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Abstract

Smart hydrogels are of increasing interest for controlled drug delivery as they can be used as drug
carriers to deliver cargo biomolecules in response to specific physiological signals at tailored
rhythm. In this project, pH-responsive hydrogels containing chitosan, genipin, and poly (ethylene
glycol) (PEG) are investigated. Owing to good biocompatibility and pH-sensitivity, chitosan was
used as the main polymeric backbone, while genipin was employed as a low-toxic crosslinker to
bridge chitosan molecules. To enhance the level of control in hydrogel microarchitecture and
achieve reproducible properties, PEG was added to form semi-interpenetrating networks. The aim
of this project was to develop and evaluate injectable and degradable chitosan-genipin-PEG

hydrogels and the feasibility of using them to control drug delivery.

The chitosan-genipin hydrogels, with and without PEG, were synthesised under mild conditions
(37°C, 24 h) and in a range of shapes (disc, bead, and film). The hydrogels had dark blue colour
and intrinsic fluorescence (580 nm excitation and 630 nm emission), due to oxygen radical-induced
polymerisation of genipin, as well as the reaction with amino groups of chitosan. The bead-shaped
hydrogels were discrete and spherical with diameters ranging from 1 to 30 um. The disc-shaped
hydrogels (13 mm in diameter and 8 mm in height) had microporous structures with pore diameters
ranging from 11 to 57 um and average cross-sectional porous areas of 40% to 64%. Compared to
disc-shaped chitosan-genipin hydrogels, presence of PEG up to 1.9 mM generated the same effect
as increasing the genipin content, yielding structures with a smaller pore diameter, a lower swelling
degree in pH 2 buffer and a higher elastic modulus. Considering cost effectiveness and scale-up
production, reducing genipin content by the addition of PEG is favourable. Importantly, hydrogels
containing higher concentration of PEG (2.9 mM and above) showed a sudden increase in the
swelling degree accompanied with a decrease in the elastic modulus. The release profiles of two
drug molecules (perindopril erbumine and 1-methyl D-tryptophan) with different solubility from
disc-shaped hydrogels revealed their swelling-controlled kinetic, which fitted well to the

Korsmeyer-Peppas model, indicating a non-Fickian transport mechanism.

Cytotoxicity assays of hydrogel films towards 3T3 fibroblasts showed that the cells retained normal
adhesive properties and high viability on gels with 3.1 mM and 4.4 mM genipin but not on gels
with 1.7 mM genipin, suggesting a strong correlation between hydrogels’ stiffness and cell
attachment/growth. Adding PEG enhanced the viability of 3T3 cells cultured on hydrogel films.
To facilitate comparison, the inflammatory responses of DC 2.4 dendritic cells, RAW 264.7



macrophage cells, and bone marrow-derived macrophages to uncrosslinked chitosan and
crosslinked chitosan-genipin hydrogel films/beads were investigated. Despite induced mRNA
expression of some cytokines in all treated cell types (especially up to 2435-fold increase in
interferon-p gene expression found in hydrogel film-exposed DC 2.4), no increased levels of five
inflammatory cytokines were detected, suggesting the hypo-inflammatory properties of chitosan-
genipin hydrogels. The biodegradation of hydrogel films upon exposure to lysozyme and the
biodegradation of macrogels after subcutaneous injection in mice were monitored efficiently using
the intrinsic fluorescence of hydrogels. Results suggest that the in vivo degradation rate depends
critically on where the hydrogel is deposited in tissues. The subcutaneous injection of hydrogel
beads induced interferon-f gene transcription significantly and no local skin lesion was observed,
suggesting a good biocompatibility in vivo. Collectively, the findings presented in this study
provide valuable guidance to further develop these biocompatible, biodegradable, and injectable

chitosan-genipin hydrogels as autonomous drug delivery systems.
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Figure 5.2 Inflammatory cytokine production by DC 2.4 cells exposed to uncrosslinked chitosan
films and crosslinked hydrogel films/beads. Assays were carried out at 6 h and 24 h of incubation.
(a) DC 2.4 cell viability measured by CellTiter-Glo® 2.0 assay. Data in the experimental groups
are percentages relative to the control group (cells seeded in wells containing fresh culture medium
only). Cytokine gene transcription (b, d, f) and protein expression (c, e, g) by DC 2.4 cells were
assessed using RT-PCR and ELISA respectively, after exposure to chitosan films (b, c), hydrogel
films (d, e), or hydrogel beads (f, g). Fold increases in cytokine gene transcription are relative to
the control group measured at the same time point. Data are representative of two independent
experiments (n = 6/group). Statistical significance was determined by two-tailed unpaired
Student’s t test; *, P < 0.05; **, P < 0.01; *** P < 0.001; **** P < 0.0001; ND, not detected.

Figure 5.3 Inflammatory cytokine production by RAW 264.7 cells exposed to uncrosslinked
chitosan films and crosslinked hydrogel films/beads. Assays were carried out at 6 h and 24 h of
incubation. (a) RAW 264.7 cell viability measured by CellTiter-Glo® 2.0 assay. Data in the
experimental groups are percentages relative to the control group (cells seeded in wells containing

fresh culture medium only). Cytokine gene transcription (b, d, f) and protein expression (c, €, g)
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by RAW 264.7 cells were assessed using RT-PCR and ELISA respectively, after exposure to
chitosan films (b, c), hydrogel films (d, e), or hydrogel beads (f, g). Fold increases in cytokine gene
transcription are relative to the control group measured at the same time point. Data are
representative of two independent experiments (n = 6/group). Statistical significance was
determined by two-tailed unpaired Student’s t test; *, P < 0.05; **, P <0.01; ***, P <0.001; ****,
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Figure 5.4 Inflammatory cytokine production by BMDM cells exposed to uncrosslinked chitosan
films and crosslinked hydrogel films/beads. Assays were carried out at 6 h of incubation. (a)
BMDM cell viability measured by CellTiter-Glo® 2.0 assay. Data in the experimental groups are
percentages relative to the control group (cells seeded in wells containing fresh culture medium
only). Cytokine gene transcription (b) and protein expression (c) by BMDM cells were assessed
using RT-PCR and ELISA, respectively. Fold increases in cytokine gene transcription are relative
to the control group measured at the same time point. Data are representative of two independent
experiments (n = 6/group). Statistical significance was determined by two-tailed unpaired
Student’s t test; *, P < 0.05; **, P < 0.01; ***, P < 0.001; **** P < 0.0001; ND, not detected.

Figure 5.5 Changes in fluorescence intensity of chitosan-genipin hydrogels, with and without PEG
(Table 3.3, formed at 37°C/24 h), upon exposure to lysozyme, recorded at excitation/emission
wavelengths of 580/630 nm. Fluorescence of hydrogels grouped by presence of PEG: (a) chitosan-
genipin hydrogels and (b) chitosan-genipin-PEG hydrogels. Fluorescence of hydrogels grouped by
genipin content: gels with (c) 1.7 mM genipin, (d) 3.1 mM genipin, and (e) 4.4 mM genipin. The
connecting lines are given as a guide for the eye only and do not represent actual data. Data are
representative of two independent experiments (n = 4 at each data point). Statistical significance
was determined by two-way ANOVA with multiple comparisons; *, P < 0.05; **, P < 0.01; ***,
P <0.001; **** P < 0.0001; NS, not Significant. .........ccccovviiieiiiiiiie e 119
Figure 5.6 In vivo biodegradation of chitosan-genipin-PEG hydrogels following subcutaneous
injection. Mice are identified by notching their ears: left ear-notched mouse (LN), right ear-notched
mouse (RN) and no notched mouse (NN). (a) Fluorescence imaging of mice at indicated time point
using IVIS. (b) Local skin reaction of NN mouse occurred within 5 days post-injection. (¢c) Changes
in fluorescence intensity of hydrogel depot over time measured by IVIS. The connecting lines are

given as a guide for the eye only and do not represent actual data. (d) Retrieved tissues at injection
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sites at day 55 and their H&E staining images from LN and RN mice. Black arrows indicate the
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Figure 5.7 In vivo biocompatibility of chitosan-genipin hydrogel beads following subcutaneous
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remaining gels at day 1 post-injection. (c) H&E staining image of the retrieved tissues and (d) its
magnified section. (e) Cytokine gene transcription (measured by RT-PCR) in lymph nodes
collected at indicated time points. Fold increases in cytokine gene expression are relative to the
control group measured at the same time point. (f) TNF-a and (g) IL-6 concentrations (measured
by ELISA) in plasma samples collected at indicated time points. Data are expressed as mean = SD;
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Chapter 1 Introduction

1.1 Overview of smart hydrogels

Hydrogels are three-dimensional crosslinked networks that have the ability to absorb a significant
amount of water while maintaining their distinct structures [1]. Hydrogels can be classified into
physical gels or chemical gels based on the preparation method. Physically crosslinked hydrogels
are reversible and unstable networks in which the polymeric chains are connected by molecular
entanglement and/or physical interactions including ionic crosslinks, hydrogen bonds, and
hydrophobic interactions [2]. In contrast, chemically crosslinked hydrogels are irreversible and
stable due to the covalent connection between chemical crosslinkers and functional groups in
polymers [3]. The hydrophilicity and the swelling ability in biological conditions endow hydrogels
with excellent biocompatibility, presenting a soft and rubbery consistency common to living
tissues, higher permeability to small molecules, and the release of entrapped molecules in a
controlled manner [4]. The hydrogels can be fabricated in different physical forms (such as disc,
membrane, sheet, micro-/nano-particles (MP/NPs), and coating layer) with various dimensions

(from nanometre to centimetre) [5].

Their applications have been broadened extensively with the concept of “Smart” hydrogels. Smart
hydrogels contain responsive functional groups which can sense the surrounding environment and
adjust themselves accordingly to different external or internal stimuli such as pH, temperature,
light, or specific molecules. Smart hydrogels have been utilised in a wide range of biomedical
applications, including wound dressing, contact lenses, scaffold, cell growth, agriculture, and
regenerative medicine [6]. Among different biomedical applications, smart hydrogels have
emerged as potent chronotherapeutic carriers to control drug delivery in pulse or self-regulated
mechanisms. Owing to stimuli-responsive behaviours, the tunable physico-chemical properties,
controllable degradability, and the ability to protect labile drugs from degradation, the designated
smart hydrogels show capability to sense the physiological signals and respond accordingly to

deliver the entrapped biomolecules when and where required [7].
1.2 Chitosan: versatile polymer for formulation of pH-responsive hydrogels

The use of polysaccharides for development of smart hydrogels has strongly grown in the last
decade due to their intriguing properties of low toxicity, good biocompatibility, easy degradation,

rich sources, and low cost [8]. Alginate, starch, carrageenan, cellulose, and chitosan are common



polysaccharides which have been utilised for hydrogel fabrication. Among them, chitosan, a linear
cationic polysaccharide, has attracted a great deal of interest.

CH3 CHa

Chitindeacetylase
cH3

Figure 1.1 Structures of chitin and chitosan.

Chitosan is a semi-synthetic biopolymer obtained from chitin, which is the second most abundant
polysaccharide (after cellulose) [4]. Chitin consists of a sugar backbone with B-1,4-linked
glucosamine units with high degree of acetylation while chitosan is the alkaline deacetylated
product of chitin, composed of randomly located N-acetyl glucosamine and D-glucosamine units,
with high degree of deacetylation and varying molecular weight (MW) (Figure 1.1) [9]. The degree
of deacetylation (DDA\) is calculated as the ratio of D-glucosamine to the sum of D-glucosamine
and N-acetyl glucosamine, indicating the number of amino groups along the chains, and it should
be at least 60% for the material to be called chitosan [10]. As the deacetylated product of chitin,
chitosan has plentiful free amino groups (-NH2), making them a weak polybase (pKa of around
6.5) with charge density in the pH range of 6 - 6.5 [9]. At pH below 6.5 (towards acidic
environments), free amino groups on chitosan chains can be protonated (converted to -NHs") and
make chitosan a polycationic polymer with high density of positive charge. Therefore, diluted
solutions of acetic acid (1 - 3%, Vv/v) or citric acid (3 - 4%, v/v) are commonly used to prepare
chitosan solutions. Alternatively, at pH above 6.5 (towards neutral/basic environments), chitosan
is insoluble with low charge density. This pH-sensitivity of chitosan occurs at pH range of 6 - 6.5,
which is a convenient range for biological applications. It is evident that DDA and MW might
affect the cationic charge density of chitosan and hence its solubility as well as chemical properties
[11]. Today, pH-responsive hydrogels based on chitosan have been widely explored in various

fields, including tissue engineering, enzyme immobilisation, wound dressing, water purification,
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and controlled drug delivery [12-14]. Favourable advantages of chitosan in the development of

smart hydrogels for medical purposes are listed below.

