and an accumulation of 4 scans. The
instrument was equipped with an ATR Imaging Accessory using a diamond crystal
window.

3.2.6 X-Ray Photoelectron Spectroscopy (XPS)

XPS data were acquired using a Kratos AXIS SUPRA+ X-ray photoelectron
spectrometer. The incident radiation was monochromatic Al Ko X-rays (1,486.6 eV)
operated at 10 mA emission current and 12 kV anode potential. The electron collection
spot size was ~700 x 300 um?. Survey scans were taken at an analyzer pass energy of
160 eV and high-resolution scans at 20 eV. Survey scans were carried out over 1,200 -
0 eV binding energy range with 1.0 eV steps. High-resolution scans were run with 0.1
eV steps. Base pressure in the analysis chamber was 10° Torr and during sample
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analysis 10 Torr. Spectra were converted into VAMAS format for further analysis
(CasaXPS version 2.3.24 PR1.0). Peak fitting was done with a Shirley baseline with
Kratos library Relative Sensitivity Factors. All spectra were charge corrected to the C-
C peak at 285.0 eV. For high-resolution peak fitting the following constraints were
used: C 1s FWHM 0.9-1.1, O 1s FWHM 1.1-1.5.

3.2.7 Cytotoxicity of QCS and OPEC Polymers

First, the OPEC and QCS polymers were characterized by indirect cytotoxicity
using Normal Human Dermal Fibroblast cell line (NHDF). The NHDF cells were
cultured in 10% DMEM at 37 °C in a humidified atmosphere of 95% air and 5% CO..
The NHDF cells were seeded in a 96-well plate at 8,000 cells/well. The cells were
cultured in 10% DMEM and incubated at 37 °C for 24 h to allow cell attachment. After
that, the culture medium in each well was replaced with different sample solutions.
Meanwhile, the OPEC and QCS were dissolved in water with heating to mimic
solutions prepared for hydrogel fabrication. The OPEC (7.5 %w/v) and QCS (2%w/v)
were prepared. Subsequently, cells were re-incubated for 24 h after replacing with
sample solutions. The percentage of cell viability was determined by an MTT assay.
Briefly, the culture medium was removed and replaced with 100 pL of 0.5 mg/mL MTT
solution. After 3 h incubation, the MTT solution was removed, and 100 pL of dimethyl
sulfoxide was added to dissolve the formazan crystals. The absorbance of the solution
was measured at 570 nm using a microplate reader (BioTek Instruments, USA). The
viability of the cells cultured with the fresh medium was used as a control.

An MTT assay was used to quantify the viability of the cells cultured by each
extraction medium as per standard procedures.

3.2.8 Preparation of QCS/OPEC Hydrogels

First, OPEC (1.5 g) and QCS (0.4 g) were separately prepared by adding 10 mL
of water to the polymers. After that, the solution was stirred at 60 °C followed by
stirring at 37 °C for 2 h. The ratio of QCS to OPEC was optimized first. The gelation
and hydrogel formation were evaluated visually after co-injecting the OPEC and QCS
solutions. The gel formation of the hydrogel occurred within 1 min and was given a
score of according to the following: (0) no gel formation; (1) partial gel formation with
excess solution present; (2) near complete gel formation with small amount of solution

present.
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15 % wi/v of OPEC solution and 4 %w/v of QCS solution were used by co-
injecting into a 24-well plate and stirring with a spatula. One type prepared from 0.6
mL QCS and 0.4 mL OPEC (named HG_0.6:0.4) and one type prepared from 0.8 mL
QCS and 0.2 mL OPEC (named HG_0.8:0.2).

3.2.9 Gel Fraction

The gel fraction was measured by the dry mass of freeze-dried as-prepared
hydrogel samples, obtaining the initial dry mass (Wi q). Subsequently, the dried samples
were immersed in water at 37 °C for 6 and 24 h to swell the samples and remove soluble
components. The remaining gel was wiped thoroughly with tissue paper and weight
(wsw). Then, the dry weight of the swollen sample after freeze-drying was recorded
(Ws:water,d). The gel fraction (%) was calculated using equation 3.5. Moreover, the water

swelling ratio, Qw, was calculated using equation 3.6.

Gel fraction (%) = % X 100% (3.5)
i,d
h Ws,w_Ws:water,d

QW T Ws:water,d (36)

3.2.10 Rheological Analysis of Hydrogels

The rheological analysis of the HG_0.6:0.4 and HG_0.8:0.2 samples was
measured using ARES-G2 rheometer (TA Instrument Ltd., USA) accompanied by 40
mm diameter parallel geometry. The solutions of QCS with or without inclusion
complex and OPEC were co-injected into a vial and mixed for 1 min before being
placed in the 1 mm gap. The rheological properties of the hydrogels were measured
during the gelation process with a temperature of 37 °C at a fixed frequency of 1 Hz
and a 1 %strain. The storage modulus (G’) and loss modulus (G”) were recorded.
Moreover, the self-healing behavior of the hydrogels was determined by a rheometer.
An alternate strain sweep was performed at a fixed angular frequency of 1 Hz, switching
the amplitude oscillation strain from low strain (y = 1 %, 100 s for each interval) to
high strain (y = 2000 and 100 s for each interval).
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3.2.11 Self-Healing Properties of Hydrogels

The macroscopic self-healing behavior of the HG_0.6:0.4 and HG_0.8:0.2
samples was characterized by preparing one undyed hydrogel and one dyed hydrogel
with red food dye. Both hydrogels were cut in half and placed each half in contact.
After that, the self-healing of hydrogel was observed for over 30 min.

3.2.12 Mechanical Test and Adhesiveness of Hydrogels

The compressibility and hardness of the HG_0.6:0.4 and HG_0.8:0.2 samples
were measured using the texture analyzer (TA.XTplus) in TPA mode. Each disc-shaped
hydrogel (diameter of 16 mm and a thickness of 5 mm) sample was compressed at a
rate of 5 mm/s until the samples were deformed 75% from their original height by a
tubular probe. The compression was applied twice with a 15 s delay between them. The
force-time plots from the TPA mode were analyzed to obtain the hardness and
compressibility values of the hydrogels. The hardness was taken from the maximum
force of the first positive curve on the force-time plots. The compressibility was taken
from the area under the first positive curve on the force-time plots.

Furthermore, the adhesion performance of the HG_0.6:0.4 and HG_0.8:0.2
samples was evaluated using the texture analyzer (TA.XTplus) with a load cell capacity
and a test speed of 5 kg and 2 mm/sec, respectively. Porcine skin (2.0 x 2.0 cm2) soaked
in PBS for 30 min was used as the model tissue and attached to the probe using double-
sided adhesive. To measure the adhesiveness of the hydrogels, the probe was lowered
to the surface of the sample loaded in a plastic petri dish and held for 30 s at 0.02 N.
The probe was then moved upwards at 5 mm/s. The adhesiveness of each sample was
recorded as the maximum force on the force-time plots produced via detachment of the
pig skin from the surface of the sample.

3.2.13 Cytotoxicity of Hydrogels

Each hydrogel sample (1 g wet weight) was sterilized under UV radiation for
30 min on each side. The sterilized sample was immersed in a culture medium (2 mL)
for 24 h to obtain the extraction medium. After that, the extraction medium was diluted
with culture medium to produce various hydrogel concentrations of 50, 10, 5, and 0.5
mg/mL. The cytotoxicity was studied using NHDF cells, and the cell viability was

determined using an MTT assay, as previously mentioned in section 3.2.7.
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3.2.14 In Vitro Wound Healing Assay

The scratch wound healing assay was used to investigate wound closure or cell
migration. The NCTC clone 929 cells (2x10° cells/well) were cultured in a 24-well
tissue culture polystyrene plate for 24 h. The L929 monolayer cell was scratched using
a SPLScar™ scratcher (tip width: 0.5 mm; SPL Life Sciences, Korea) and gently
washed with PBS to eliminate cell fragments. The hydrogels (100 mg wet weight) were
immersed in 2 mL of 10% DMEM at 37 °C for 24 h and diluted with 10% DMEM to
produce the extraction medium at concentration of 10 mg/mL which is equivalent to 1
mg/mL solid. This extraction medium was added to the cells and incubated at 37 °C for
48 h. SFM was used as the control. Photographs of the scratched area were recorded at
0 and 48 h. The percentage of reduction (wound closure) of the scratched witdth was
calculated following the equation 3.7

(4-B)
A

Wound closure (%) = x 100 (3.7)

Where A is the width of the initial scratch wound measured immediately after
scratching and B is the width of scratch wound after scratching for 48 h.

3.2.15 Antibacterial Activity of QCS, OPEC Polymer, and Hydrogels

Antibacterial activity of the polymers and hydrogels was evaluated against the
gram-positive bacterial (S. aureus) as well as the gram-negative bacteria (E. coli). The
OPEC and QCS polymers were dissolved in water with heating to mimic solutions
prepared for hydrogel fabrication. Meanwhile, the hydrogel (1.0 g) was immersed in
PBS (1.0 mL) at 37 °C for 24 h. For all solutions, a volume of 100 pL was pipetted into
the first row of the 96-well plate and used as a stock concentration. The sample
solutions were serially diluted twofold using Nutrient Broth (NB) medium to obtain
various concentrations. Subsequently, the standardized bacterial suspension was diluted
to give a final bacteria concentration of 10° CFU/mL. A volume of 50 pL of the bacterial
suspension was added to all wells. An additional well containing NB medium only was
used as a negative control. Amoxicillin and ampicillin were used as positive control for
gram-positive and gram-negative bacteria, respectively. The well plates were incubated
at 37 °C for 24 h. After incubation, the optical density (OD) at 625 nm of the well plates

was measured. The lowest concentration of a sample that retained its inhibitory effect,
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resulting in 50% inhibition of bacteria growth (OD value half of bacteria only control)
was considered as the value. The MBC value was determined by sub-culturing the
broth used for MICso determination onto fresh agar plates. After incubation (24 h), the
plates were examined for the growth of bacteria to determine the concentration of the
sample for which 99.9% bacterial isolated was killed. These experiments were done in
triplicate (n = 3).

3.2.16 Preparation of a-Mangostin Inclusion Complex (MTX)

There are 3 methods used to prepare the mangostin inclusion complex. The first
method, MTx was prepared using MT and 3-CD in a 1:1 mole ratio via three different
methods. For the first method, 1.62 g of B-CD was dissolved in 10 mL of distilled
water. This f-CD solution was then slowly added to a solution of 0.5 g of MT dissolved
in 10 mL of methanol. The resulting mixture was sonicated at room temperature for 15
min and subsequently stirred at 120 rpm using a magnetic stirrer at room temperature
for 48 h. The mixture was then filtered through a 0.45 um cellulose acetate syringe
filter and evaporated using a rotary evaporator at 65 rpm and 70 °C. The concentrated
mixture was dried in an oven at 50 °C for 12 h, yielding a light yellow MTx powder.

In the second method, 1.62 g of B-CD in 10 mL of distilled water. Then, 0.5¢
of MT was added to the B-CD solution. The mixture was stirred in a sealed beaker at
room temperature for 24 h. The resulting solution was filtered through a 0.45 pm
cellulose acetate syringe filter and then freeze-dried to obtain the solid MTx-DI
compound.

For the third method, 1.62 g of -CD was dissolved in 10 mL of distilled water,
and 0.5 g of MT was dissolved in 10 mL of methanol. The MT solution was then slowly
added to the B-CD solution. The mixture was stirred at room temperature for 48 h.
Subsequently, the solution was filtered through a 0.45 pum cellulose acetate syringe
filter and evaporated using a rotary evaporator (65 rpm, 70 °C) to remove the methanol.
The concentrated mixture was then freeze-dried to obtain the solid MTx-NS compound.

3.2.17 Preparation of Curcumin Inclusion Complex (CMXx)

The CMXx was prepared using CM and -CD in a mole ratio of 1:1. B-CD (3.75
g) was dissolved in distilled water (20 mL). Then, 1 g of CM was added to the 3-CD
solution and stirred at room temperature for 24 h. The mixture was filtrated through a
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0.45 um cellulose acetate syringe filter and lyophilized using a freeze-dryer to obtain
CMx powder.

3.2.18 Characterization of Drug-p-CD Inclusion Complexes

The crystalline or amorphous nature of B-CD, CM, MT, CMx, MTXx, physical
mixture of MT and B-CD (MTpm), and physical mixture of CM and B-CD (CMpm)
were investigated by X-ray diffraction (XRD). The sample was scanned between 2 theta
(20) of 5 - 30° with a step size of 0.013° and a scan speen of 0.012°/min using an X’
pert-pro MPD diffractrometer (Malvern Panalytical, UK) equipped with Cu Ka
radiation (1.540 A) at 30 mA and 40 kV.

3.2.19 Antioxidant Activity of Drug-g-CD Inclusion Complexes

The antioxidant activity of MT, CM, and drug-p-CD inclusion complexes
(MTx, MTx-DI, MT-NS, and CMx) was characterized using ABTS assay. The samples
were dissolved in methanol with varying concentrations and treated with 100 uM of
DPPH solution (1:1 volume ratio). After that, the sample solution was kept in the dark
for 30 min at room temperature. The antioxidant activity of samples was measured by
using microplate reader at wavelength of 517 nm. The %antioxidant activity was

calculated by following equation (3.8).

. . A . Acon rol — Asam e Acon rol of sample
Antioxidant activity (%) = —=2 { :l wolofsample) 1 ) (3.8)
control

ABTS*®" was generated by mixing an equal volume of ABTS solution (7 mM)
and potassium persulfate solution (2.45 mM). The mixture was kept in the dark for 16-
18 h. After that, the obtained ABTS*" solution was diluted with distilled water to obtain
a working ABTS*" solution (absorbance of 0.70+0.10 at 734 nm). A control was
prepared by mixing 100 pL of distilled water. The sample solutions were prepared as a
description above. Then, 100 uL of each sample solution was mixed with 100 pL of
working ABTS®** solution. After that, the mixture was kept in the dark at room
temperature for 30 min. The antioxidant activity of the sample against ABTS*" radicals
was determined by measuring the absorbance at 734 nm using a microplate reader. The

antioxidant activity (%) was calculated according to equation (3.9)
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. . s Acon rol Asam e _Acon rol of sample
Antioxidant activity (%) = —=2! ( :l wolofsample) 1 () (3.9)
control

3.2.20 Antibacterial Activity of Drug-p-CD Inclusion Complexes

The antibacterial activity was determined against the gram-positive bacteria, the
gram-negative bacteria. The broth dilution was prepared the same as previously
mentioned in section 3.2.15 to determine MIC and MBC of MTx and CMx (100
mg/mL) samples. The sample solution (50 pL) was added to 96-well plates.
Subsequently, 50 pL of bacterial suspension (10° CFU/mL) was added to each well and
incubated at 37 °C for 24 h. The turbidity of the solution was measured as an indication
of the growth of bacteria. The turbidity of the samples was compared to the control
sample, which contained only sample solution in the same concentration and nutrient
broth medium to determine MIC. After the MIC determination of the sample, 10 pL of
the cultures, which showed no visible bacterial growth, was added to a fresh agar plate
and incubated at 37 °C for 24 h. The lowest concentration of the sample that killed
99.9% of bacteria was defined as MBC. The nutrient broth medium was used as a
negative control. The MIC and MBC were evaluated in triplicate (n = 3).

3.2.21 Anti-Inflammatory Activity of Drug-g-CD Inclusion Complexes

The MTx and CMx samples were separately dissolved in 10% DMEM and
diluted with 10% DMEM to produce various concentrations (2.5, 1.25, 0.62, and 0.31
mg/mL). The anti-inflammatory activity was conducted on the mouse macrophage-like
cell line RAW 264.7. The cells were cultured in DMEM with 10% FBS, 100 units per
mL penicillin/streptomycin, and L-glutamine at 37 °C in a humidified atmosphere of
95% and 5% CO,. The cells were seeded in a 96-well plate at 1x10° cells/well and
cultured for 24 h. The cells were pretreated with the inclusion complex solutions for 1
h. Then, the inflammatory induction with lipopolysaccharide was performed at °C for
24 h. A solution of 0.1% v/v dimethyl sulfoxide in DMEM was used as the untreated
group. The Griess assay was used to monitor nitric oxide (NO) production from cells.
Briefly, the culture medium was mixed with distilled water and the Griess reagent. After
15 min, the optical density was measured at 540 nm using a microplate reader. The NO
level is expressed based on the nitrite calibration curve and the relative NO was

calculated using equation (3.9)
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Acon 70 _Asam e)” Asam e_A ackgroun
NO inhibition(%) = (Acontrot pte)~ (Asampte~Apackgrownal | . 1oy, (3.9)
(Acontrol_Ablank)

Where Acontrol IS the absorbance of the control (cells, media and LPS but no
sample), Asample IS the absorbance of the sample (cells, media, LPS, and
sample), Abackground IS the absorbance of the background (sample and media),
and Auniank is the absorbance of cells and media. The ICso value was obtained as the
concentration of the sample that inhibits NO secretion by 50%, as determined by the
dose-response curve using non-linear regression. The NO inhibition of the sample was
evaluated in triplicate (n = 3).

3.2.22 Cytotoxicity of Drug-g-CD Inclusion Complexes

Each inclusion complex sample (50 mg) was dissolved in 10% DMEM (1 mL)
and diluted with 10% DMEM to produce various sample concentrations (50, 25, 12.5,
and 6.25 mg/mL for MTx and 10, 5, 2.5, and 1.25 mg/mL for CMXx).

The cytotoxicity was studied using the Normal Human Dermal Fibroblast cell
line (NHDF), as previously described in section 3.2.7. The percentage of cell viability
was determined by an MTT assay. The viability of the cells cultured with the fresh
medium was used as a control.

3.2.23 Preparation of QCS/OPEC Hydrogels Containing Drug-p-CD
Inclusion Complexes

The solutions of OPEC (15% wi/v) and QCS (4% w/v) were prepared by
dissolving in distilled water as description above. To prepare hydrogels containing
drug-B-CD inclusion complexes, CMx, MTx, or MTx/CMx were dissolved in the QCS
solution to obtain the total inclusion complex concentration at 4 mg/mL in the final
hydrogel, before mixing with OPEC solution. The resulting mixture was stirred with a
spatula to obtain the hydrogels containing the inclusion complexes. Three hydrogel
compositions were prepared in this study: a hydrogel sample named HG, and two
hydrogels containing MTx, CMx, or MTx/CMx to obtain HG_MTx, HG_CMx, and
HG_MTx/CMXx, respectively.

3.2.24 Gel Fraction of Hydrogels

The gel fraction was done as previously mentioned in section 3.2.9 by
measuring the dry mass hydrogel samples, obtaining the initial dry mass (Wigq).

Subsequently, the dried samples were immersed in water at 37 °C for 24 h to swell the
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samples and remove soluble components and weight (wsw). Then, the dry weight of the
swollen sample after freeze-drying was recorded (Ws.water.d). The gel fraction (%) was
calculated using equation 3.5.

3.2.25 Water Swelling and Mass Loss of Hydrogels

The swelling and mass loss were evaluated for the freshly as-prepared hydrogel
samples. The initial wet weight of each sample (Wiw) was recorded before placing them
on an inert polymer mesh, which was inserted into a falcon tube containing 10 mL of
phosphate buffer solution (PBS) with 2% of bovine serum albumin (BSA) and 0.05%
wi/v sodium azide for 1, 2, 4, and 6 days. At each point, the sample was collected and
the swollen weight (Wsw) was rescored. The swollen hydrogel was dried using freeze-
drying and the dry weight (Wsgq) was recorded. To determine the mass loss of the
hydrogels, the prepared wet hydrogels were weighed (Wiw) and then freeze-dried using
lyophilization technique. The dried weight of hydrogels was measured (Wi ). Then, the
actual macromer fraction (AMF) using equation (3.10). The initial weight of a sample
in the dry state was evaluated following equation (3.11). Subsequently, the swelling
and mass loss of the samples were calculated using equations (3.12) and (3.13),

respectively.