Chitosan has a wide spectrum of DDA and MW to meet end-use applications. On market,
chitosan is available in range of MWs, for examples, low MW (50 - 190 kDa), medium
MW (190 - 310 kDa), and high MW (310 - 375 kDa). Chitosan can also be prepared in a
variety of dimensions (from nanometre to centimetre) and forms (such as disc, membrane,
sheet, particles, and coating layer) [15].

Chitosan can be functionalised into different derivatives according to the designated
applications, such as carboxylmethyl chitosan for delivery of hydrophobic molecules [16].
The simplicity of chemical modification is one of the great strengths of chitosan [17].
Chitosan and its derivatives can be combined with other polymers/compounds with
different properties. For instance, chitosan might have electrostatic interaction with anionic
polysaccharides (such as alginate, gum xanthan, hyaluronic acid, pectin, heparin, and
dextran sulphate), proteins (such as gelatin, aloumin, and collagen), and anionic synthetic
proteins (such as polyacrylic acid) to form polyelectrolyte complexes. These complexations
are much stronger than other secondary binding forces and could be employed to improve
the properties of chitosan microparticles [18].

Chitosan is recognised for its low toxicity, biocompatibility, and biodegradability.
Chitosan is found to be a biologically compatible polymer with minimal toxicity [19]. No
significant pyrogenic and toxic effects of chitosan were reported in mice, rabbits, and
guinea pigs [20]. The modification could produce chitosan derivatives with more or less
toxicity and the removal of residual reactants needs to be considered. Chitosan can be
degraded in vivo by several enzymes, mainly by lysozyme [21]. Furthermore, the products
from degradation are non-toxic oligosaccharides which can be then excreted or
incorporated to glycosaminoglycans and glycoproteins [6, 22].

Chitosan offers mucoadhesion. Its mucoadhesive property stems from the electrostatic
interaction between positively charged amino groups on chitosan and negatively charged
mucin and the contribution of hydrogen bonding and hydrophobic effect [23]. Chitosan
may also enhance drug penetration by opening the tight junctions between epithelial cells
[24, 25].

Chitosan offers strong immune stimulatory capability and low off-target

immunogenicity [26]. The concomitant use of chitosan as a vaccine delivery and as an

3



immune adjuvant has been reported [27]. As a potential adjuvant, chitosan was
demonstrated to be equipotent to incomplete Freund’s adjuvant and superior to aluminium

hydroxide [28].

In summary, these striking properties make chitosan an ideal component for the development of
pH-responsive hydrogels. Thus, chitosan was chosen as the core material in this project, seeking

to develop injectable and degradable hydrogel formulations, capable of controlled drug delivery.
1.3 Remaining challenges for development of chitosan-based hydrogels

Although successful and fruitful results have been obtained, only a limited number of chitosan-
based hydrogels are currently used in clinical applications. There are still many challenges in the

development of chitosan-based hydrogels in the following aspects.

- Due to the hydrophilic nature, low solubility, and low mechanical resistance [17], long
chitosan molecules need to be crosslinked to form stable hydrogels. In physical gels, it is
difficult to obtain consistent performance in vivo, as these networks are unstable and
reversible, posing a challenge to precisely control the physico-chemical properties,
degradation, and dissolution [4]. In chemical gels, free unreacted crosslinkers and other
auxiliary molecules cannot be completely excluded, leading to potential toxic effects even
if purification step is applied [29]. Thus, there is an imperative need to utilise a non-toxic,
biocompatible crosslinker for the preparation of chitosan hydrogels. In this project, genipin,
a naturally occurring substance, was chosen as the crosslinker to bridge chitosan molecules,
due to its well-reported biocompatibility and minimal toxicity [30].

- Batch-to-batch variations in the MW distribution of chitosan pose a challenge in
consistently achieving hydrogels with reproducible properties (such as porosity, swelling,
and rheological properties) [31]. It is also difficult to precisely predict the release profiles
of entrapped molecules due to high structure variability of chitosan (such as crystallinity,
DDA, and distribution of deacetylated groups). Moreover, during hydrogel swelling, a rapid
burst drug release is often observed, which is probably due to desorption of entrapped drug
on gel surface [32], poor drug distribution within gel network [33], and heterogeneous
nature of polymeric network [34]. Hydrogels are often deemed weak with low mechanical
strength, due to the intrinsic heterogeneity of the network structure and/or lack of efficient
energy-dissipation mechanisms [35]. To enhance reproducibility and consistency,

overcome rapid dissolution and fast drug release, as well as further improve mechanical



robustness, it is necessary to introduce a hybrid network and combine the characteristics of
physical and chemical hydrogels. One simple solution may lie in the use of a linear
polymeric chain, such as poly (ethylene glycol) (PEG). Addition of a linear PEG polymer
appears promising due to the potential to improve the mechanical strength of hydrogels,
enhance water adsorption capacity and add extra level of control in physical properties
without extra complicated processing steps [36].

The delivery of multiple drugs from a single system or the development of multi-stimuli-
responsive hydrogels (such as pH and temperature, or pH and light) based on chitosan
remains challenging. On-demand release of therapeutic molecules with high level of control
and the ability to maintain this smart response throughout the lifetime are currently unmet
in most hydrogel systems [7, 37]. Moreover, in these systems, there is a need of appropriate
external stimuli to trigger the conformation changes, implying that intervention is required
on a high frequency basis. Thus, the concept of self-regulating hydrogels able to expand
and collapse autonomously (without the need of external stimuli) is of growing interest
[38]. Idea behind this concept is to chemically couple smart biomaterials with an oscillatory
chemical reaction (producing oscillations in pH) and enable oscillations of stimulus (pH)
inside the smart gels, causing the network to swell or collapse promptly and release the
loaded moieties periodically. Most recently, a pulsatile release system employing chitosan
macrogels and the palladium-catalysed oxidative carbonylation reaction has been reported
[39], expanding the horizons of chitosan-based hydrogels towards pulsatile drug delivery.
However, to fully materialise the concept, in parallel to developing oscillatory chemical
processes, more work is needed on chitosan-based hydrogels to achieve a high level of
control in release kinetics and a long-lasting response.

To reach clinical applications, a biomedical system must be minimally cytotoxic and
biodegradable enzymatically or hydrolytically. In case of genipin-crosslinked hydrogels,
the biocompatibility of individual components does not guarantee the bio-safety of resulting
hydrogels. Only limited studies have been done to evaluate the efficiency and cytotoxicity
of genipin as well as the biocompatibility profiles of chitosan-genipin hydrogels. Thus,
there is an urgent need to deeply understand the in vitro and in vivo biocompatibility of
these systems, bringing them one step closer to clinical trials. Furthermore, during
translation process, there are several factors that researchers need to consider, such as scale-
up production, the optimal storage conditions, regulatory requirements, and cost [7]. A

hydrogel encapsulated drug is regulated as a combination product, requiring a longer
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approval time (than a single system without any payload), adding extra hurdles towards
commercialisation [40].

Although there are still many remaining challenges that researchers need to tackle, it is undoubted
that further research on chitosan-based hydrogels and the search for new directions in its use with
other polymers will reveal greater prospects and properties of this unique polymer, expanding the

existing arsenal of material systems and enhancing the impact on human healthcare.
1.4 Aims and objectives of this thesis

The aim of this project is to develop injectable and degradable chitosan-based hydrogels
crosslinked by genipin and modified by other polymers for controlled drug delivery applications.
To achieve the aim, several objectives are set:

- Synthesise and optimise the fabrication process of genipin-crosslinked chitosan hydrogels
produced in different physical forms (disc, bead, and film shapes).

- Evaluate the physical and chemical properties of the developed hydrogels as a function of
their composition and gelation conditions.

- Investigate the in vitro and in vivo biocompatibility of the developed hydrogels in different
physical forms and in comparison with uncrosslinked chitosan.

- Determine the release kinetics of model entrapped molecules.
1.5 Thesis structure

The thesis is divided into six chapters. Chapter 1 is the introduction, providing an overview of
smart chitosan-based hydrogels, their advantages in drug delivery applications, and the remaining
challenges together with aims and objectives. Chapter 2 provides an extensive literature review
on the hydrogel synthesis and gelation mechanism, key characteristic of chitosan-based hydrogels
and their applications in drug delivery. Chapter 3 details the preparation methods for producing
disc-shaped and bead-shaped hydrogels, experimental set-ups, and analytical techniques to
evaluate the physico-chemical properties as well as in vitro and in vivo biocompatibility of the
developed hydrogels. Results and discussions are presented in Chapters 4 and 5. Chapter 4 covers
the physico-chemical characterisations of the hydrogels using a wide range of analytical techniques
as well as release profiles of the encapsulated biomolecules. Chapter 5 focuses on the
biocompatibility profiles of the hydrogels produced in different forms towards a range of in vitro

cultured cells and primary cells. The in vivo biocompatibility and biodegradation upon



subcutaneous injection is also evaluated in Chapter 5. Finally, conclusions are drawn and

recommendations for future work are offered in Chapter 6.



Chapter 2 Literature review

This Chapter presents the state-of-the-art literature in the field of chitosan-based hydrogels from
synthesis and characterisation to biomedical applications. Drug loading and drug release
mechanisms from hydrogel matrices are also discussed. Applications of smart chitosan hydrogels

in vaccine delivery are included.
2.1 Synthesis of chitosan-based hydrogels

Many hydrogels’ properties, such as porosity, swelling capacity, mechanical strength, and
biodegradability are intrinsically affected by crosslinking methods [6]. Thus, the choice of
preparation methods might ultimately govern the biological functions of resulting hydrogels. Based
on the main interactions forming the network, hydrogels can be classified as physical or chemical
gels. Physically crosslinked hydrogels are formed by secondary interactions, including electrostatic
attraction, hydrogen bonding, and hydrophobic interaction [18]. Alternatively, chemically
crosslinked hydrogels are formed by covalent bonds between functional groups of crosslinkers and
chitosan. Certainly, in both types of hydrogels, physical interactions (such as hydrogen bridges and
hydrophobic interaction) are always present in the networks, but the standard of this classification
is whether physical interaction or covalent crosslinking is the dominant interaction producing the
networks [4].

2.1.1 Physically crosslinked hydrogels

In physical hydrogels, polymeric chains are connected by molecular entanglement or physical

interactions such as ionic attraction, hydrogen bonding, and hydrophobic interaction.

2.1.1.1 Electrostatic interactions

As a cationic polysaccharide, chitosan can induce electrostatic interactions with negatively charged
molecules (low MW ions such as sulphates [41], citrates [42], and phosphates [43]) to form
physical hydrogels in a simple and mild setting (Figure 2.1a). These ionic interactions are found
to depend on the DDA, MW, and concentration of chitosan, as well as the size and ionic charge
density of anionic moieties [44]. MP/NPs formed by ionic crosslinking between chitosan and
sodium tripolyphosphate (TPP) have been utilised for targeted delivery of various biomolecules
(such as ofloxacin [45], progesterone [46], and gentamycin [47]). Another promising approach is
introducing inorganic nanoparticles (such as Ag NPs [48] , ZnO NPs [49], and CuO NPs [50]) into
physically crosslinked hydrogels (formed by chitosan and TPP), as the resulting nanocomposite

8



hydrogels show remarkable improved mechanical properties compare to the non-modified chitosan
hydrogels.