AMF = Zid (3.10)
Wi,w
Wi,d = Wi,W X AMF (311)
Water swelling ratio = % (3.12)
s,d
Mass loss (%) = =22 x 100% (3.13)

id

3.2.26 Rheological Analysis of Hydrogels

The rheological analysis of the HG, HG_MTx, and HG_CMXx samples was
measured using ARES-G2 rheometer (TA Instrument Ltd., USA) accompanied by 40
mm diameter parallel geometry as previously described in section 3.2.10. The solutions
of QCS with MTx or CMx and OPEC were co-injected into a vial and mixed for 1 min
before being placed in the 1 mm gap. The storage modulus (G’) and loss modulus (G”)
were recorded. Moreover, the self-healing behavior of the hydrogels was determined

by a rheometer. An alternate strain sweep was performed at a fixed angular frequency
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of 1 Hz, switching the amplitude oscillation strain from low strain (y = 1 %, 100 s for
each interval) to high strain (y = 3000 %, 100 s for each interval).

3.2.27 Self-Healing Properties of Hydrogels

The macroscopic self-healing behavior of hydrogel samples was characterized
as previously mentioned in section 3.2.11.

3.2.28 Mechanical Test and Adhesiveness of Hydrogels

The compressive strength, hardness, and compressive strength of the HG,
HG_MTx, and HG_CMx samples were evaluated using the texture analyzer
(TA.XTplus) in a compression mode. Each disc-shaped hydrogel sample was
compressed at a rate of 5 mm/s until the samples were deformed 90% from their original
height by a tubular probe (diameter of 12.5 mm). The compression was applied once.
The force-time plots from the compression mode were analyzed to obtain the hardness
and compressibility values of the hydrogels. The hardness was obtained from the
maximum force of the force-time plots. The compressibility was obtained from the area
under the force-time plots. The compressive strength was obtained from the maximum
stress. After the samples were deformed by pressing with a tubular probe, the hydrogels
were allowed to recover for 24 h before the compressibility, hardness, and compressive
strength were analyzed.

The adhesiveness of the samples was evaluated using the texture analyzer
(TA.XTplus) with a load cell capacity of 50 kg and a test speed of 2 mm/sec. Porcine
skin (2.0 x 2.0 cm?) soaked in PBS for 30 min was used as the model tissue and attached
to the probe using double-sided adhesive. The probe was lowered to the surface of the
samples, and the force was held at 0.02 N for 30 sec. The probe was the moved upward
at 5 mm/s. The adhesiveness of the samples was recorded as the maximum force on the
force-time plots produced via detachment of the porcine skin from the surface of the
sample.

3.2.29 Cytotoxicity of Hydrogels

Each hydrogel sample (1 g wet weight) was sterilized under UV radiation for
30 min on each side. The sterilized sample was immersed in a culture medium (2 mL)
for 24 h to obtain the extraction medium. After that, the extraction medium was diluted

with culture medium to produce various hydrogel concentrations of 50, 10, 5, and 0.5
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mg/mL (this is equivalent to solid concentrations of 5, 1, 0.5, and 0.05 mg/mL based
on the AMF value).

The cytotoxicity was studied using NHDF cells. The NHDF cells were cultured
in 10% DMEM at 37 °C in a humidified atmosphere of 95% air and 5% CO». The
NHDF cells were seeded in a 96-well plate at 8,000 cells/well. The cells were cultured
in 10% DMEM and incubated at 37 °C for 24 h to allow cell attachment. After that, the
culture medium in each well was replaced with different sample solutions (see
description above) and incubated at 37 °C for 24 h. The percentage of cell viability was
determined by an MTT assay. Briefly, the culture medium was removed and replaced
with 100 pL of 0.5 mg/mL MTT solution. After 3 h incubation, the MTT solution was
removed, and 100 pL of dimethyl sulfoxide was added to dissolve the formazan
crystals. The absorbance of the solution was measured at 570 nm using a microplate
reader (BioTek Instruments, USA). The viability of the cells cultured with the fresh
medium was used as a control

3.2.30 Antioxidant Activity of Hydrogels

Each hydrogel sample (1 g wet weight) was immersed in PBS (2 mL) for 24 h
to obtain the extraction medium. After that, the extraction medium was diluted with
PBS to produce various hydrogel concentrations of 500, 250, 125, and 62.5 mg/mL
(this is equivalent to solid concentrations of 50, 25, 12.5, and 6.25 mg/mL based on the
AMF values).

The antioxidant activity was evaluated by an ABTS assay. ABTS®*" was
generated by mixing an equal volume of ABTS solution (7 mM) and potassium
persulfate solution (2.45 mM). The mixture was kept in the dark for 16-18 h. After that,
the obtained ABTS®" solution was diluted with distilled water to obtain a working
ABTS** solution (absorbance of 0.70+0.10 at 734 nm). A control was prepared by
mixing 100 pL of working ABTS*" solution and 100 pL of distilled water. The sample
solutions were prepared (as a description above). Then, 100 pL of each sample solution
was mixed with 100 pL of working ABTS*" solution. After that, the mixture was kept
in the dark at room temperature for 30 min. The antioxidant activity of the sample
against ABTS** radicals was determined by measuring the absorbance at 734 nm using

a microplate reader. The antioxidant activity (%) was calculated using equation (3.1).
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3.2.31 Antibacterial Activity of Hydrogels

The antibacterial activity of the hydrogel samples was determined by colony
counting. A 1,000 mg hydrogel sample was sterilized under UV radiation for 30 min
each side and placed in the falcon tube. A bacterial suspension (1 mL, 10° CFU/mL)
was added to the sample and incubated at 37 °C for 24 h. After that, 5 mL of distilled
water was added and mixed for 5 min using a vortex mixer. The sample suspension was
serially diluted with 0.1% peptone, and 100 pL of the diluted sample was spread on a
nutrient agar plate. The nutrient agar plate was further incubated at 37 °C for 24 h.
Finally, the viable bacteria were counted, and the bacterial reduction (%) was calculated

using equation 3.14.

Bacterial reduction (%) = % X 100% (3.14)

Where A is the number of bacteria recovered from the sample after incubation
at 37 °C for 24 h, and B is the number of bacteria recovered from control (bacterial
suspension at the same concentration) at 37 °C for 24 h.

3.2.32 Anti-Inflammatory Activity of Hydrogels

The extraction medium was prepared by immersing the hydrogel samples (1 g
wet weight) in PBS (2 mL). The extraction medium was diluted with 10% DMEM to
produce various concentrations of 62.5, 31.2, 15.6, 7.81, and 3.91 mg/mL (this is
equivalent to solid concentrations of 6.25, 3.12, 1.56, 0.78, and 0.39 mg/mL based on
the AMF value).

The anti-inflammatory activity was conducted on the mouse macrophage-like
cell line RAW 264.7. The cells were cultured in DMEM supplemented with 10% FBS,
100 units per mL penicillin/streptomycin, and L-glutamine at 37 °C in a humidified
atmosphere of 95% and 5% CO>. The cells were seeded in a 96-well plate at 1x10°
cells/well and cultured for 24 h. The cells were pretreated with hydrogel extraction
media (see description above) for 1 h. Then, the inflammatory induction with
lipopolysaccharide was performed at 37 °C for 24 h. A solution of 0.1% v/v dimethyl
sulfoxide in DMEM was used as the untreated group. The Griess assay was used to
monitor NO production from the cells. Briefly, the culture medium was mixed with
distilled water and the Griess reagent. After 15 min, the optical density was measured
at 540 nm using a microplate reader. The NO level is expressed based on the nitrite
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calibration curve (r?> 0.990) and the relative NO inhibition (%) was calculated using
equation (3.9).

3.2.33 In Vitro Wound Healing Assay

The scratch wound healing assay was used to investigate wound closure or cell
migration of the injectable self-healing hydrogel including MTx or CMX. In this
evaluation was done as previously described in section 3.2.14. The NHDF cells (2x10°
cells/well) was used to evaluate the wound healing. The NHDF monolayer cell was
scratched using a SPLScar™ scratcher (tip width: 0.5 mm; SPL Life Sciences, Korea).
The hydrogels (100 mg wet weight) were immersed in 2 mL of 10% DMEM at 37 °C
for 24 h and diluted with 10% DMEM to produce the extraction medium at
concentration of 10 mg/mL which is equivalent to 1 mg/mL solid. This extraction
medium was added to the cells and incubated at 37 °C for 24 h. SFM was used as the
control. Photographs of the scratched area were recorded at 0 and 24 h. The percentage
of reduction (wound closure) of the scratched area was calculated following the

equation 3.15.

(A-B)

Wound closure (%) = ——x 100 (3.15)

Where A is the area of the initial scratch wound measured immediately after
scratching, and B is the area after scratching for 24 h. The area of gap was calculated
using ImageJ.

3.2.34 Statistical Analysis

Data are presented as means + standard error of means. Student’s t-test was used
for two independent data groups and one-way analysis of variance (ANOVA) with
Tukey’s post hoc test in SPSS (IBM SPSS< USA) was used for multiple data groups.
The statistical significance was accepted at p < 0.05.
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CHAPTER 4

RESULTS AND DISCUSSION

4.1 Characterization of QCS and OPEC Polymers

The QCS polymer was synthesized from the reaction of chitosan with GTMAC,
while OPEC was synthesized from the periodate oxidation of pectin. The FTIR spectra
of chitosan and QCS (Figure 4.1A) display the characteristic bands as reported (Lawrie
et al., 2007). A new prominent band appeared at 1479 cm™ due to the C-H bending of
the methyl substituent of the quaternary ammonium groups compared to the chitosan
spectrum (Kaolaor et al., 2019). Additionally, the peak intensity due to the O-H
stretching at 3287 cm™ and that of the methyl C-H stretching at 2918 cm™ has increased
in QCS, verifying the conjugation of GTMAC to chitosan. The FTIR spectrum of pectin
(Figure 4.1B) displays the characteristic bands at 1732 cm™ and 1606 cm™ from the
ester and carboxylate groups, respectively (Gupta et al., 2013). The spectrum of OPEC
(Figure 4.1B) is very similar, the only difference being the relative intensity of these
two bands, however, the interpretation of this change is complicated by the overlapping
vibrational mode for water at 1635 cm™. This lack of significant change in the spectra
of the polymer and its oxidized analogue has previously been observed in the literature
for similar systems (Kim et al., 2022; Aston et al., 2015).