(a) (b)

| \
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polyanions hydrogen \

anionic ) bonding or chitosan
molecules chitosan hydrophobic
association

Figure 2.1 Schematic representation of physically crosslinked hydrogels, obtained by association

with (a) small anions; (b) polyanion; (c) by hydrogen bonding/hydrophobic association [6].

Anionic polymers can form polyelectrolyte complexes (PECs) with chitosan (Figure 2.1b). These
PECs are formed due to electrostatic interactions between oppositely charge polyions [51]. The
subtle difference between PECs and the ionically crosslinked hydrogels (mentioned above) is the
broad MW range of molecules that forms PECs. Most anionic polysaccharides (such as alginate,
pectin, dextran, and gellan gum), proteins (such as silk fibroin protein and collagen), and synthetic
polymers (such as poly (acrylic acid), poly (L-lactide), and polyphosphate) can form PECs with
chitosan [4]. The main advantages of PECs are: i) the interactions present in PECs are much
stronger than secondary binding forces (such as hydrogen bonding and Van der Walls interaction)
[18]; ii) no auxiliary molecules (such as catalyst, organic precursor, chemical crosslinker, and
surfactant) are required [52]; and iii) biocompatibility of individual polymers is preserved [53].
However, several limitations need to be addressed by future research, such as unpredictable
production yield (due to non-uniformity of the surface charge, decoupling of surface potential and
density) [53], high variability of polymer chains (length and MW) [54], and small pH range of the
complexation (as it needs to be in the vicinity of the pKa interval of the two polymers) [55].

2.1.1.2 Hydrogen bonding and hydrophobic interactions

Thermo-responsive hydrogels can undergo a phase separation corresponding to a particular change

in the solution temperature [56]. These hydrogels are generally formed by hydrophobic interactions
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and other secondary binding forces (Figure 2.1c). The most well-known thermo-sensitive chitosan
hydrogel is made of chitosan and B-glycerophosphate (GP), which has sol-gel transition occurring
when temperature increases. Gelation mechanism involves multiple interactions between chitosan,
GP, and water. Major steps during the gelation include: i) at lower temperature, due to the basic
action of the salt, electrostatic repulsion within chitosan chains is reduced while hydrogen bonding
between multi-hydroxyls on chitosan chains and water is increased, preventing the aggregation of
chitosan chains (so that chitosan remains in liquid form even at neutral pH of 6.8 - 7.2); ii) at higher
temperature (37°C), the water molecules are removed by the glycerol moieties, breaking the
hydrogen bonding and promoting hydrophobic interactions among chitosan chains [57, 58].
Consequently, a gel is formed. The systems have been utilised for injectable in situ forming
hydrogels, where the formulations are injected in liquid form and transformation into hydrogels
occurs inside the body at physiological temperature. Many other in situ forming thermo-responsive
chitosan-based systems have been developed, presenting a promising approach for future research.
For instance, a thermo-responsive chitosan-graft-poly (N-isopropylacrylamide) injectable hydrogel
has been developed for cultivation of chondrocytes and meniscus cells, showing sol-gel transition
at around 30°C [59]. Bhattarai et al. reported a thermosensitive hydrogel based on PEG-grafted
chitosan encapsulating bovine serum albumin (BSA) as a model protein [60]. The reversible
insoluble-soluble transition occurred at body temperature and a steady linear release of protein was
achieved for a period of 70 h after an initial burst release in the first 5 h. A physically crosslinked
chitosan-glycerol hydrogel carrying disulfiram has been developed for cancer therapy, which
showed sol-gel transition at body temperature and released 95% of disulfiram in vitro (37°C, pH
7.4) [61].

2.1.1.3 Multiple physical interactions

Some physical hydrogel networks are formed with multiple interactions rather than a single
dominant interaction. For instance, chitosan/poly vinyl alcohol (PVA) hydrogels, formed by
autoclaving, utilise hydrogen bonding (between hydroxyl groups of PVA and hydroxyl/amino
groups of chitosan) as the main interaction, while chitosan/PVA hydrogels prepared by freeze-
thawing method involve both hydrogen bonding and crystallisation (presence of crystallite junction

zones between polymeric chains and inter-polymer complexation) [4].

Some physical hydrogels present self-assembly ability, which is a result of a balance between
competing forces that favour assembly (such as hydrophobic interaction, hydrogen bonding, and

electrostatic attraction) and forces that act against assembly (such as electrostatic repulsion and
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solvation) [62]. Self-assembly is the main route of crosslinking to produce shear-thinning
hydrogels. Due to the weak nature of these physical interactions, the pre-formed networks can be
dissociated under applied shear and the resulting hydrogels, exhibiting viscous flow, can be
delivered in vivo by injection (shear-thinning behaviour). Upon relaxation (when the shear is
removed), the networks then reassemble into hydrogels (self-healing behaviour) [63]. The
hydrogels are pre-formed ex vivo, allowing homogenous encapsulation of payload while the effect
of local environment on crosslinking is deemed negligible [63]. Shear-thinning property allows the
injection through needle without clogging, precludes the need of surgical implantation, and
enhances therapeutic efficacy at the action sites by taking the shape of local area and maximising
interfacial contact [64, 65]. Self-healing response in shear-thinning hydrogels is much faster than
other chemically crosslinked hydrogels, preventing the leakage of precursor solution [66]. To date,
several chitosan-based hydrogels have been explored towards this approach, such as chitosan
grafted copolymers (made of acrylic acid and acrylamide) hydrogels for cancer therapy [67],
quaternised chitosan-Pluronic F127 hydrogels for wound healing [68], and carboxylmethyl
chitosan-xanthan hydrogels for local drug delivery [69]. However, more strategies must be
developed to meet practical requirements and circumvent some challenges, such as insufficient
mechanical strength, a balance between self-healing ability and mechanical robustness, and scale-

up production.

In summary, physically crosslinked chitosan hydrogels have been explored extensively in drug
delivery applications, owing to their well-known advantages including the absence of harsh
chemical crosslinker, no chemical modification required, ease of fabrication process, minimal
toxicity, and good biocompatibility [2, 70]. However, several drawbacks have restrained their
development, including the nature of reversible and unstable networks being formed, low

mechanical strength, and uncontrolled dissolution/degradation/matrix porosity [71, 72].
2.1.2 Chemically crosslinked hydrogels

In chemically crosslinked hydrogels, the dominant interactions forming the network are covalent
crosslinks between multiple active amino and hydroxyl groups of chitosan and functional groups
of crosslinker. In this section, chemically crosslinked chitosan hydrogels are reviewed from the
perspective of chemical bonds which originate from chitosan chains directly rather than from

chemically modified chitosan derivatives.
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2.1.2.1 Imine bonds (Schiff base)

Imine bonds (-N=CH-, or so-called Schiff bases) are the most common bonds for producing
covalently crosslinked chitosan hydrogels. Aldehyde groups (-CHO) can form covalent imine
bonds with -NH2 groups of chitosan. Dialdehydes (particularly glutaraldehyde [73]) are commonly
used due to the ease of fabrication process, high speed of reaction, and mild gelation conditions
(Figure 2.2). However, the biocompatibility of the resulting hydrogels is deemed insufficient for
biomedical purposes, and the need to remove the excess neurotoxic glutaraldehyde remains a
challenge. Monoaldehydes (such as formaldehyde [74] and salicylaldehyde [75]) can also be used,
and the resulting hydrogels exhibit typical pH and temperature responsive behaviours, with self-
healing ability and good mechanical strength.

Chitosan (CH)

HOH,C NHCOCH CH,0H

CHO
Glutaraldehyde (GTA)

CHO

CH,0H

CH20H

0.

(o]

HOH,C
HO NHCOCH3 CH,OH

Crosslinked Chitosan

Figure 2.2 Crosslinking reaction between chitosan and glutaraldehyde [76].

Imine bonds are generated from not only the aldehyde with intrinsic functions but also introduced
aldehydes via oxidation reactions [4]. The vicinal glycols in many saccharides and polysaccharides
can be oxidised by periodate to form dialdehyde derivatives, which serve as crosslinkers to bridge
chitosan chains via imine bonds [77]. A wide range of polyols (such as glucose [78], dextran [79],
alginate [80], hyaluronic acid [81], and methylcellulose [82]) has been used to obtain dialdehyde

structures and react with -NHz groups of chitosan to form hydrogels.

Another approach to obtain aldehyde structures is to graft small molecule aldehydes at the end of
a polymer to form covalent bonds with chitosan. For instance, PEG was modified to form
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dibenzaldehyde-terminated telechelic PEG which can form Schiff base linkages with chitosan [83].
The developed hydrogels exhibited multiple responsive behaviours (sensitive to pH, amino acids,

and vitamin B6 derivatives), self-healing ability, and enzymatic degradability.

2.1.2.2 Amide bonds

Amide bonds (-N-C(=0)-) are formed between carboxyl groups (-COOH) of esterifying agents
(such as carboxylic acids and carboxylic acid derivatives) and -NHz groups of chitosan. Amide
bonds have been utilised as hydrogels’ backbone in several systems, such as chitosan-gallic acid
for antioxidant activity of hydrogel lens [84], methoxy-grafted-PEG and chitosan [85], and
nanocomposite hydrogels of hexamethylene-1,6-di-(aminocarboxysulfonate) and chitosan [86].
Poly (L-glutamic acid) possesses carboxyl groups which can form amide bonds with -NH2 groups
of chitosan, resulting in porous, biocompatible, and biodegradable hydrogels for cartilage tissue
engineering [87].

2.1.2.3 Heterocyclic amine and secondary amine bonds

Opposed to other covalent crosslinkers, genipin, a natural derived product extracted from Gardenia
jasminoides Ellis is a desirable crosslinker for use in biomedical applications due to its well-
reported low toxicity and good biocompatibility [88, 89]. The network formed by genipin and
chitosan is found to correlate with the development of secondary amide and heterocyclic amine

ring-stretching. The crosslinking mechanism will be discussed further in Section 2.2.

Additionally, secondary amine bonds (R-NH-R’) can also be formed between ether groups (-R-O-
R”) of etherifying agents (such as organochlorine and epoxide compounds) and amino radicals on
chitosan chains. Several studies have employed secondary amine bonds to produce stable chitosan
hydrogels, such as chitosan hydrogels crosslinked by diglycidyl ether-terminated PEG [90],
trimethylolpropane triglycidyl ether [91], and 1,4-butanediol diglycidyl ether [92].

In summary, chemically crosslinked hydrogels present a stable and irreversible network with
enhanced mechanical strength, high level of control in chemical functionalisation, degradation, and
dissolution. The release kinetic of entrapped molecules can be modulated with the crosslinking
density, which is influenced by crosslinkers’ type and concentration, the number of active
crosslinking sites, and crosslinking method [4]. However, the residual of initiators and crosslinkers
remains a challenge, which might compromise the biocompatibility and the requirement of

purification process should be considered.
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2.1.3 Interpenetrating hydrogels

To overcome those shortcomings of physical and chemical hydrogels which have been discussed
previously, as well as to provide extra layer of control in the diffusion of payload from hydrogels,
multi-component networks have been developed. Interpenetrating networks (IPNs) have attracted
more attention due to their unique features in drug delivery applications. IPN-based hydrogels are
conventionally defined as crosslinked polymers in which two or more separate crosslinked
networks are not covalently bound to each other, but partially interlocking such that chemical bonds
have to be broken to segregate the components (Figure 2.3a) [93]. IPN-based hydrogels are
reported to have higher stiffness and improved mechanical properties with preserved stability of
microstructural morphology [94]. Alternatively, if one of the components has a linear structure
entrenched within the network, it will be called semi-IPN [95]. Basically, the crosslinked network
and the linear polymer can be separated from one another while preserving the chemical bonds
(Figure 2.3b). Therefore, semi-IPNs’ responses to changes in pH and temperature are at higher
rate compared to IPNs which have immensely interpenetrating elastic structure. Semi-IPNs also
enhance the miscibility between polymeric segments. Additionally, semi-IPNs have advantages of
tunable pore size, controlled drug release, and enhanced mechanical resistance which are similar
to IPNs [96]. Thus, semi-IPNs are deemed as an intuitively appealing approach to surmount the
problems arisen from polysaccharide-based hydrogels such as their heterogeneous structures and
unstable mechanical properties which can lead to quick erosion and burst release effect. Recently,
many IPNs and semi-IPNs based on chitosan have been developed, in which chitosan can combine
with either synthetic (such as poly(vinylpyrrolidone) [97], polyvinyl alcohol [98], and
(hydroxylethyl)methacrylate [99]) or natural polymers (such as gelatin [100], alginate [101], and
dextran [102]).

(a) (b)

crosslinking crosslinking
~~ points point

\ \

Network 1 R Network 1

polymer
Network 2

Figure 2.3 Schematic representation of (a) IPNs and (b) semi-IPNs [103].
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2.2 Genipin-crosslinked chitosan networks

Pushing towards biocompatible materials fit for purpose, attention is now shifting to bio-safe
crosslinkers such as genipin. Genipin is obtained from geniposide (extract from gardenia fruits) via
enzymatic hydrolysis with B-glucosidase [104]. In Chinese traditional medicine, genipin is used to
treat various diseases, such as pyrogenic infection, febrile disease, sprain, and swelling [105, 106].
As a biologically derived substance, genipin is deemed biocompatible and low toxic based on
several studies on its biological functions. Using in vitro cultured 3T3 fibroblasts, the cytotoxicity
of genipin is found to be 10000 times lower than that of glutaraldehyde [89]. In mice model, a
median lethal dose of genipin is 382 mg/kg, which is 1000 times less toxic than glutaraldehyde
[107]. Thus, genipin is deemed well-suited for biomedical applications. Genipin contains two
active sites, namely C10 primary alcohol and C1 hemiacetal, showing high selectivity towards
chitosan as it reacts with only primary amino groups (-NH2) [108] . Based on selective reactivity

and good biocompatibility, genipin was chosen as the crosslinker in this project.
2.2.1 Reaction mechanism

The crosslinking mechanism between chitosan and genipin is pH dependent. Under acidic and
neutral conditions (pH 5.0 - 7.4), the amino groups at C2 of chitosan molecules initiate nucleophilic
attack on the olefinic carbon atom at C3 of genipin, causing the opening of dihydropyran rings,
which are subsequently attacked on the newly formed aldehyde groups by the secondary amine
formed in the first step of the reaction [109]. Thereby heterocyclic compounds of genipin linked to
the glucosamine units of chitosan are formed (Figure 2.4a) [15]. These intermediate compounds
could further associate to form dimmers, trimers, and tetramers of linked bridges [110], leading to
a polymeric network structure (Figure 2.4b). In acidic conditions, the presence of acid also
improves the nucleophilic substitution of the ester groups on genipin to form a secondary amide
with chitosan (Figure 2.4c) [111]. However, it is evident that the ring-opening reaction is
predominant over nucleophilic substitution on the ester groups of genipin at acidic conditions (pH
5.0) [110].
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Under strong basic conditions (pH 13.6), the nucleophile -OH"groups in the aqueous solution attack
genipin molecules and open the dihydropyran rings to form aldehyde groups. These ring-opened
intermediate can subsequently undergo aldol condensation and polymerise to form macromers
(which have MW of 1600 - 20000 and consist of approximately 7 - 88 monomer units) [110]. These
polymerised macromers possess terminal aldehyde groups, which can undergo a Schiff-base
reaction to form imine bonds with -NH2 groups of chitosan (Figure 2.5).
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In summary, chitosan hydrogels crosslinked by genipin under acidic and neutral conditions (pH
5.0 - 7.4) consist of only short crosslinked bridges of associated heterocyclic amine (1 - 4 units)
while the hydrogel networks prepared under strong basic conditions (pH 13.6) consist of only long
crosslinked bridges of polymerised genipin (7 - 88 units). When crosslinking occurs at pH 9.0, the
network segments contain both short crosslinked units of cyclic bridges and long crosslinked units
of polymerised genipin.

The crosslinking reaction between chitosan and genipin is found to generate a blue-coloured and
fluorescent product with pH-responsive behaviours. Genipin can also form blue pigments with
primary amine-containing compounds such as glucosamine, bovine serum albumin, and gelatin
[111]. It is evident that once the heterocyclic compounds linked to polymeric units have formed,
the oxygen radical-induced polymerisation of genipin and dehydrogenation of intermediate
compounds occur and cause the gel to assume a blue colour in the presence of air [108, 112]. The
fluorescence behaviour of the crosslinked gels is a result of the n-n* conjugation present in large
conjugated system formed by chitosan-genipin reaction (as shown in Figure 2.4) [109]. The smart
pH-responsive feature of chitosan-genipin hydrogels stems from the presence of free amino groups
on chitosan chains, which can sense the environment and respond accordingly causing the network
to swell or collapse. Detailed swelling/de-swelling mechanisms of chitosan-genipin hydrogels are
discussed further in Section 2.3.1.

2.2.2 Chitosan-genipin hydrogels in the form of monolithic bulk network

The development of stable chitosan-based hydrogels with good biocompatibility and tuneable
properties has been expanded with the use of genipin. To overcome those aforementioned
shortcomings of physical and chemical hydrogels, as well as to add extra layer of control in the
diffusion of payload from hydrogels, multi-component networks have been developed. By utilising
chitosan-genipin crosslinked network as a polymeric backbone, hybrid systems can be achieved by
addition of another synthetic/natural polymers or particulate systems. While not in a vast number,
notable studies have reported several pH-responsive hydrogels based on chitosan-genipin
crosslinking with promising properties in drug delivery applications (Table 2.1).
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Table 2.1 Reported studies of hydrogels based on chitosan-genipin (CS-GEN) crosslinked network and their specific properties.

Hydrogel formulations

Types of hydrogels (including CS-GEN) Functional properties Ref.
CS-GEN only - Wound dressing materials with aqueous solution uptake capacity of | [113]
230%, hindering E.coli growth by 70%, in vitro biocompatible to
fibroblasts and keratinocyte cells.
- Controlled and sustained release of tetracycline. [114]
CS-GEN + another | B-glycerol phosphate Simultaneous in situ physical and covalent crosslinking with pH- and | [115]
crosslinker temperature-responsive behaviours.
Controlled delivery of diclofenac.
CS-GEN + natural | gelatin pH-sensitive semi-IPNs, uniform distribution of metformin in | [116]
polymer hydrogel matrix with a controlled release in pH 1.2.
gelatin ~ +  B-glycerol | Double crosslinking in situ with pH- and temperature-responsive | [117]
phosphate behaviours.
Topical eye drop formulation for sustained release of timolol maleate.
silk fibroin Promoting adhesion, proliferation, and matrix production of | [118]
chondrocyte-like cells.
bacterial cellulose pH-sensitive semi-IPNs. Controlled release of quetiapine fumarate. [119]
collagen + tannic acid Simultaneous physical and covalent crosslinking using two naturally | [120]
derived crosslinkers, with potential applications in ophthalmology as
an implant for temporary injured cornea.
CS-GEN + synthetic | Poly vinyl alcohol Optimal genipin concentration was determined as 0.25 mM. [121]
polymer Controlled release of ibuprofen, suitable for use as pain suppressing
wound dressing materials.
Poly vinyl pyrrolidone | pH-sensitive semi-IPNs, post-synthesis treatment (freeze-thawing) is | [122]
(PVP) found to affect on stability.
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CS-GEN + | cellulose nanocrystals Cellulose nanocrystals provided higher stiffness to hydrogels structure | [123]
particulate system while decreasing the swelling degree.
Silver sulfadiazine | Encapsulation of nanocrystals reduced their cytotoxicity, sustained the | [124]
nanocrystals release, and remained high antibacterial activity.
Upper layer: CS-GEN + | Bilayer systems for wound dressing. The lower layer reduced gelling | [125]
Silver nanoparticles time, showed more uniform aperture distribution, higher water
Lower layer: CS-GEN + retention and mechanical strength.
partially oxidised Bletilla
striata polysaccharide
Modified CS-GEN | Carboxylmethyl-hexanoyl | Amphipathic hydrogels with excellent water-absorption and water- | [126]
CS-GEN retention ability under neutral conditions.
Controlled release of ibuprofen, suitable for delivery of amphipathic
agents.
Lactose-modified CS-GEN | The developed hydrogels displayed hydrophobic domains.
Modified CS-GEN + | N,O-carboxylmethyl CS- | Site-specific delivery of BSA into the intestine (the release of BSA | [13]
natural/  synthetic | GEN + alginate was low at pH 1.2 but significantly increased at pH 7.4).
polymers N,O-carboxylmethyl CS- | A hybrid dual-sensitive hydrogel (pH and temperature) carrying | [127]

GEN + Poloxamer 407

baicalin (an ophthalmic anti-inflammatory drug) loaded in nanosized
lipid carrier.
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In those studies listed in Table 2.1, the hydrogels are found to respond to changes in pH of
surrounding environments and subsequently release the entrapped biomolecules. Thus, there is a
need of appropriate external stimuli to trigger the conformation changes in those hydrogels,
implying that intervention is required on a high frequency basis to maintain this smart response
throughout the lifetime of the systems. The concept of self-oscillating hydrogels is of growing
interest, as pH-responsive hydrogels can be chemically coupled with an oscillatory chemical
reaction which can produce oscillations in pH inside the smart gels and work as an internal driving
force to trigger the smart response [39]. With several coupled architectures exist [128-130], the
development of pH-controlled pulsed drug release based on chemical oscillators is still at its early
stage. Acknowledging the potential of self-oscillating hydrogels for optimal drug delivery, the
group led by Dr. Katarina Novakovic at Newcastle University has studied extensively this concept
based on chitosan hydrogels and palladium-catalysed phenylacetylene oxidative carbonylation
(PCPOC) reaction [131-133]. The PCPOC reaction is found to exhibit redox potential and pH
oscillations in a simple conversion of an alkyne (phenylacetylene) into several products under
constant supply of carbon monoxide gas [134]. Recently, Novakovic et al. showed, for the first
time, the use of a polymeric substrate (monoalkyne-terminated PEG) in place of phenylacetylene
to produce oscillations in pH while employing one hundred time less substrate and catalyst
compared to the oscillations employing phenylacetylene [135]. This striking finding indicates the
feasibility of an ‘all-polymeric’ system where all the components (substrate, catalyst, and smart
gels) are combined within a single macromolecule. In parallel to developing and optimising
oscillatory chemical processes, it is crucial to enhance understanding of the hydrogel formulation
and its related properties for a smooth transition to an autonomous rhythmic system. Therefore,
addition of a linear PEG polymer to chitosan-genipin networks to form semi-IPN hydrogels is the

first step towards self-oscillating hydrogels based on PCPOC reaction.
2.2.3 Chitosan-genipin hydrogels in the form of microparticles

As a biocompatible and biodegradable polymer, chitosan has been widely explored in the
formulation of particulate drug delivery systems, particularly in the form of microparticles (MPs).
Microparticle network can provide controlled release of entrapped molecules, improve the
bioavailability of fragile substances, and improve the uptake of hydrophilic substances across the
epithelial layers [136]. Owing to its cationic nature, chitosan-based MPs can induce a strong
interaction with anionic glycosaminoglycan receptors and prolong their retention at the target site

of capillary region [137]. Different methods have been utilised to prepare chitosan-based MPs,
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including emulsion crosslinking, precipitation, complex-coacervation, and spray-drying. The
hydrogel network can be formed via physical (interaction with anions) or chemical crosslinking as

discussed above.

In the case of chemical crosslinking using genipin, emulsification is the most commonly used
method to produce stable MPs [27]. Generally, in the emulsion crosslinking method, chitosan
solution is first prepared in acidic solution. This solution is then added dropwise to an oil phase
(such as liquid paraffin, mineral oil, ethyl acetate, or olive oil) containing a suitable surfactant (to
stabilise the chitosan droplets). A crosslinker is then added to the stable water-in-oil emulsion to
solidify the polymeric droplets. The established MPs are then filtered, washed thoroughly with
organic solvents (n-hexane and ethanol) to remove the excess oil, and then dried. The desirable
particle size range can be obtained by tuning the concentration of the crosslinker and the extent of
stirring (time and speed). The fabrication process occurs in a simple and mild setting, suitable for
developing proof-of-concept materials in laboratory. However, the process poses several
challenges that require further optimisation, including the complete removal of auxiliary
compounds (such as oil, surfactant, and organic solvents) and unreacted crosslinkers, unwanted
interaction between crosslinker and entrapped drugs/stabilisers, and potential leakage of payload
during emulsification [136]. To date, several drug delivery systems based on chitosan-genipin MPs
have been developed (Table 2.2), showing great potential for various biomedical applications.
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Table 2.2 Reported studies of drug delivery systems based on chitosan-genipin (CS-GEN)

microparticles.