The 1D DOSY spectra of chitosan and QCS are displayed in Figure 4.3A. The
spectrum of chitosan is in accordance with published work (Fernandez-Megia et al.,
2005). This includes a resonance at 1.9 ppm corresponding to methyl protons of the N-
acetylglucosamine unit and the resonance at 3.1 ppm corresponding to the proton on
C2 of the glucosamine unit. The resonance in 3.5-4 ppm region correspond to the
protons on C3 to C6 as well as the proton on C2 for the N-acetylglucosamine unit, while
the resonance at 4.8 ppm is due to the proton on C1. Based on the *H NMR data, a
degree of acetylation (DA%) of 10% was determined in agreement with the supplier
information. The spectrum of QCS was likewise in accordance with published work

(Channasano et al., 2005). This includes resonances at 2.6 ppm corresponding to the
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methylene protons, at 4.4 ppm corresponding to the methine proton and at 3.1 ppm from
the methyl protons of the quaternary ammonium groups.

To quantify the degree of substitution (DS%) in QCS, *H NMR was used with
a DS value of 44% obtained. XPS analysis confirmed the presence of chloride in the
QCS sample (Figure 4.4) and using the N 1s atom % and Cl 1s atom %, a degree of
substitution could be estimated to be approximately 40% in agreement with the NMR
analysis. Overall, this polymer can be described as a terpolymer containing 10% N-
acetylglucosamine units, 46% glucosamine units and 44% quaternized glucosamine
units.

The 1D DOSY and *H NMR spectra of pectin and OPEC are provided in Figures
4.2B and 4.3B). The signal from the neutral sugar L-rhamnose at 1.26 ppm was
observed as previously reported (Grasdalen et al., 2007) but at a very low percentage.
The degree of esterification, DE(%), of pectin was determined from *H NMR spectra
and a value of 82% was obtained. This DE(%) matches the spectral features of the
anomeric region previously reported for pectin with similar composition (Grasdalen et
al., 2007). The XPS spectra of the pectin sample as well as the OPEC sample are shown
in Figure 4.4B. 1t was found that sodium was present in the narrow scan of both samples
indicating that the carboxylate exists as the sodium salt. Using the O 1s atom % and Na
1s atom %, the amount of carboxylic acid-containing monomer units could be estimated
to be approximately 13% in agreement with the NMR analysis. Overall, the pectin
polymer can be described as constituting mainly 82% ester and 13% acid form
accounting for some neutral sugars. There are no discerning features in the *H NMR
spectrum or XPS data that can assist in quantifying the degree of oxidation of OPEC.
Previous works on evaluation of the degree of oxidation of polysaccharides have shown
that the periodate oxidation reaction goes to near completion (Aston et al., 2015;
Channasano et al., 2005). We therefore estimate that the OPEC of the current study has
a degree of oxidation of 14% (e.g. 14% of the monomer units have been oxidized).
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Figure 4.4 XPS Survey Spectra of (A) Chitosan and QCS; (B) Pectin and OPEC. Trace
Amounts (< 0.7% of Other Elements Such as Ca and Si were Also
Observed)

4.2 Fabrication of QCS/OPEC Hydrogels

First, each polymer solution was prepared by heating at 60 °C until no solids
could be seen, followed by stirring at 37 °C for an additional 2 h. This was done to
ensure full dissolution of the polymers and in addition to lower the molecular weight
of OPEC as it is known that polysaccharides oxidized using periodate are hydrolytically
unstable (Gupta et al., 2013). Hydrogels were prepared by co-injection of a QCS and
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OPEC solution. To optimize the mass ratio of QCS and OPEC. Using different OPEC
and QCS concentrations and varying the volume ratios, gelation was evaluated visually.
It was found that combining a 10 %w/v OPEC solution with either a 2 %w/v or 4% w/v
of QCS solution only resulted in partial gel formation. A series of experiments using a
combination of a 4 %w/v QCS solution and a 15 %w/v OPEC solution were therefore
investigated and the resulting data are shown in Table 4.1. It was found that an equal
or higher volume of the QCS solution was required to form a gel. These volume ratios
are equivalent to QCS to OPEC mass ratios of 1:3.8 to 1:0.94.

Table 4.1 Gel Formation Ability of Mixtures of QCS and OPEC

QCS OPEC QCS:OPEC Gel Gel fraction? Qu?
4% wlv 15 %v/v Mass ratio formation® (%) (%)
(mL) (mL)
0.2 0.8 1:15 0 NA NA
04 0.6 1:5.6 0 NA NA
0.5 0.5 1:3.8 2 NT NT
0.6 0.4 82 /5 2 761 34+9
0.8 0.2 1.0.94 2 742 707

Note 1: Scoring system (0) no gel formation; (1) partial gel formation with excess
solution present; (2) near complete gel formation with small amount of solution

present. 2: determined after 6 h, n = 3. NA = not applicable, NT = not tested.

4.3 Characterization of QCS/OPEC Hydrogels

The injectable self-healing OPEC/QCS hydrogels were successfully prepared
by co-injectable OPEC and QCS solutions (specific amounts and concentrations are
detailed in Table 4.1. Solutions of OPEC and QCS were prepared by adding water to
the dry polymers and then stirring at 60 °C until they were dissolved, followed by
stirring at 37 °C for 2 h. The initial study evaluating various OPEC and QCS
concentrations found the optimal 4 %w/v QCS and 15 %w/v OPEC. To optimize the
QCS to OPEC ratio, gelation was evaluated visually after co-injecting the OPEC (15 %

wi/v) solution and QCS (4 %w/v) solution in a vial and stirring with a spatula. The
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hydrogels (HG_0.8:0.2 and HG_0.6:0.4) demonstrated good injectability and a rapid
gelation time, as evidenced by their ability to be picked up with tweezers within just 1
minute of formation (Figure 4.5).

The gel fraction at 6 h of these hydrogels (Table 4.1) was found to be 76 and 74
% with no significant difference between the two. However, the water content after 6 h
of immersion was significantly different between the two hydrogels with values of 34
and 70 %. The higher water content of HG_0.8:0.2 compared to HG_0.6:0.4 indicates
that HG_0.6:0.4 has a higher crosslinking density, which correlates with the closer mol
ratio of functional groups. Overall, it can be concluded that the self-healing properties
are likely due to a combination of two possible interactions occurring between QCS
and OPEC: Schiff’s base reaction and electrostatic interactions. The HG-0.6:0.4 sample
has a mole ratio of the functional groups suited to optimize these interactions, resulting
in a hydrogel network of greater integrity (compared to HG_0.8:0.2).

[ Self-healing along the merged sections at 30 min ]

Figure 4.5 Schematic Representation of Potential Intra and Intermolecular Interactions
Between QCS and OPEC. Visual Observation of the Self-Healing Behavior
of the Injectable Hydrogel HG_0.6:0.4. Part of Diagram with
BioRender.com
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4.4 Rheological Analysis of QCS/OPEC Hydrogels

Due to the aim of producing an antibacterial hydrogel, the two hydrogel systems
with the highest QCS content, HG_0.6:0.4 and HG_0.8:0.2, were evaluated further. To
confirm the QCS/OPEC hydrogel formation, the rheological analysis of the hydrogel
compositions QCS:OPEC of 0.6:0.4 and 0.8:0.2 was run in triplicate and one example
is displayed in Figure 4.6. The gelation process was monitored by measuring the storage
modulus G’ and loss modulus G”* over a period of 400 sec (Figure 4.6A). The storage
modulus G’ was found to be above the loss modulus G’ from the first timepoint of 6
sec, corresponding to less than one min after the precursor solutions were combined.
The storage modulus remained above the loss modulus over the entire measurement of
400 sec. At all time points, the storage modulus for the HG_0.6:0.4 sample was found
to be more than twice that of the HG_0.8:0.2 sample, with the values measured at 406
sec of 394 + 93 Pa and 177 £ 89 Pa, respectively. For the HG_0.8:0.2 sample, both the
storage and loss modulus seemed to be reaching a plateau, while for the HG_0.6:0.4
sample, a continued increase in the measured values was apparent. As highlighted in
previous work (Zhang et al., 2011), this indicates slow gelation in the rheometer
potentially due to limited mixing or loss of water during the experiment.

The elastic response of the hydrogels was analyzed through a strain sweep
(Figure 4.6B) to assess when the storage modulus G’ became lower than the loss
modulus G’ indicating that the hydrogels collapsed. Both hydrogel samples showed a
gradual decrease in the storage modulus G’ from a strain of approximately 30%,
indicating gradual collapse of the hydrogel network. For the HG 0.6:0.4 sample, G’
became smaller than G’” at 1660 + 580% strain, while for the HG_0.8:0.2 sample, this
occurred at 390 + 130% strain, indicating that the HG_0.6:0.4 sample has a hydrogel

network of greater integrity.



46

1000 1000
—e— G'(0.6:0.4) ——v— G'(0.8:0.2) A — e G'(0.8:02) ——v—- G (0.6:0.4) B
o G"(0.6:0.4) —-2—- G"(0.8:0.2) 0 G"(0.8:0.2) — -6— G"(0.6:0.4)

TTTTVVYYYYYY veveyoo
100
L aad
LA g
100 '"",,,ﬂmwvﬂ'

000
'ﬂaﬂv"’" Ooooooooooooooo

000
V’"W;Ooooooooooooo
000
pates

MMAAAMMMAAM
pasabt

G', G" (Pa)
G', G" (Pa)

-
o

N

0 100 200 300 400 0.01 0.1 1 10 100 1000 10000
Time (sec) Strain (%)

Figure 4.6 The Rheological Analysis of the HG_0.6:0.4 and HG_0.8:0.2 Samples (A)
Storage Modulus G’ and Loss Modulus G” Analysis During the Gelation
Process (37 °C, Frequency 1.0 Hz, Strain 1%); (B) G’ and G Strain Sweep
(37 °C, Frequency 1.0 Hz, Strain 1%)

4.5 Self-Healing Properties of QCS/OPEC Hydrogels

When a hydrogel is placed into a wound site, the hydrogel will be subjected to
external mechanical force, which may cause the hydrogel to disintegrate (Li et al.,
2015). In order to overcome this issue, the use of self-healing properties can be
employed since such hydrogels can heal or re-form after fracture therefore reducing the
frequency of dressing replacement.

The macroscopic evaluation of the self-healing properties of the HG_0.6:0.4
sample after curing in an oven is illustrated in Figure 4.5. One disc-shaped hydrogel
was dyed with red food dye, and one was left as prepared. Each was cut in half and one
half of each type was then put in close proximity touching each other. After 30 min, the
hydrogel had healed as can be seen when it is being picked up by forceps. Studies in
the literature using chitosan-based polymers in combination with oxidized polymers (Li
etal.,, 2021; Yu et al., 2022; Li et al., 2020), report the time for self-healing from a few
min, 30 min, and 3 h. The faster gelation times similar to that of the current study are
observed for hydrogel systems where in addition to the Schiff’s base mechanism,
electrostatic interactions can also contribute to self-healing.

Based on the data obtained from the rheological analysis of the hydrogels

(Figure 4.6C), the self-healing properties were evaluated from G’ and G’ in continuous
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step strain measurements switching from a strain of 1 % and 2000% with intervals of
100 sec. The experiment was run in duplicate and one example is displayed in Figure
4.7. For HG_0.8:0.2, gel disassembly and reassembly were seen to be rapid with
continuous gelation during the low high strain sweep. For HG_0.6:0.4, gel disassembly
and reassembly were likewise observed, however, during the high strain sweeps a much
more pronounced gelation process was observed. For this gel, full recovery was only
observed after the first high strain — low strain cycle. These results support the self-
healing properties of the gel samples and are similar to what have previously been
reported for similar systems (Du et al., 2019; Yu et al., 2022; Li et al., 2020; Kim et al.,
2022).

As illustrated in Figure 4.5, there are two possible interactions that can occur
between QCS and OPEC. One is based on Schiff’s base reaction between an amine of
QCS and an aldehyde of OPEC, forming an imine. The other is electrostatic interactions
between the negatively charged carboxylate group of OPEC and the positively charged
quaternary ammonium group of QCS. However, there is no simple way of evaluating
their relative contribution to hydrogel (Aston et al., 2015). A control experiment mixing
QCS and pectin at a mass ratio of 1:2.5 produced a gel which confirms that electrostatic
intermolecular interactions form part of the crosslinking mechanism. Considering the
relative abundance of these functional groups, it is likely that both reactions take place.
Thus, QCS has near equal proportion of amine (46%) and quaternary ammonium (44%)
groups and OPEC has near equal proportion of carboxylate groups (13%) and
saccharide units undergone oxidation (14%). Importantly, the proportion of aldehydes
and carboxylate groups in OPEC is much less than the proportion of amine and
quaternary ammonium groups in QCS so it would be estimated that a closer molar ratio
of amines and aldehydes as well as quaternary ammonium and carboxylate groups
would be present in HG_0.6:0.4 compared to HG_0.8:0.2.
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Figure 4.7 Continuous Step Strain Analysis of the HG 0.6:0.4 and HG_0.8:0.2
Sample. Low Strain of 1% and High Strain of 2000% were Applied with
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4.6 Mechanical Properties of QCS/OPEC Hydrogels

To apply a hydrogel to a wound site, the hydrogel should have mechanical
performance that allows it to withstand the physiological force caused by the movement
of tissue, yet be pliable so as to adapt to the wound site. Thus, the texture profile analysis
(TPA) mode was used to evaluate the compressibility and hardness of the hydrogels
with values given in Table 4.2. It was found that the compressibility of the hydrogels
was not significantly different with values of 162 and 117 mN s for HG_0.6:0.4 and
HG_0.8:02, respectively. However, HG_0.6:0.4 showed a significantly higher hardness
than HG_0.8:02 (700 versus 320 mN), making the HG_0.6:0.4 a better candidate for
the application.

A hydrogel used in wound healing should adhere to the wound site during the
healing process and should be easy to apply and remove without inducing trauma. To
evaluate the adhesive properties of the hydrogels, the adhesive mode of the texture
analyzer was used. Porcine skin soaked in PBS for 30 min was used as the model tissue
because its mechanical and biological properties are similar to those of human skin
(Debeer et al., 2913; Ranamukhaarachchi et al., 2016). The adhesiveness of the
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HG_0.8:0.2 was significantly higher than that of the HG_0.6:0.4 (Table 4.2). Generally,
in chronic wound management, adhesive wound dressings may cause pain and injury
to the wound during dressing changes (Klode et al., 2011). Kolde et al. reported the
adhesion of commercial wound dressings on healthy skin. The required energy to
remove the wound dressings from human skin ranges between 0.70 to 2.25 N (Klode et
al., 2011). From the results, the adhesiveness of these hydrogel films showed low
adherence to the skin, which was lower than that of the gold standard, commercial fibrin
glue (15 + 3 kPa) (Mehdzadeh et al., 2012) and commercial hydrogel formulations
(0.51-3.56 kPa) (Murphy et al., 2012). Therefore, the results obtained in the current
study confirmed that these hydrogels would be easy to remove after use.

Table 4.2 Compressibility, Hardness, and Adhesiveness of HG_0.6:0.4 and

HG_0.8:0.2
Sample name  Compressibility Hardness Adhesiveness
(mN s) (mN) (Pa)
HG_0.6:0.4 162 +581 700 +3201 133 + 142
HG_0.8:0.2 117 +501! 320 + 150 1* 190 + 15 2*

Note 1: n =5; 2: n = 4; *p < 0.05 compared between two samples.

4.7 In Vitro Cytotoxicity of OPEC, QCS, and Hydrogels

The indirect cytotoxicity of all hydrogels must be evaluated to confirm their
biocompatibility. The ISO 109935 standard states that “reduction of cell viability by
more than 30% is considered a cytotoxic effect”. Figure 4.8 displays the viability of
cells cultured with the extraction media from the QCS, OPEC, and hydrogels. It was
found that the viability of cells was greater than 70% after treatment for 24 h, except
for HG_0.8:0.2 at concentrations of 10 and 50 mg/mL. It can therefore be concluded
that HG_0.8:0.2 showed higher toxicity than HG_0.6:0.4 (Figure 4.8C). The indirect
cytotoxicity of the polymers QCS and OPEC were likewise evaluated. It was found
that QCS was cytotoxic to values as low as 0.004 %w/v (Figure 4.8A and 4.8B).
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4.8 In Vitro Cell Migration

Cell migration is a requirement for successful wound closure and healing. In
this study, the scratch wound healing assay was employed to investigate this cell
behavior. The cell migration into the scratch area was observed after treatment with
extraction media for 48 h. It was observed that the cells treated with extraction media
of HG_0.6:0.4 and HG_0.8:0.2 migrated into the scratch area during the 48-h period.
Compared to control (wound closure of 22 + 1 %), there was no significant difference
for HG_0.8:0.2 (wound closure of 24 £ 1 %) (Figure 4.9). However, compared to both
control and HG_0.8:0.2, HG_0.6:0.4 displayed a significantly higher value (wound
closure of 31 + 3 %), making this hydrogel a good candidate for application in wound

management.
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4.9 Antibacterial Activity of QCS, OPEC, and Hydrogels

Wounds are easily infected by the environment. Therefore, the antibacterial
activity is important to investigate. The antibacterial activity of the polymers and the
HG_0.6:0.4 and HG_0.8:0.2 samples was evaluated against E. coli TISTR 527 and S.
aureus TISTR 746 by a broth dilution technique. The influence on bacterial growth was
studied in order to determine the MICso and MBC. The MICso was determined as the
minimal concentration that suppresses bacterial growth by 50% after 24 h of incubation
with an initial loading of 105 CFU/mL. The MBC was the minimum amount required
to inhibit 99.9% of bacterial growth on agar plates after 24 h of incubation. From Table
4.3 and Figure 4.10, the QCS showed higher antibacterial activity than OPEC against
both E. coli TISTR 527 and S. aureus TISTR 746. The permanent positive charge of
the quaternary ammonium groups of QCS could interact with the negatively charged
sites on a bacterial cell wall leading to cell lysis and death. The quaternary ammonium
groups of QCS also cause the denaturation of proteins, by deforming the permeability
of the cell wall and reducing the normal flow of critical nutrients into the cell which
leads to cell death (Cheah et al., 2019; Daels et al., 2011). The similar values of MICso
and MBC for the extraction solutions from the HG_0.6:0.4 and HG_0.8:0.2 samples
were higher than 500 mg/mL against both E. coli TISTR 527 and S. aureus TISTR 746
indicating low antibacterial activity of the hydrogels. In addition, the similar values of
the MICso and MBC for the ampicillin and amoxicillin used as positive controls were
0.26 mg/mL and 0.064 mg/mL, respectively, confirming the inhibition of bacterial

growth as the reference.
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Table 4.3 Minimum Inhibition Concentration (MIC) and Minimum Bactericidal
Concentration (MBC) Values® Against E. coli TISTR 527 and S. aureus

TISTR 746

E. coli TISTR 527 S. aureus TISTR 746

Sample MICso MBC MICso MBC
(mg/mL) (mg/mL) (mg/mL) (mg/mL)

OPEC 37.5 37.5 37.5 37.5
QCS 0.04 > 10 0.04 10
HG_0.6:0.4 2 >500 > 500 >500 >500
HG_0.8:0.2° >500 > 500 >500 >500
Ampicillin 0.26 0.26 NT NT
Amoxicillin NT NT 0.064 0.064

Note 1: MICsp was defined as the sample concentrations that inhibited growth of 50%,
MBC was defined as the sample concentrations that inhibited growth of 99.9%;
2: extract from hydrogel, concentration refers to maximum if the hydrogel had

completely dissolved. NA = not applicable, NT = not tested.