Hydrogel formulations Preparation methods | Loaded biomolecules Ref.
CS-GEN Emulsion crosslinking | Indomethacin [138]
CS-GEN Emulsion crosslinking | Flurbiprofen [139]
CS-GEN Emulsion crosslinking | BSA [140]
CS-GEN Emulsion crosslinking | Clarithromycin, [141]

Tramadol and Heparin
CS-GEN Emulsion crosslinking | Mesalamine [142]
CS-GEN Spray drying Levofloxacin [143]
CS-GEN-TPP Reverse emulsion and | Sonic Hedgehog [144]
ionic gelation

CS-GEN-alginate Emulsion crosslinking | Fluorescein [145]
CS-GEN-gelatin Emulsion crosslinking | Methylene blue [146]
CS-GEN-carboxylmethyl Emulsion crosslinking | Probiotic [147]
cellulose

CS-GEN-ethyl cellulose Spray drying Rifabutin [148]
CS-GENS-silk fibroin Emulsion crosslinking | BSA [149]
Quaternised CS-GEN Reverse emulsion Heparin [150]
Stearic acid-grafted CS-GEN lon precipitation BSA [151]
B-cyclodextrin-grafted CS-GEN | Spray drying BSA [152]

2.3 Key characteristics of chitosan-based hydrogels

2.3.1 Swelling/de-swelling properties

One of the most favourable characteristics of chitosan hydrogels is the ability to change their
conformation (swell/shrink) once in contact with solvent. Swelling is considered as a process in
which, un-solvated glassy or partially rubbery state is transformed to a relaxed rubbery state [153].
When a hydrogel is in initial contact with a bio-fluid, the solvent molecules attack the hydrogel
surface and diffuse into the polymeric network. The polymeric chains start relaxing to allow more
solvent molecules penetrating into the network, which induces the unswollen-swollen boundary
between the un-solvated glassy phase and the relaxed rubbery phase [154]. Against the favourable
osmotic force which induces swelling, there is an opposite elasticity force which balances the

stretching of the network and prevents its deformation. When these two forces are balanced, the
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equilibrium swelling state is achieved (no changes in swelling ratio are further recorded) [154].
The mechanisms of solute transport within the network can be classified based on the two main
processes (the solvent diffusion and polymeric chain relaxation) which govern the phase transition
from unswollen to swollen state [153]. In Fickian (or Case I) transport, the polymeric chains have
high mobility, and the water penetrates easily in the hydrated network. The solvent diffusion rate
is obviously slower than the polymer relaxation rate, and thus the glassy-rubbery transition is
diffusion-controlled. In a polymer slab, Fickian transport is characterised by a linear relationship
between the increase in hydrogels’ mass and the square root of experimental time. It asymptotically
approaches a fixed equilibrium swelling value [154]. In non-Fickian transport, the polymer chains
have restricted mobility which does not allow fast diffusion of solvent into the network. Depending
on the relative rates of chain relaxation and diffusion, non-Fickian transport is further sub-classified
into Case Il transport and anomalous transport. In Case Il transport, the transition mechanism is a
relaxation-controlled process in which the diffusion rate is very fast and unobservable while the
chain relaxation occurs slowly at an observable rate. Hence, the rate of increase in mass is directly
proportional to time. In anomalous transport, the solvent diffusion and chain relaxation rates are
comparable. The ability of changing its swelling degree in response to changes in environmental
pH is the most important feature of pH-sensitive hydrogels, which derives this type of smart
hydrogels into 2 groups, cationic hydrogels and anionic hydrogels.

pH decrease

R <

pH increase

Acidic pH Environment Neutral or Alkaline pH Environment

Figure 2.6 Schematic representation of (a) cationic hydrogels and (b) anionic hydrogels [155].
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The polymers with functional basic groups (such as chitosan with -NH2 groups) are known as
polybases or polycations (Figure 2.6a). At pH lower than their associated pKa, these amino groups
receive protons (so-called protonation) and carry positive charge leading to the increased
electrostatic repulsion within the network. As a result, the polymer chain relaxation occurs and the
network starts expanding in its volume until reaching the equilibrium state. Alternatively, at high
pH, the hydrogel contraction occurs due to the decreased electrostatic repulsion. The polymers with
functional acid groups (such as poly (acrylic acid) with -COOH groups) are known as polyacids or
polyanions (Figure 2.6b). The swelling of hydrogels made up with these polymer increases at pH
> pKa and decreases at pH < pKa. The pH-sensitive swelling of smart hydrogels can be explored
to achieve targeted delivery of biomolecules by modulating their swelling behaviours according to
the pH range at intended target sites. Generally, the swelling of hydrogels is mainly influenced by
hydrogel composition (such as polymer MW, presence of hydrophobic monomers, and amount of
crosslinkers), preparation conditions (such as heating time, radiation dose, and applied electric
field), type of solvents, and addition of electrolyte/surfactant in the solvent [154].

The swelling ratio can be determined by various techniques ranging from macroscale to microscale.
In macroscale, the degree of swelling can be evaluated by observing the variation in mass (weight)
or volume (surface area and height) over time. A simple and commonly used formula (Equation

2.1) can be applied to calculate swelling degree.

Swelling (%) = % x 100 (Equation 2.1)

where mt is the weight of swollen hydrogel and mo is the weight of un-solvated hydrogel.

In microscale, the degree of swelling can be determined by the extent of porosity. As the hydrogels
swell, the mesh size starts expanding as a result of solvent diffusion and chain relaxation. The
expanding or collapsing of these porous structures can be measured through a range of
experimental techniques or calculated by application of network deformation theories [156].
Micro-eletromechanical systems can also be used to evaluate the swelling degree. For instance, by
observing the deflection length of a microcantilever, information about mechanical amplification
of a signal due to change in the surface properties can be achieved [157]. It is of high importance
to investigate more aspects of swelling behaviours of hydrogels as it is crucial for designing
controlled drug delivery where drug is released in the desired amount and for the desired time at

intended sites in human body.
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2.3.2 Network structure

Generally, there are three important parameters defining the hydrogel structure including the
polymer volume fraction in the swollen state, vz, the effective MW of the polymer chain between
crosslinking point, M., and the correlation distance between two adjacent crosslinks (mesh size), &
(Figure 2.7a) [153]

b Protein
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Degree of crosslinking . '
Chemical structure )

swollen state " Crosslink deswollen state

External stimuli

Figure 2.7 Schematic representation of (a) crosslinked structure of hydrogels and (b) mesh size of

hydrogels in swollen and de-swollen states [153, 158].

The polymer volume fraction in the swollen state, vz, is an important parameter to describe the
water-sorption capability. It represents the amount of liquid that can be imbibed in hydrogels and
is expressed as a ratio of the polymer volume (V},) to the swollen gel volume (V) or as a reciprocal
of the volumetric swollen ratio (Q) (Equation 2.2).

1

v 1 Do .
Vo = V—” =5= Q_j:i (Equation 2.2)
9 pP1 P2

where p, is the density of solvent, p, is the density of polymer, and Q,,, is the mass swollen ratio.

The effective MW of polymer chain between crosslinking point, M, is related to the degree of
crosslinking of the hydrogel network, which can be expressed by Flory-Rehner equation [158]. The
correlation distance between sequential crosslinking points, &, also known as mesh (pore) size,
represents an estimate of accessible spaces between polymeric chains for biomolecules diffusion.

It can be calculated from Equation 2.3.
=\ 1/2
§= v, 13 x1Ix (%) (Equation 2.3)

where C,, is a constant Flory characteristic ratio for a given polymer-solvent system, [ is the carbon-
carbon bond length, and M, is the weight of repeating units from which the polymer chain is

composed [153, 159]. The pore size is mainly influenced by the degree of crosslinking, chemical
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structure of polymeric network, and external stimuli (such as pH, temperature, or ionic strength)
(Figure 2.7b) [158]. The porosity is an important indicative parameter as it is highly related to
swelling ability, drug loading ability, and mechanical attributes of hydrogels. For instance, a gel
with high porosity will exhibit higher responsiveness to changes in surrounding environments but
it is more likely to have low mechanical strength and that may limit its future applications.
Understanding the microstructure of hydrogel network is the first step towards designing controlled
release system where the rate and extent of gel swelling can be tailored to deliver biomolecules

efficiently.

Several imaging techniques have been employed to elucidate the hydrogel structure. Scanning
electron microscopy (SEM) is a well-known technique to study the morphology of hydrogels in
their dry states [160]. The outer surface and cross section of the hydrogel can provide the
information about the number and size of pores as well as the channels and pore arrangements
within the network. SEM provides the images by scanning the structure with a focused beam of
electrons. The electron interacts with the surface of samples in a raster scan pattern and the
reflection beam is combined with the secondary signal from samples that can be converted and
amplified to voltages [161]. By using a special detector, the brightness from signal intensity is
determined and an image displaying the topography is created. Alternatively, environmental
scanning electron microscopy (ESEM) can be used to observe the structure porosity in solvated
states. Therefore, wet, oily, non-conductive, and unclean samples can be analysed in their native
states without any further modification required as the contaminants do not affect the quality of
images [162]. However, the hydrogels cannot be placed in liquid during the analysis and the details
are more difficult to elucidate in their solvated state. Confocal laser scanning microscopy (CLSM)
has emerged as a promising technique to investigate the morphological properties of hydrogels
while the gels are immersed in the solvent. In CLSM, a specialised light microscope is used in
which a laser beam is scanned across the samples and the images are collected via computer control
[163]. The main advantage of CLSM over conventional light microscope is that it focuses into a
small area of the sample or in other words, it works on a narrow depth of field which is as small as
0.4 mm. The ability to control depth of field, elimination or reduction of background effects, and
the capability to collect serial optical sections from thick specimens are the superior properties of
CLSM that make it an invaluable tool for advanced biomedical sciences [164]. Other advantages
of CLSM that are worth noticing are the fine details resolved from its images (100 nm), the fast

image collection, the preview option before saving, and the reduced chemical waste. The atomic

28



force microscopy (AFM) is a helpful probe microscope which can reveal the surface topography
of hydrogel either in contact mode or in tapping mode. AFM is operated by scanning the probe
over small areas of samples and the forces between probe and samples are recorded [165]. AFM
can provide the three-dimensional (3D) images of specimens without any specific modification
before the analysis. While SEM is operated in an expensive vacuum environment, AFM is mostly
operated in ambient atmosphere or even a liquid environment. Basically, images from AFM can

show higher resolution and contrast than those obtained from SEM.

2.3.3 Molecule loading and release mechanisms

2.3.3.1 Drug loading methods

As reviewed previously (Section 2.2), number of studies have employed the superior advantages
of chitosan-based hydrogels for drug delivery applications. The diversity in chemical and physical
properties of entrapped molecules results in different methods of loading drugs. Owing to their
hydrophilic nature, hydrogels are a great platform to incorporate highly water-soluble drugs. The
way drugs are loaded into hydrogel matrix will directly affect the availability of drugs for the
release from the formulation. The simplest method to directly incorporate drugs into hydrogel
matrix is by immersing the fully formed hydrogel into the medium containing therapeutic agents
(Figure 2.8a) [166]. Drug uptake occurs slowly under the driving force of diffusion depending on
the porosity of hydrogel, physical and chemical properties of drugs and hydrogel [34]. This way is
particularly effective for hydrophilic drugs and less likely to cause drug deactivation. Larger
molecules (such as peptides and proteins) are not able to diffuse freely through the small pores
[167]. Drug release duration lasts for hours to days and is determined by diffusion and/or swelling
mechanisms. The loading process may take a long time to complete and the exact amount of drugs

loading into the hydrogel is difficult to elucidate the details [95].
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Figure 2.8 Schematic representation of three different loading methods which can be applied for

chitosan-based hydrogels: (a) permeation; (b) entrapment; (c) covalent bonding [34].