Figure 4.10 Selected Images of Minimal Bacterial Concentration (MBC) Against E.
coli TISTR 527 and S. aureus TISTR 746 of (A) Chitosan, (B) QCS, (C)
Pectin, (D) OPEC, (E) HG_0.6:0.4, and (F) HG_0.8:0.2
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Figure 4.10 (Continued)

4.10 Characterization of MTx and CMx

To enhance the aqueous solubility and stability of MT and CM, these natural
product extracts were encapsulated within -CD, forming inclusion complexes. In this
study, the MTx prepared using methanol as a solvent provided the best antioxidant
activity and gained better MT solubility than when distilled water was used as a solvent
(MTx-DI). The results showed that MTx, MTx-DI, and MTx-NS had IC50 of 3.23,
7.98, and 8.75 mg/mL, respectively. Thus, the MTx preparation method was used in
this study. In addition, the successful formation of these inclusion complexes was
confirmed through XRD analysis and their ability to dissolve in water. Both MT and
CM are crystalline solids with XRD spectra that are consistent with those reported in
the literature (Wathoni et al., 2020; Lai et al., 2021), as shown in Figure 4.11. The
mixtures of these natural products with B-CD (MTpm and CMpm) displayed XRD
patterns, which were a weighted average of the individual components and clearly
displayed high intensity peaks of the solid crystalline phases of the pure MT and CM.
In agreement with this, the physical mixing technique resulted in materials that were
insoluble in water similar to the pure natural products at the same concentration (Figure
4.12). In contrast, the XRD patterns of the inclusion complexes (MTx and CMXx)
exhibited the absence of crystalline peaks, showing only broad peaks in the 26 ranges
of 10-15° and 15-20°, which are characteristic of pure 3-CD. This change in the XRD
pattern confirmed the successful formation of the inclusion complexes (Chen et al.,
2018). Additionally, MTx and CMx displayed distinct physicochemical properties
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compared to the pure natural products and their physical mixtures, being fully soluble
in water at concentrations of 10 mg/mL (Figure 4.12). These findings are consistent
with previous studies that demonstrated the ability of p-CD to enhance the aqueous
solubility of hydrophobic drugs by forming inclusion complexes, thereby significantly
altering their solubility and stability profiles (Manholim et al., 2014; Muchtaridi et al.,
2023; Wathoni et al., 2020; Yuan et al., 2022).
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Figure 4.11 XRD Patterns of (A) MT, MTpm, MTx, and $-CD and (B) CM, CMpm,
CMx, and B-CD
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Figure 4.12 The Solution of MT, MTpm, MTx, CM, CMpm, and CMx in Water at the
Concentration of 10 mg/mL
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4.11 Fabrication of QCS/OPEC Hydrogels Containing Drug-p-CD

Inclusion Complexes

To incorporate the inclusion complexes in the hydrogels, they were first
dissolved in the QCS solution before the gel formation process, while maintaining the
original hydrogel composition. The maximum achievable loading was 4 mg of
inclusion complex per 84 mg of dry polymer mass in the resulting hydrogel
(Chanmontri et al., 2023). The gel fraction of all hydrogel samples was assessed, with
results presented in Table 4.4, indicating that the gel fraction ranged between 81% and
85%. Notably, the incorporation of CMXx into the hydrogel significantly improved the
gel fraction of the HG, highlighting the impact of the inclusion complex on the
hydrogel’s properties.

Table 4.4 Compositions, Gel fraction, Adhesiveness of Injectable Self-healing
QCS/OPEC Hydrogels Containing Drug-p-CD Inclusion Complexes
Sample QCS! OPEC? MTx CMx Gelfraction®  Adhesiveness?

name  (mL) (mL) (mg) (mg) (%) (kPa)
HG 0.6 0.4 - - 80.5+19 16.0+1.2
HG_MTx 0.6 0.4 4.00 - 81.9+0.9 20.3+2.4"
HG_CMx 0.6 0.4 - 4.00 85.2 £ 0.6* 21.3+0.3"
HG_MTx/ 0.6 0.4 200 200 832+ 1.0 23.4+1.2"
CMx

Note * p < 0.005 compared with HG; 1. Concentration of QCS is 40 mg/mL; 2. Concentration
of OPEC is 150 mg/mL; 3. n = 3.

4.12 Swelling and Mass Loss of Hydrogels Containing Drug-p-CD

Inclusion Complexes

Swelling ratio and mass loss of the hydrogel samples were investigated by
immersing the samples in PBS containing BSA, and the results are shown in Figure
4.13. The initial water content (equivalent to 1/AMF) of the hydrogels was in the range

of 9.4 to 10.1. The swelling ratio was 11 after 1 and 2 days of immersion, which
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represents a very modest increase, and after this time point, remained relatively constant
after 4 and 6 days with some samples showing significant increased (Figure 4.13A).
However, this was not in a regular pattern. Specifically, the swelling ratio of HG_CMx
increased to 13 after 4 days of immersion (but had decreased by 6 days), and after 6
days of immersion, the swelling ratio of HG_MTx increased to 12. While
HG_MTx/CMx showed not significant change. The mass loss of the hydrogels was
likewise evaluated in PBS containing BSA, and the results are shown in Figure 4.11B.
It can be seen that an increase in immersion time caused an increase in the mass loss of
the hydrogels with significant increases for all hydrogels after 2 days. After 6 days, the
mass loss was approximately 39% for all the hydrogel samples. It thus appears that the
addition of the inclusion complexes has only minor effects, if at all, on gel fraction,
swelling ratio, and mass loss of these hydrogels. All hydrogels will release a significant
proportion of their components over 6 days, which is valuable as both QCS and OPEC
have significant beneficial biological properties to support wound healing (Li et al.,
2022).
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Figure 4.13 A) Swelling Ratio and (B) Mass Loss of HG, HG_MTx, HG_CMx and
HG_MTx/CMXx (n = 3). “p < 0.05 Compared with HG at Any Given Day
(n = 3). *p < 0.05 Compared with Day 1 at Any Given Sample Type (n =
3)
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4.13 Rheological Analysis of Hydrogels Containing Drug-p-CD

Inclusion Complexes

The rheological analysis, conducted in duplicate, was used to confirm the
formation of the hydrogels, with data from one run of each sample shown in Fig 4.14.
The results indicated that the storage modulus (G’) of all samples was higher than the
loss modulus (G’’) from the first timepoint, which occurred less than one minute after
combining the precursor solutions, confirming that the gelation time for these hydrogels
was under one minute. Throughout the entire measurement period of 400 seconds, the
storage modulus remained consistently above the loss modulus, confirming the solid-
like nature of the hydrogels. At 406 seconds, the storage moduli (G’) for HG, HG_MTx,
HG_CMx, and HG_MTx/CMx were measured at 360 + 60, 430 + 120, 440 + 120, and
399 + 106 Pa, respectively, with no significant differences between the samples based
on measurement variability. The strain sweep analysis further evaluated the elastic
response of the hydrogels under increasing oscillatory strain at a constant frequency,
with the results also displayed in Figure 4.14. As the strain increased, the storage and
loss modulus decreased until the crossover point (e.g. G’ lower than G’”) was reached
and gel-sol transformation occurred. Subsequently, the hydrogels started to behave like
fluids. From the results, the crossover points of HG, HG_MTx, HG_CMx, and
HG_MTx/CMx were reached at 1410, 1520, 1507, and 1384% strain, respectively.
These values are not considered significantly different, indicating a high integrity of the
hydrogel networks (Kaolaor et al., 2019; Li et al., 2021).
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Figure 4.14 Representative Data for Rheological Analysis of the HG (A and E),
HG_MTx (B and F), HG_CMx (C and G), and HG_MTx/CMx (D and H)
Samples. (A - D) Storage Modulus G’ and Loss Modulus G” Analysis
During the Gelation Process (37 °C, Frequency 1.0 Hz, Strain: 1 %); (E -

H) G’ and G” Strain Sweep (37 °C, Frequency 1.0 Hz)
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Figure 4.14 (Continued)

4.14 Self-healing Analysis of Hydrogels Drug-p-CD Inclusion

Complexes

For effective wound healing, a hydrogel should be capable of self-reforming
after deformation caused by external mechanical forces. To assess the self-healing
properties of hydrogels containing the inclusion complexes MTx and CMx on a
macroscopic scale, the samples were evaluated as shown in Figure 4.15. Two disc-
shaped hydrogels were prepared: one dyed and one undyed. Both were cut in half, and
the halves were placed in contact with each other to observe self-healing. The self-
healing time, defined as the duration required before the hydrogel could be picked up
with forceps, was approximately 10 minutes for the control HG sample. In contrast,
hydrogels containing inclusion complexes exhibited a self-healing time of around 20
minutes. Attempts to increase the loading of the inclusion complexes resulted in a
significantly prolonged self-healing time, leading to the decision to limit the study to
the compositions. The increased self-healing time of the hydrogels containing inclusion
complexes indicates that their presence restricts the Schiff’s base reaction and
electrostatic interaction of OPEC and QCS and can be attributed to space occupied by
the inclusion complexes hindering the polymer strands to diffuse rapidly into close
proximity (Martinotti et al., 2020; Groult et al., 2021).

Based on the data obtained from the rheological analysis of the hydrogels
(Figure 4.16), the self-healing properties were evaluated from G’ and G” in continuous

step strain measurements switching from a strain of 1 % and 3000 % with intervals of
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100 s. When the first 1% strain was applied, G* was higher than G”, indicating the gel
stage of the hydrogels. When 3,000% strain was subsequently applied, the loss modulus
G” became higher than the storage modulus G’, indicating hydrogel disassembly or
collapse. Gel recovery after applying 1% strain was observed to occur over a period of
time and was very similar for all hydrogel samples. Full recovery to the original values

of the as-prepared hydrogels was, however, not observed.

Figure 4.15 Photographs of (A and D) HG_MTX, (B and E) HG_CMx, and (C and F)
HG_MTx/CMx Before (Upper) and After (Lower) Self-Healing
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Figure 4.16 Representative Data for Continuous Step Strain Analysis of (A) HG, (B)
HG_MTx, (C) HG_CMx, and (D) HG_MTx/CMx. Low Strain of 1% and
High Strain of 3000% were Applied with 100 s Intervals

4.15 Mechanical Properties and Adhesiveness of Hydrogels

Containing Drug-g-CD Inclusion Complexes

Hydrogels used for wound dressing applications should have mechanical
performance that allows them to withstand the physiological force caused by tissue
movement. Therefore, the texture profile analysis in compression mode was used to
evaluate the compressive strength, compressibility, and hardness of the hydrogels
before and after healing, and the data are shown in Figure 4.17. For the as-prepared
hydrogel samples, there was no significant change in compressibility upon addition of
the inclusion complexes. However, a significant increase in the compressive strength
and hardness of the HG_MTx sample was observed compared to the HG sample, while
the HG_CMx and HG_MTx/CMx samples displayed higher values that were not



63

significantly different from the HG sample. This can be attributed to the higher solid
content. After the samples were deformed by pressing with a tubular probe during
analysis, the hydrogels were allowed to recover for 24 h before the compressibility,
hardness, and compressive strength were measured as an indication of retainment of
these properties after self-healing. It was found that the mechanical properties of all
hydrogel samples decreased after self-healing, and in most cases, this was statistically
significant. This phenomenon can be attributed to the formation of fewer reversible
dynamic bonds after the self-healing process, leading to decreased mechanical strength
(Lawrie et al., 2007) and this is in agreement with the observation made in the
continuous step strain measurements (Figure 4.16). From these results, it can be
concluded that the mechanical properties of the hydrogels were improved by adding the
inclusion complexes. Inclusion complexes could act as a filler that physically reinforces
the hydrogel matrix, improving its compressive strength (de Oliveira et al., 2021; May
et al., 2023). While values decreased after self-healing, they were similar to that of the
as-prepared HG sample.

Hydrogels used in wound healing should adhere to the wound site during the
healing process and be easy to apply and remove without inducing trauma. The
adhesiveness of the hydrogel samples was therefore studied using porcine skin as a
model of mammalian skin. From the gold standard, the adhesiveness of commercial
fibrin glue is 15 + 3 kPa (Kim et al., 2022), and that of commercial hydrogel formations
is 0.51 — 3.56 kPa (Aston et al., 2015). As skin is composed of collagen and elastin,
the aldehyde groups of OPEC in the hydrogels may contribute to the adhesiveness
through the Schiff’s base reactions (Fernandez-Megia et al., 2005). From Table 4.2 the
hydrogels showed adhesiveness values in the range of 16 to 23 kPa, indicating the
ability to adhere to the skin. These hydrogels are designed to have good adhesion and
flexibility, which are suitable properties for injectable self-healing hydrogels in wound

dressing applications.
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Figure 4.17 (A) Compressive Strength, (B) Compressibility, and (C) Hardness of
Hydrogel Samples Before and After Self-Healing (n = 3). “p < 0.05
Compared with HG Before or After Healing. #p < 0.05 Compared with
the Hydrogels Before Healing at Any Given Sample Type

4.16 Cytotoxicity

The cytotoxicity of MTx and CMx was assessed using MTT assay, with the
results displayed in Figures 4.18A and B. It was found that the cell viability of MTx at
50 mg/mL and CMx at 2.5 mg/mL was higher than 70 %. Therefore, MTx and CMXx
were non-toxic to the cells at these concentrations, although it is noted that CMXx
showed 20 times higher toxicity than MTx. The indirect cytotoxicity of the HG,
HG_MTx, HG_CMx, and HG_MTx/CMx samples was likewise evaluated by MTT
assay, as shown in Figure 4.18C. From the results, these hydrogels showed more than
70% of cell viability, indicating they are non-toxic to NHDF cells.
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4.17 Anti-Inflammatory Activity

In order to evaluate the amount of the inclusion complexes released at 24 h,
relevant to the anti-inflammatory assay, UV-vis spectroscopy was used. Figure 4.19
shows the absorbance of the released solution from the HG, HG_MTx, HG_CMX,
HG_MTx/CMx samples. It is clear that some OPEC and/or QCS were released into the
solution when the absorbance spectrum resulting from the HG sample was compared
to those of the pure OPEC and QCS solutions which were similar (see Figure 4.19C).
It was therefore necessary to correct for this polymer absorbance when determining the
amount of inclusion complexes released. It was found that the released amount of MTx
and CMx from HG_MTx and HG_CMXx was 12% and 9% (based on the actual amount
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of inclusion complex in the hydrogels), respectively. Moreover, it was found that the
released amount of MTx and CMx from HG_MTx/CMx was 0% and 0.82% (based on
the actual amount of inclusion complex in the hydrogels), respectively.

Wound repair comprises an intricate series of overlapping phases, including
inflammation, proliferation, and scar production/remodeling (Channasanon et al.,
2007). The invasion of pathogens and tissue injury activates immune cells that produce
inflammation mediators such as NO (Grasdalen et al., 1988). An excess level of NO
subsequently results in delayed healing. The inclusion complexes were investigated for
their anti-inflammatory activity, as shown in Table 4.5. The results demonstrated that
ICso values for inhibiting NO production of MTx, CMx, and MTx/CMx were 0.7, 0.4,
and 0.5 mg/mL, respectively, demonstrating better performance by CMx. Both
inclusion complexes displayed ICso values well below their cytotoxicity levels. As a
result, the inclusion complexes have a potential to be incorporated in the injectable self-
healing hydrogels to support wound healing. In terms of the percent inhibition of NO
production by the inclusion complexes, it can be seen from Figure 4.20A that at a
concentration of 1.25 mg/mL, full inhibition was achieved. For lower concentrations,
it was clear that CMx had a stronger inhibitory effect than MTx.

The anti-inflammatory activity of the hydrogels was also studied to confirm
their efficiency in supporting wound healing. From Figure 4.20B, the results
demonstrated at the highest extraction ratio (equivalent to 6.25 mg/mL dry mass), near
complete inhibition of NO production could be achieved for the hydrogels containing
the inclusion complexes, while the value for the HG sample was significantly lower. At
some extraction ratios, there was, however, no significant difference. The ICso value
for inhibition of NO production from the hydrogel extraction medium was in the range
of 1.6 — 1.8 mg/mL dry mass equivalent. Considering the 1Cso values for both the
inclusion complexes and the hydrogel samples, it can be seen that the components of
the hydrogel itself have good inhibition of NO production with added benefit from the

incorporation of the inclusion complexes.
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Table 4.5 Antioxidant and Anti-Inflammatory Activities of MTx, CMx, and MTx/CMx

(n=3).
Sample 1Cs0 (Mmg/mL)
Antioxidant activity Anti-inflammatory activity
MTx 3.794 £ 0.020 0.694 + 0.019
CMXx 2.482 + 0.067 0.390 + 0.004
MTx/CMx 3.143 £ 0.019 0.531 £ 0.014

4.18 Antioxidant Activity

Reactive oxygen species (ROS), including free radicals, are the key to oxidative
stress, leading to cell damage and an inflammatory status (Balakrishnan et al., 2005).
The excessive production of ROS prevents the transition from the inflammatory stage
to the proliferative stage during wound healing, and as such, high levels of ROS delay
wound healing (Nypel6 et al., 2021)). Therefore, the inhibition of free radicals produced
during oxidative stress in cells can accelerate the process of wound healing. This can
be achieved by free radical inhibition by bioactive agents.

The antioxidant activity of MTx, CMx, MTx/CMx was evaluated using an
ABTS*" assay (Table 4.5). The ICso values were found to be 3.8, 2.5, and 3.14 mg/mL
for MTx, CMx, and MTx/CMX, respectively. The antioxidant activity of the natural
products MT and CM is attributed to the radical scavenging ability of the phenol groups
in their structures that can donate a hydrogen atom with the resulting radical being
resonance stabilized (Li et al., 2015). As such, they can neutralize endogenous radicals
and prevent them from causing cellular damage. Previous studies have likewise found
these natural products to have radical scavenging properties (Debeer et al., 2013;
Ranamukhaarachchi et al., 2016). In terms of the percentage of antioxidant activity by
the inclusion complexes, it can be seen from Figure 4.21A that at a high concentration
of 10 mg/mL, high inhibition was achieved for CMx, while the effect from MTx and
MTx/CMx was significantly lower, and a difference between the two types of inclusion

complexes was also observed for lower concentrations.
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The antioxidant activity of the hydrogel samples is shown in Figure 4.21B,
represented as % activity. At the highest extraction ratio (50 mg/mL dry mass), near
complete quenching of the ABTS*" radicals were achieved by the hydrogels containing
the inclusion complexes, which was significantly higher than the HG sample. At lower
extraction ratios, only HG_CMx showed significantly higher antioxidant activity than
the HG sample. These results were in agreement with that observed for the inclusion
complexes (Table 4.5), where a higher activity was observed for CMx. As was observed
for the study on inhibition of NO production in Section 3.7, it is clear that both
components of the hydrogel and the inclusion complexes have the ability to quench
ABTS*" radicals.
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Figure 4.21 (A) Antioxidant Activity of MTx, CMx, and MTx/CMx (n=3). “p < 0.05
Compared with MTx at Any Given Concentration. (B) Antioxidant
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4.19 Antibacterial Activity