Another approach is allowing the encapsulation and gelation to occur at the same time (Figure
2.8b). Drugs are mixed with polymeric precursors and suitable crosslinker/s, initiators are added
to form drug-loaded hydrogel [158]. The entrapment process allows the incorporation of heavier
payload into hydrogel network (such as peptides and proteins) and release duration may last for
days to weeks. While the diffusion is not applicable in the case of in situ gelling process, the
entrapment is effective to deliver drugs in situ by mixing drugs with one of the polymeric
precursors prior to administration and once administered, gelation occurs at the same time with
encapsulation process [65]. However, it is required to carefully take into account the chemical
properties of entrapped drugs to avoid drug deactivation and undesirable crosslinking between
drugs and polymers and/or crosslinkers. Both entrapment and diffusion, allowing the free

movement of loaded drugs out of the network, may lead to the initial burst release in vivo [168].

To limit the loss of therapeutic agents via burst release and reduce the risk of toxic exposure,
tethering method can be applied in which drugs can be covalently bonded to the polymer chains
via physical or chemical crosslinking prior to gelation. Physical attachment is achieved by charge
interaction between ionic polymers and charged drugs or anionic and cationic functional groups in
carbohydrate-based polymers (Figure 2.8¢) [103]. The chemically attached drugs will be released
either due to the network degradation or due to the chemical cleaving of the polymer-drug bonding.
If the bond is susceptible to environmental enzyme, a smart hydrogel-based drug delivery is
favourable as its drug release is more specific to the target site [169]. The release duration may be
extended from weeks to months. One challenge when using this method is the high chance of drug

deactivation during the covalent bonding with polymer.
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Owing to their hydrophilic nature, formulations of hydrogel-based system for delivery of
hydrophobic drug remain a challenge. This challenge has two-fold including how to load drug into
the hydrogel matrix and how to release the drug into aqueous solution. With the advances in
engineering and technology, several effective solutions have been developed to expand the range
of drug amenable for hydrogel-based delivery. The most frequently used approach is co-
formulating particulate systems (such as microsphere, liposome, microparticles, microemulsion
droplets, surfactant-micelles, and polymeric micelles) into the hydrogel matrix to form composite
hydrogels [103]. The hydrophilic nature of hydrogel provides the composite with excellent
biocompatibility while the hydrogel matrix acts as a membrane to protect the particles from
premature degradation and clearance effect at target sites in vivo. By incorporating drug-loaded
particles into the polymeric mesh, a prolonged drug delivery may be achieved. The loaded particles
may be slowly released from hydrogel matrix followed by the release of entrapped drug from the
particles. In other way, the drug will be released from particles and subsequently diffused through
the hydrogel pores. In some cases, drug dissolution is a combination of both mechanisms [71].
Another common approach is presenting more hydrophobic domains within the polymeric
backbone. This can be done by copolymerising with hydrophobic monomers or grafting techniques
to introduce constitutional or configurational features that differ from those in the main chains
[170]. For instance, chitosan-based micelles bearing a small amount of highly hydrophobic groups
were obtained by N-acylation of chitosan with hydrophobic fatty acid chains (stearoyl, octanoyl,
and palmitoyl), showing the ability of self-aggregation in water to form nanoparticles and carry
hydrophobic molecules [171]. N-alkylation of chitosan (such as N-lauryl-N-methylene phosphonic
chitosan) also presents both hydrophobic and hydrophilic branches in its structure [172]. The
simplicity and versatility of chitosan in functionalising into different derivatives offer feasible ways

to expand the range of drugs amenable for hydrogel-based delivery.

2.3.3.2 Drug release mechanisms

The physical and chemical properties of hydrogels and the chosen loading method will affect the
mechanism by which the encapsulated drug is released from the polymeric network. Researchers
have focused to manipulate key factors that govern the drug delivery to accurately predict the entire
release patterns. There are three different modes by which the release of loaded drug is facilitated
including diffusion-controlled release, swelling-controlled release, and chemically-controlled
release. In diffusion-controlled release, the release rate is mainly affected by the solvent diffusion

into the network, which leads to the dissociation of drug and subsequently diffusion of the dissolved
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drug from the region of high concentration (inside the hydrogel) to a region of low concentration
(outside the hydrogel) [173]. The drug can be uniformly dispersed in a hydrogel network (matrix
device) or can be placed in a core entrapped within a hydrogel membrane (reservoir device). In
swelling-controlled release, drug is dispersed within a polymeric network which starts swelling
once in contact with solvents. The relaxation of polymer chains allows the system to expand beyond
its boundary leading to the diffusion of drugs. The concentration gradient between the hydrogel
and surrounding solutions permits the movement of the loaded drug. Chemically-controlled release
can be further categorised as kinetic-controlled release where the system is degraded to release
drug and the diffusion term can be negligible, and reaction-diffusion-controlled release where the
diffusion term and the interaction between polymer and drug must be covered to accurately predict
the drug release [158].

To describe the release profiles of drug from polymeric networks, there are several kinetic models
that can be applied, such as zero-order model, first-order model, Higuchi model, and Korsmeyer-
Peppas (Table 2.3). By fitting the experimental data into various kinetic models, the release pattern
of drug from a dosage form could be better understood, enabling the design of an effective

formulation.
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Table 2.3 Kinetic models of drug release from controlled drug delivery systems.

Kinetic models Equations

Release patterns

Zero order [174] Qr = Qp + Kjt

- Release rate is constant (concentration-
independent) over time

- Data plot: cumulative drug release versus
time (the slope gives the value of K)

First order [175] | Log C¢ = Log C,

— Kt/2.303

- Release rate is concentration-dependent

- Data plot: log cumulative of % drug
remaining versus time (the slope gives the
value of -K/2.303)

Higuchi [176] Q = A[D (2C — C,)Cyt]?

- The simplified model describes Fickian
transport.

- Data plot: cumulative of % drug release
versus square root of time (the slope gives the
value of Kj)

Simplified as:
Q = Kyt'/?
Korsmeyer- M;/M, =k X t"
Peppas
[177]

- Use only first 60% of drug release data
- For a cylindrical polymeric network:

n = 0.45 - Fickian transport (diffusion-
controlled release)
n =0.89 - Case Il transport (swelling-
controlled release)
0.45 < n < 0.89 > Anomalous transport

- Data plot: log cumulative of % drug release
versus log time (the slope gives the value of n
while the intercept gives the value of log k)

where: Q; = amount of drug released at time t
Q, = initial amount of drug in solution

K, = the zero-order release constant (unit: concentration/time)
C; = concentration of drug in solution at time t

C, = initial drug concentration

K = the first order rate constant (unit: time™)
Q = amount of drug released in time t per unit area A

C = initial drug concentration
C, = drug solubility in the medium

D = diffusion coefficient of drug in the matrix
Ky = Higuchi dissolution constant (unit: time™)
M, = the amount of drug released up to any time t

M, = the total amount of drug release

k = a structural/geometric release rate constant for a particular system (unit: time™)
n = release exponent representing the release mechanism

33




2.3.4 Gelation kinetics and mechanical properties

To elucidate the mechanical properties of a material, deformation behaviours should be studied.
When a specimen is subjected to an external force (such as tensile force, compressive force, or
shear force), an internal force is created across the specimen which is called stress [178]. The
intensity of stress, o (N/m? or Pa), is calculated by Equation 2.4, where F is the external force (N)
applied on a deformation area (Ao, m?). The stress value (or intensity of stress) gives information

about how strong the material is, i.e. how much force is required to cause the sample’s deformation.
o= Ai (Equation 2.4)
0

Under an applied stress, the deformation/displacement of the material occurs, which is represented
by a strain value. Strain, ¢, is defined as the deformation per unit length. For example, in tensile
test, strain is also known as elongation as the sample becomes longer under applied tensile force.
It shows how much changes in length the sample can withstand before it breaks. The strain can be
calculated by Equation 2.5, where Lo is the original length of the sample and L is the length of the
sample after being subjected to stretch. Stress and strain can be plotted to produce information
about material modulus which reflects to what extent a material can resist the deformation [179].

g= —=2 (Equation 2.5)

Lo

Owing to the substantial amount of water in hydrogel matrix, hydrogels are considered as weak
materials with poor mechanical properties limiting the widespread adoption of hydrogels for
biomedical purpose [180]. Hydrogels exhibit the behaviours of both liquid and solid at the same
time (viscoelastic behaviours), presenting significant challenges to measure and interpret
mechanical data. Among common techniques used for mechanical characterisation (such as tensile
test, compression test, local indentation, and dynamic mechanical analysis), small-amplitude
oscillatory shear rheology (SAOS) is an emerging technique for characterising the mechanical
properties of hydrogels as it allows to monitor the phase transition at ‘rest’ condition without
disrupting the structures [181, 182]. It is also quick, sensitive, requires small amount of samples,
and effectively provides information about gelation kinetics, crosslinking degree, structural
distribution, and mechanical integrity of hydrogels. In the linear oscillatory rheology, a small
oscillatory stress is applied to the material and the resulting deformation is measured in the form

of strain (Equation 2.6).

Yy = Asin(wt) (Equation 2.6)
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where y is the strain, A is the oscillation amplitude, and w is the oscillation frequency [183]. For a
purely elastic material, the stress wave is exactly in phase with the strain wave. For a purely viscous
material, the stress wave is exactly 90° out-of-phase with the imposed deformation [184]. Elastic
behaviour is the ability of materials to restore their original shape once the applied force is removed
while viscous (or plastic) materials do not have reversible rearrangement once the applied force is
removed. Hydrogels act as a viscoelastic solid, behaving somewhere between these two extremes.
Thus, the stress wave will have a phase difference § (0 < & < 90°). The modulus which is in phase
with the deformation is called the shear elastic (or storage) modulus G’ whereas the modulus which
is out-of-phase with the deformation is called the shear viscous (or loss) modulus G*’. The complex

modulus G” is then defined by Equation 2.7:
G*=(G"?+ G"*)Y/? (Equation 2.7)

The loss tangent, or tan(d), which is the ratio G’’/G’ at a frequency w, can be used as an indicator
for the overall viscoelasticity [181]. As the gelation is a gradual transition from a viscoelastic liquid
to a viscoelastic solid, the dynamic rheological measurement can be used to characterise the
gelation kinetics. The sol-gel transition point can be determined as a sudden loss of flow when the
viscoelastic properties change abruptly from a liquid-like state to a solid-like state [185]. The
correct profiles of G’, G”’, and dynamic viscosity are obtained only in the small strain limit. In
other words, the frequency-dependent dynamic shear moduli (G’ and G”’) must be measured in the
linear viscoelastic regime (LVR), where the moduli are independent of the amplitude of the
deformation [182]. Oscillatory rheometry can be operated in time, stress/strain, and frequency
sweep modes to monitor the viscoelastic properties during crosslinking process and characterise

the mechanical properties of resulting hydrogels.

2.3.5 Biocompatibility and biodegradation

2.3.5.1 Biocompatibility

Biocompatibility is the ability of a material to perform with an appropriate host response in a
specific application [186]. Biocompatibility is the major determinant for a successful functioning
hydrogel, as non-biocompatible systems can induce inflammatory response in vivo and limit their
uses in living systems. In vitro methods are encouraged as preliminary experiments to screen the
safety prior to animal testing. In vitro studies provide a simple and convenient way to evaluate the
cytotoxic effects/inflammation responses on various cell lines before conducting animal

experiments. For both qualitative and quantitative assessment of cytotoxicity, the direct contact or
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extraction methods can be used [187]. In direct contact, the hydrogel contacts with live host cells
for at least 24 h and hence the cytotoxicity is determined. In extraction method, the hydrogel is
placed in a suitable solution (such as culture medium with/without serum, physiological saline
solution, or dimethyl sulfoxide) for a defined period to allow any leaching of unreacted monomer,
oligomers, and crosslinkers. The extract (or its dilution series) is then added to cell culture and
incubated for at least 24 h before determining cytotoxicity according to the selected assays.
Qualitative evaluation is deemed appropriate for screening purposes as the cells are examined
microscopically with/without cytochemical staining. Any changes in general morphology,
vacuolization, detachment, cell lysis, and membrane integrity may be graded, indicating levels of
reactivity: 0 (none), 1 (slight), 2 (mild), 3 (moderate), and 4 (severe). A grade of higher than 2 is
considered as a cytotoxic effect (International Organisation for Standardisation (ISO), 10993-
2018). For quantitative evaluation, percentages of cell viability/death can be quantified based on
various cell functions such as enzyme activity (such as the reduction of 3-(4,5-dimethylthiazol-2-
yl)-2,5-diphenyl tetrazolium bromide (MTT) by enzymes produced from viable cells, Figure 2.9),
adenosine tri phosphate (ATP)-production, and nucleotide uptake activity (Tritium-labelled
thymidine). Generally, reduction of cell viability by more than 30% is considered a cytotoxic effect
(1S0O, 10993-2018). Another recommended assessment is genotoxic effect, as genotoxicity might
eventually lead to abnormal and reduced cell growth, even if the cells initially appear
cytocompatible [14]. DNA damage caused by genotoxic effect can be assessed by a number of
techniques, such as single-cell gel electrophoresis [188], mutations [189], and chromosome
aberration assays [190]. The in vitro biocompatibility assessment would be incomplete without
testing for an elevated expression of cytokines, which are low molecule weight glycoproteins
regulating immunologic responses to inflammatory stimuli. The inflammatory cytokines induced
by cell-gel contact can be quantified at both protein level (using enzyme-linked immunosorbent
assay (ELISA)) and mRNA level (using reverse transcription polymerase chain reaction (RT-
PCR)). There are several factors that need to be considered when planning in vitro experiments,
such as negative/positive controls, sterilisation, extraction vehicle (polar/non-polar), cell line, and

end-point assays.
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Figure 2.9 Biocompatibility profiles of human adipose-derived stem cells (hnADSCs) cultured on
glutaraldehyde-crosslinked chitosan-poly (acrylic acid) hydrogels. (a) Lactate dehydrogenase
(LDH) was used as an indicator for cytotoxic effect as LDH level released in the supernatant is
proportional to the number of lysed cells. (b) Cell viability of hADSCs was evaluated using MTT
assay (mean + standard deviation, n = 3). (c) Apoptosis assays demonstrated that the cells did not
undergo apoptosis when cultured on hydrogels. In contrast, cells induced with H202 underwent
apoptosis (n = 3) [191].

Owing to the hydrophilicity and soft nature resembling extracellular matrix, hydrogels are deemed
biocompatible. Hydrogels composed of chitosan backbone are expected to be biocompatible and
biodegradable due to the wide-reported biocompatibility of chitosan. However, chemically
crosslinked chitosan hydrogels require the use of crosslinkers, which might bring cytotoxic effect,
such as neurotoxicity reported when using glutaraldehyde as a crosslinker for chitosan hydrogels.
The biocompatibility profiles of chitosan-genipin hydrogels with or without additional polymer
have been reported, showing good cytocompatibility towards various cell lines (Table 2.4). Even

though the use of a naturally occurring crosslinker, genipin, may ensure good biocompatibility,
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there is a need for deeper understanding of the biological performance of genipin crosslinked

chitosan hydrogels, especially the inflammatory response.

Table 2.4 Reported in vitro biocompatibility studies of hydrogels based on chitosan-genipin (CS-

GEN) crosslinked network.

Hydrog_el Testing cells Main findings Ref.
formulations
CS-GEN film | 3T3 fibroblast cells Gel-exposed cells were 2.29 times more [192]
numerous compared to fibroblasts seeded
on non-crosslinked chitosan films.
CS-GEN Human fibroblast cells | Cell morphology and density on [193]
membrane crosslinked membrane were the same as
control cells after 3 days incubation.
CS-GEN MG63 Human Gel-exposed cells showed no significant [194]
membrane osteoblast-like cells and | effects on metabolic activity and cell
human mesenchymal proliferation with respect to control cells
stem cells (MSCs) within 7 days of incubation.
CS-GEN film | Retinal pigment Chitosan-genipin films showed a less level | [195]
epithelial cells of cytotoxicity and interleukin-6
concentration compared to chitosan-
glutaraldehyde films.
CS-GEN- 3T3 fibroblast cells After 32h incubation, the well was filled [196]
alginate disc with fibroblasts in the vicinity of chitosan
disk. The residues (chitosan, alginate,
genipin) released from the disc had no
toxic effect on the seeded cells.
CS-GEN-silk | ATDC5 chondrocyte- Cell viability was around 100% in all [118]
sponge like cells sponges.
CS-GEN-PVP | Adult MSCs The hydrogels were benign to studied [197]
hydrogel cells. Cell proliferation propagated beneath
the gel surface via interconnected pores
within the hydrogels.
CS-GEN- Rabbit chondrocytes Gel-exposed cells showed a continuous [198]
collagen film increase in viability values while the
control cells remained unchanged.

Though in vitro tests are being preferred by researchers to provide initial information about
biocompatibility of the materials, in vivo tests are required as the next step towards getting
regulatory approval. In vivo studies can be used to evaluate the systemic toxicity of a material upon
being administered in animal species. For acute oral, intravenous, dermal, and inhalation studies,

mouse or rat is preferable while for implantation, the use of rabbit is encouraged [199]. As the
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precision of systemic evaluation depends heavily on the extent of the number of animals used per
dose level, the size and number of animal groups can be decided based on the purpose of the study.
For example, a minimum of 5 rodent species is required for acute toxicity evaluation while a
minimum of 40 rodent species is needed for chronic response (ISO, 10993-2018). The
administration route can be chosen based on the most clinically relevant to the use of the device,
where possible. Most frequently, hydrogels are subcutaneously implanted [200-202] or injected
[203-205] to study the in vivo host responses. Maximum dosage volumes vary amongst animal
species and testing routes. For example via subcutaneous route, maximum doses in mouse and
rabbit are 50 mL/kg and 10 mL/kg, respectively [206]. Upon administration, to detect and measure
any adverse systemic effects, regular observations are required, such as piloerection, mobility,
abnormal posture, and body weight change. Clinical/gross pathology, organ weights, and
histopathology should be performed to investigate toxic effects in tissues, organs, and other
systems. As shown in Table 2.5, although a limited number of in vivo studies have been reported,
hydrogels based on chitosan-genipin crosslinking have shown good biocompatibility upon
administration, particularly in situ forming hydrogels for ocular drug delivery. In addition to
synthesis and proof-of-concept in vitro studies, it is necessary to provide in-depth in vivo

characterisation and promote the clinical transitions of these chitosan-genipin hydrogels.
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Table 2.5 Reported in vivo biocompatibility studies of hydrogels based on chitosan-genipin (CS-GEN) crosslinked network.

nanocrystals film

wound models)

showed better healing process compared to the blank
hydrogels.

. Animal Route of e
Hydrogel formulations models administrations Main findings Ref.
CS-GEN membrane Rabbit Implantation (ocular | No signs of ocular inflammation were evident. The | [207]
anterior chamber) implants improved the preservation of corneal endothelial
cell density and had better anti-inflammatory activities.

CS-GEN disc Mice Subcutaneous Histologically no visible difference was observed | [114]

implantation compared to the control.

CS-GEN microsphere Rat Intra-articular injection | No inflammatory infiltrates were observed. [139]
Intra-articular delivery of flurbiprofen.

CS-GEN-gelatin film Rabbit Oral The gels carrying metformin were biocompatible, without | [208]
signs of haemorrhage, lesion, and changes in tissue
structure within the organs. Complete blood analysis
showed normal values.

CS-GEN- B-glycerol phosphate in | Mice Subcutaneous injection | Tissue reaction was favourable with minimal inflammation | [203]

situ forming hydrogel of gel solution (dorsal | after 30 days. No foreign body reaction was evident.

region)

CS-GEN-gelatin- B-glycerol | Rabbit Injection of gel solution | The gels carrying timolol maleate showed a long-lasting | [117]

phosphate in  situ  forming (subconjunctival space | efficacy of intraocular pressure lowering.

hydrogel of rabbit eyes)

CS-GEN-hyaluronic  acid- B- | Rats Subcutaneous injection | The gels were formed in vivo within a short time and | [209]

glycerol phosphate in situ forming of gel solution remained localised for over 1 week while the rats remained

hydrogel healthy and active without apparent discomfort.

CS-GEN-silver sulfadiazine | Mice Implantation (burn | The wounds treated by hydrogels containing nanocrystals | [124]
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Catechol-functionalised CS-GEN | Rabbit Buccal implantation The gels were compatible without any tissue inflammation. | [210]
Buccal delivery of lidocaine.
Glutamate CS- GEN disc Mice Subcutaneous injection | No inflammatory reaction was observed. [211]
N,O-carboxylmethyl CS-GEN in | Mice Injection of gel solution | The gels carrying 5-fluorouracil or bevacizumab were non- | [212]
situ forming hydrogel (subconjunctival space | toxic to the cornea and gradually degraded in the eyes.
of rabbit eyes)
N,O-carboxylmethyl ~ CS-GEN- | Rabbit Ocular  administration | The gels carrying quercetin increased the precorneal | [213]

poloxamer 407 in situ forming
hydrogel

(drops of gel solution
into rabbit eyes)

resident time of quercetin (drug concentration was 4.4-fold
higher than control group).
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2.3.5.2 Biodegradation

To reach clinical applications, a biomedical system should be non- or low-cytotoxic and
enzymatically or hydrolytically degradable [94]. The ability to be degraded inside living bodies
eliminates the need of surgical removal of implanted/injected hydrogels and the degradation kinetic
is also highly relevant to the release kinetic of entrapped cargo in vivo. Previous studies have
commonly used the mass loss to monitor the degradation of hydrogels in vitro via
gravimetric/volume measurements. The initial mass/volume and their changes over incubation time
with testing solutions are recorded. As it is an invasive method with loads of intermittent steps,
attention is now shifting to fluorescence-related approach, which allows tracking and monitoring
degradation in real time and in minimally invasive manner. Fluorescent probes are normally
required to label hydrogels, such as fluorescein and Texas Red [214], fluorescein isothiocyanate
[215], carbon nanodots [216] (Figure 2.10), and tetramethyl rhodamine isothiocyanate [217]. One
should consider the potential toxicity of fluorescent markers, photoleaching during incubation and

the potential interference with crosslinking reaction.
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Figure 2.10 Visual in vivo degradation of hybrid hydrogels composed of carbon nanodots (CNDs)
and N-methacryloyl chitosan by real-time and non-invasive fluorescence tracking. (a) Pseudo-
coloured images of the hydrogels upon subcutaneous injection over 288 h, showing a gradual
decrease in fluorescence signal in all samples with different rates. (b) Quantitative in vivo
degradation of CNDs hybrid hydrogels by monitoring fluorescence reduction as a function of time
[216].

It is evident that chitosan is degraded in vertebrates mainly by lysozyme and by bacterial enzymes

in the colon. The rate and extent of biodegradability are influenced mainly by the DDA of chitosan.
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Furthermore, the degradation products are non-toxic oligosaccharides which can be then excreted
or incorporated to glycosaminoglycans and glycoproteins [6, 22]. Given appropriate time and
conditions, chitosan would degrade eventually and sufficiently in most cases to be excreted [19].
Owing to the biodegradability of chitosan, hydrogels made up of chitosan chains are deemed
biodegradable. However, the degradation rate might be affected by crosslinking density and the
biocompatibility profiles of degradation products are unclear. As shown in Table 2.6, in vitro
biodegradation of chitosan-based hydrogels has often evaluated upon exposure to lysozyme
solution and changes in hydrogels’ weight or amount of free amino groups released in the

incubation solution are measured.

Table 2.6 Reported in vitro biodegradation studies of hydrogels based on chitosan-genipin (CS-

GEN) crosslinked network (lysozyme was the enzyme used in all listed studies).