The duration of the wound healing process is directly related to the risk of
bacterial infection, with longer healing times increasing the likelihood of infection.
Previously, we assessed the antibacterial properties of the polymers QCS and OPEC,
as well as the extraction media from the HG sample, against E. coli and S. aureus using
a broth dilution assay. While QCS demonstrated good antibacterial activity, the HG
sample alone did not show significant antibacterial effects. To enhance the antibacterial

properties of the hydrogel samples, we investigated the potential of the inclusion
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complexes MTx, CMx, and MTx/CMXx to inhibit bacterial growth against E. coli and S.
aureus using the same assay, with results summarized in Table 4.6. The minimum
inhibitory concentration (MICsp) values for MTx, CMx, MTx/CMx against E. coli were
12 mg/mL, 3 mg/mL, and greater than 100, respectively, although their minimum
bactericidal concentration (MBC) values were both greater than 100 mg/mL. Against
S. aureus, the MICsp values were 0.2 mg/mL for MTx, 50 mg/mL for CMx, and 1.5
mg/mL for MTx/CMx with MBC values of 3 mg/mL for MTx, greater than 100 mg/mL
for CMx, and 3 mg/mL for MTx/CMx. These results indicate that while CMx exhibited
slightly better antibacterial activity against the Gram-negative E. coli, MTx and
MTx/CMx showed significantly higher activity against the Gram-positive S. aureus.
Our previous findings demonstrated that QCS, in particular, possesses strong
antibacterial effects against both bacterial strains. Therefore, incorporating both the
inclusion complexes and QCS into the hydrogel formulations is expected to enhance
their antibacterial efficacy, supporting better wound healing outcomes by reducing
bacterial growth.

Antibacterial dressings are crucial in wound care as they limit bacterial
colonization and prevent infections that can disrupt the healing process. These dressings
act as barriers to block bacteria from entering the wound while preventing bacterial
growth within the wound site. To evaluate the antibacterial efficacy of the hydrogel
samples, we employed a colony counting method, which allows direct contact between
the bacteria and the hydrogel, offering, a more accurate assessment compared to broth
dilution assays that only test the extraction media from the hydrogel. The antibacterial
activity of the hydrogels samples against E. coli (Gram-negative) and S. aureus (Gram-
positive) was assessed using this method, and the percentage reduction in bacterial
growth is shown in Figure 4.122. Against E. coli, bacterial reduction rates were 94%,
77%, 86%, and 83% for HG, HG_MTx, HG_CMx, and HG_MTx/CMX, respectively,
with the HG sample showing significantly better bacterial inhibition. Gram-negative
bacteria, like E. coli, have a negatively charged surface, allowing the quaternary
ammonium groups of QCS to interact strongly, disrupt cell permeability, and ultimately
cause bacterial cell death. This mechanism likely accounts for the high efficacy of the

HG sample in reducing E. coli growth.
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In contrast, against S. aureus, the bacterial reduction rates for HG, HG_MTX,
HG_CMx, and HG_MTx/CMx were 76%, 88%, 86%, and 93%, respectively,
demonstrating that the inclusion complexes significantly enhanced antibacterial activity
compared to the HG alone. The enhanced effect against S. aureus can be attributed to
the phenolic compounds MT and CM, which have been shown to inhibit bacterial
growth by targeting the peptidoglycan layer of Gram-positive bacteria and penetrating
bacterial cells. Overall, the injectable self-healing hydrogels containing drug-p-CD
inclusion complexes can reduce bacterial growth of both E. coli and S. aureus by up to
80%, due to the complementary antibacterial properties of QCS and the inclusion
complexes.

Table 4.6 Antibacterial Activity of MTx, CMx, and MTx/CMx and Amoxicillin
Against E. coli TISTR 527 and S. aureus TISTR 746 (n=3)

Sample E. coli TISTR 527 S.aureus TISTR 746
MICso MBC MICso MBC

(mg/mL) (mg/mL) (mg/mL) (mg/mL)
MTx ¥ > 100 0.20 3.13
CMXx 3.13 > 100 50 > 100
MTx/CMx > 100 > 100 1.56 3.13

Amoxicillin 0.004 0.015 0.001 0.390
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4.20 In Vitro Wound Healing of Hydrogels Containing Drug-p-CD

Inclusion Complexes

Wound healing in response to the extraction media from the HG, HG_MTX, and
HG_CMx samples was conducted on NHDF cells. The cell migration was assessed
using an in vitro scratch assay that relates to the healing process of the cells. The images
of cells at the beginning and after 24 h are illustrated in Figure 4.23. The areas
remaining after 24 h were evaluated to determine the percentage of wound closure.
From the results, the wound closure of the HG, HG _MTx, HG_CMx, and
HG_MTx/CMx samples was 82, 63, 51, and 41%, respectively, relative to the control
sample that displayed a value of 47%. Adding MTx CMx, and MTx/CMx decreased
cell migration compared to the hydrogel alone. Although the potential use of these drug-
loaded hydrogels was reduced, the hydrogels could support wound healing better than

the control.
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CHAPTER 5

CONCLUSION

In this study, the chemical analysis of the polymers QCS and OPEC allowed for
the evaluation of different functional group proportions, leading to the development of
self-healing hydrogels through the co-injection of polymer solutions at specific
concentrations and reagent ratios. Optimizing the QCS and OPEC ratios enhanced both
Schiff’s base reactions and ionic interactions, contributing to the self-healing
properties. The hydrogel with a mole ratio of amino to aldehydes and quaternary
ammonium to carboxylate groups closest to optimal (HG) exhibited promising
mechanical properties, adhesiveness, solution stability, cytocompatibility, and wound
closure capabilities. While QCS demonstrated antibacterial properties, it also had
higher cytotoxicity than OPEC, necessitating careful balancing of polymer ratios for
stability, achieved on the hydrogel formulation. Additionally, the MT- and CM-B-CD
inclusion complexes (MTx and CMx) were successfully prepared to enhance the water
solubility of these natural products. Their incorporation into the hydrogel increased
macroscopic self-healing time without altering rheological properties. While the gel
fraction significantly increased for HG_CMX, other properties, such as swelling ratio
and mass loss remained consistent across samples. Some mechanical properties,
including compressive strength and hardness, improved with inclusion complexes,
although they maintained similar order magnitudes. In terms of biological activities,
while CMXx exhibited higher cytotoxicity, it also demonstrated better antioxidant and
anti-inflammatory activities compared to MTx and MTx/CMx. Moreover, MTx/CMx
showed higher antioxidant and anti-inflammatory activities than MTx due to the
addition of CMx. In addition, HG_ MTx/CMx showed better anti-inflammatory
compared with HG_MTx and HG_CMx. The inclusion complexes enhanced various
biological activities of the hydrogels, supporting cell migration and promoting wound
healing. Given the higher toxicity of CMXx, the injectable self-healing hydrogel
containing the MTx inclusion complex emerges as the most suitable candidate for
wound dressing applications. In the future, studies on injectable self-healing hydrogel

for wound healing should focus on comprehensive in vivo evaluation to validate their
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therapeutic potential and safety, while the in vitro biological activities have
demonstrated promising results, including antioxidant, anti-inflammatory, and
antibacterial activities and cell migration. Moreover, long-term studies should evaluate
the hydrogel’s stability, degradation products, and potential immunogenicity to ensure
its suitability for clinical application. On the other hand, scaling up the production of
injectable self-healing hydrogel for wound healing is challenging. One of the key steps
to ensure the transition from laboratory to commercial scale is process optimization to
ensure a reproducible batch process and optimize reaction times, temperatures, and
other parameters to maintain hydrogel properties at a large scale. Moreover, a suitable
packaging design for the product should be considered to maintain the product's

integrity during storage and transport.
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APPENDIX A

PHYSIOCHEMICAL AND IN VITRO BIOLOGICAL
EVALUATION OF AN INJECTABLE SELF-
HEALING QUATERNIZED CHITOSAN/
OXIDIZED PECTIN HYDROGEL
FOR POTENTIAL USE AS A
WOUND DRESSING

MATERIAL
Oy CHy 0, CH,
/NH“ ‘_/ HiC CH: Cf -
oH © \*
W ¢
on
Ey L
Chltosan (A)Qcs
0 OR ] ’c chH’
Qg R /’A/o 05, OR
AR NalO, no&%
& — 0?\ /yL
H
oH | OH "T/\on R = Na, CH;
Pectin (B)OPEC

Figure Al Reaction Schemes for the Synthesis of (A) QCS (x Refers to The Degree
of Quaternization) and (B) OPEC (x Refers to The Degree of Oxidation)
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Table Al Preparation of a-Mangostin Inclusion Complexes and Antioxidant Activity
using DPPH Assay

Name MT CD Solvent Sonicate Filtration Dry Antioxidant
@ (9 method activity
(ICs0)
MTx 1.62 0.5 Methanol 15 min 0.45 pym Evaporate 3.23
and cellulose with
distilled acetate rotary
water syringe  evaporator
(65 rpm,
70 °C)
MTx- 1.62 0.5 Distilled No 0.45 pum Freeze- 7.98
D] water cellulose drying
acetate
syringe
MTx- 1.62 0.5 Methanol No 0.45um  Evaporate 8.75
NS and cellulose with
distilled acetate rotary
water syringe  evaporator
(65 rpm,
70 °C)
and

freeze-dry
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Table A2 Preparation of Injectable Self-Healing Hydrogels Containing a-Mangostin

Inclusion Complexes

Name QCS OPEC MTx CMx  Gelation Self-
(mL) (mL) (mg) (mg) (min) healing

(min)

HG 0.6 0.4 - - 1 10
HG_MTx2 0.6 0.4 2 1 20
HG_MTx4 0.6 0.4 4 1 20
HG_MTx6 0.6 0.4 6 1 30
HG_CMx2 0.6 0.4 - 2 1 20
HG_CMx4 0.6 0.4 - 4 1 20
HG_CMx6 0.6 0.4 - 6 1 30
HG_MTx/CMx2 0.6 0.4 1 1 1 20
HG_MTx/CMx4 0.6 0.4 2 2 1 20
HG_MTx/CMx6 0.6 0.4 3 3 1 30
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