Hydrogel

; 4 Measurements Main findings Ref.

ormulations

CS-GEN Mass loss Total degradation did not exceed 50%. | [115]

CS-GEN Free amino groups | The gels crosslinked by genipin had a | [193]
(released into the | slower degradation than
solution) determined | glutaraldehyde-crosslinked  chitosan
by ninhydrin assay | hydrogels.

CS-GEN-TPP Free amino groups | The crosslinked beads showed a |[218]
(released into the | significant slower degradation than
solution) determined | uncrosslinked beads.
by ninhydrin assay

CS-GEN-B-glycerol | Mass loss The gels retained their structural | [203]

phosphate integrity after four weeks.

CS-GEN-gelatin- B- | Mass loss After incubation for 30 days, the weight | [117]

glycerol phosphate loss was ~43% (gels with 10 pg/mL

genipin) and ~25% (gels with 100
pg/mL genipin).

CS-GEN-collagen- Mass loss After incubation of 4 h, the weight loss | [219]

hyaluronic acid was 30 - 70% (gels with 10 mM

genipin) and 20 - 40% (gels with 20
mM genipin)

CS-GEN-alginate- Mass loss The triple network structure offered a | [220]

Ca?* dense microstructure and delayed the

degradation.

CS-GEN-silk protein | Mass loss The gels showed degradation between | [221]

sericin 38% and 50%.
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2.4 Chitosan-based hydrogels for vaccine delivery

The immune-regulatory mechanisms of chitosan have been studied over years. The DDA, MW,
polydispersity, purity, form, and dose, all of which can influence the innate immune response to
chitosan. Chitosan with high DDA induces a weak leukocyte infiltration response while chitosan
with low DDA attracts polymorphonuclear cells and triggers neutrophils to release inflammatory
mediators which later amplify the recruitment of neutrophils and macrophages [222]. The immune
response induced by chitosan is antigen-dependent [223]. In the absence of antigen, the
subcutaneous injection of chitosan is found to be ineffective. In the presence of antigen, chitosan
enhances both humoral and cell-mediated immune responses [28, 224]. As a potential adjuvant,
chitosan is demonstrated to be equipotent to incomplete Freund’s adjuvant and superior to
aluminium hydroxide [28]. The intracellular signalling pathway of chitosan can be described via
cytoplasmic DNA sensor (CGAS) and stimulator of interferon genes (STING) and via nucleotide-
binding and oligomerization domain (NOD)-like receptor protein 3 (NLRP3) [26]. These pathways
are triggered as macrophages expose to chitosan with 80 - 90% DDA and 3 - 4 kDa in MW.

1. Chitosan activates 2, Activated cGAS-STING 3. Activated DCs drive
cGAS-STING in DCs leads to type 1 IFN- cellular immunity
dependent DC activation

Figure 2.11 Schematic representation of immune stimulating properties of chitosan which engage
DNA sensor cGAS-STING pathway [225].

Via cGAS-STING, chitosan induces type 1 interferon (IFN) and enhances antigen-specific T helper
1 (Th1) response, resulting in dendritic cells maturation (Figure 2.11) [225]. Type 1 IFN response
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induces the release of therapeutically related anti-inflammatory factor, interleukin-1 receptor
antagonist (IL-1ra), and interferon gamma-induced protein 10 (IP-10) [26]. Via NLRP3, chitosan
induces a robust interleukin-1p (IL-1B) response in primed mouse bone-marrow derived
macrophages (BMDM) and leads to the release of pro-inflammatory factors, IL-1B, and
prostaglandin Ez [226]. In unprimed BMDM, chitosan does not stimulate significant release of any
of 22 cytokines (including tumour necrosis factor- o (TNF-a) and interleukin-6 (IL-6)) and
chemokines assayed. Whether chitosan is a pro-inflammatory or anti-inflammatory material
depends on the macrophages that it is exposed to. When macrophages are polarised towards an M1
state, chitosan stimulates the release of pro-inflammatory cytokines via NLRP3 pathway. When
macrophages are polarised towards an M2 state, chitosan triggers the release of anti-inflammatory
cytokines via CGAS-STING pathway [26, 222].

Owing to the well-defined properties including biocompatibility, biodegradability, and
mucoadhesiveness, chitosan has been studied as a promising carrier for mucosal vaccination,
particularly via the oral and nasal routes to enhance immune responses (Table 2.7). Chitosan is
found to be able to loosen up the tight junction between epithelial cells, reduce the transepithelial
electrical resistance, and enhance paracellular uptake. Thus, chitosan-based systems can act as an
antigen depot (protecting the antigens from premature proteolytic degradation and prolonging the

release of antigen at target sites) and as an adjuvant itself (driving potent cell-mediated immunity).

Table 2.7 Reported studies of chitosan-based particulate systems for vaccine delivery.

Typgs of M_aln Model antigens Delivery routes | Ref
particles constituents

Microparticles | Chitosan and Ovalbumin Oral [227]
sodium sulphate
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Microparticles | Chitosan, alginate | Fowl typhoid Oral [228]

Microparticles | Mannosylated Bordetella bronchiseptica Nasal [229]
chitosan dermonecrotoxin
Microparticles | Chitosan, Pluronic | Tetanus toxoid Nasal [230]
F127
Nanoparticles | Mannosylated Recombinant hepatitis B Intraperitoneal [231]
chitosan surface antigen injection
Nanoparticles | Chitosan Plasmid pCMVArah2 Oral [232]
encoding peanut allergen
gene
Nanoparticles | Trimethyl Lipopeptide-based antigen Nasal [233]

chitosan, dextran | against group A
Streptococcus

Within this literature review, the potential of chitosan-based hydrogels in drug delivery

applications has been discussed. Based on the gaps identified in this review, the research objectives

were formulated and detailed below.

As there is a need to utilise a bio-safe crosslinker for production of chitosan-based
hydrogels, genipin was selected on the basic of its selective reactivity and good
biocompatibility. To enhance the level of control in hydrogels’ microstructure and to serve
as a part of strategic development towards pulsatile drug delivery devices, addition of a
linear PEG polymer to chitosan-genipin network was evaluated. Acknowledging the
versatility of chitosan to form hydrogels in different sizes and shapes, aim was set to
fabricate chitosan hydrogels with different geometries to be applicable for various
administrative routes, such as oral, implantation, and nasal delivery.

To tailor the hydrogels’ microstructure efficiently for anticipated applications, it was
decided to evaluate their properties as a function of hydrogel composition and gelation
conditions. Therefore, different analytical techniques were selected to characterise the
physico-chemical properties of hydrogels.

As there are only a few studies reporting the in vitro and in vivo biocompatibility and
biodegradation of chitosan-genipin hydrogels, it was decided to explore the bioactivity of
the hydrogels towards inflammatory cells with a broader range of cytokines involved. The
reported intrinsic fluorescence of hydrogels upon chitosan-genipin crosslinking was
deemed of interest to exploit as a versatile approach to evaluate the bioactivity of the

hydrogels in vitro and in vivo without using a fluorescent marker.
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- Ultimately, to verify the potential to serve as chronotherapeutic carriers for controlled drug
delivery, it was decided to evaluate the release kinetics of entrapped biomolecules from the
hydrogels.

Study presented in this thesis combines efforts in hydrogel synthesis, characterisation, and
evaluation, all required to eventually achieve a versatile polymeric system with tunable physico-

chemical properties, good biocompatibility, controllable biodegradability, fit for controlled drug

delivery and further developments in the area of pulsatile, autonomous, drug delivery devices.
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Chapter 3 Methodology

As discussed in Chapter 2, cationic pH-responsive chitosan-genipin hydrogels, interpenetrated by
PEG, are considered as a prospective controlled drug delivery system, with a great potential for
medical applications. This Chapter details the materials, equipment, and methods used to perform
the synthesis, characterisation, and evaluation of pH-responsive hydrogels composed of chitosan,
genipin, and PEG.

3.1 Materials

Chitosan (medium MW, 82% deacetylation, viscosity 420 centipoise, product number 448877, lot
number STBG5137V), PEG (MW 6000 g/mol), genipin (MW 226 g/mol, > 98%), glacial acetic
acid, ethanol, hexamethyldisilazane (HMDS), and perindopril erbumine (PER) were supplied from
Sigma Aldrich (United Kingdom). Glycine (pH 2), phthalate (pH 4), phosphate (pH 7), and borate
(pH 10) buffer solutions, phosphate buffered saline (PBS), trypsin 0.05% - EDTA 1X solution, and
Trypan Blue 0.4% solution were obtained from Fisher Scientific (United Kingdom). 1-methyl D-
tryptophan (D-1MT) was a kind gift from NewLink Genetics. 3T3 mouse fibroblast cells, RAW
264.7 macrophage cells, and DC 2.4 dendritic cells were from Huang and Mellor’s lab
(Translational and Clinical Research Institute, Newcastle University, UK). The complete culture
medium used was Dulbecco’s modified Eagle medium (DMEM) or Roswell Park Memorial
Institute (RPMI) - 1640 medium, supplemented with 10% foetal calf serum, 2 mM L-glutamine,
100 U/mL penicillin, and 100 U/mL streptomycin. ELISA Kkits for TNF-a, IL-6, and IL-1 were
supplied from Biolegend while ELISA kits for IP-10 and IFN-f were supplied from R&D System.
Complementary DNA reverse transcription kit was supplied from Clontech (United States).

3.2 Preparation of chitosan-genipin hydrogels, with and without PEG

To facilitate diverse measurements and evaluate the hydrogels’ properties thoroughly, chitosan-
genipin hydrogels, with and without PEG, were prepared in various geometries (as summarised in
Figure 3.1). In general, firstly individual aqueous solutions of chitosan, genipin, and PEG were
made. Following, these solutions were combined in desirable amounts in vials, multi-well plates,

syringes, or in oil phase, and then the gelation took place.
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Chitosan Genipin PEG
N

Semi-IPN hydrogels
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Hydrogel disc Hydrogel bead Hydrogel film Gel-loaded syringe
)
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= FTIR * SEM % Fluorescence O /n vivo degradation
= SEM * Fluorescence % In vitro biocompatibility (upon subcutaneous
= Swelling * In vitro biocompatibility (cytotoxicity and injection)
= Rheology (cytotoxicity and inflammation responses
= DSC inflammation responses towards 3T3; DC 2.4;
= [n vitro drug towards DC 2.4; RAW RAW 264.7; and BMDM)
release (PER and 264.7; and BMDM) % In vitro degradation
D-1MT) * In vivo biocompatibility (lysozyme)
(upon subcutaneous
injection)

Figure 3.1 Preparation of chitosan-genipin hydrogels, with and without PEG, in various containers

to form various shapes and facilitate diverse analysis.
3.2.1 Preparation of disc-shaped crosslinked hydrogels

Chitosan was dissolved in a 1% (v/v) acetic acid solution at room temperature for 24 h to obtain a
pale yellow, viscous solution with a concentration of 1.5% (w/v). Genipin was dissolved in
deionised (DI) water using a sonication bath at room temperature to form a 0.5% (w/v) or 1% (w/v)
solution. PEG was dissolved in DI water to form transparent solutions with different
concentrations. Hydrogels were then prepared using defined quantities of chitosan, genipin, and
PEG solutions (Table 3.1). Defined amounts of chitosan, genipin, and PEG solutions were pipetted
into a cylindrical polyethylene vial (internal diameter: 13 mm, capacity: 5 mL) and continuously
stirred at room temperature for 15 min. Following, the stirrer bar was removed, and the vial was
sealed with parafilm before being placed in an oven at 37°C for 24 h to form a gel. Once removed
from the oven, the vial was stored in a fridge at 5°C. Prior to use, the vial base was removed with

a sharp knife and a cork borer was used to gently push the disc-shaped gel out of the vial.
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Table 3.1 The composition of disc-shaped chitosan-genipin hydrogels, with and without PEG,

prepared in cylindrical polyethylene vials.

Initial feed solution

Sample (%, wWiv) [Clrec/hydrogel [Clgenipin/hydrogel
name Chitosan PEG Genipin (mM) (mM)
(ImL) (0.2mL) | (0.2mL)

CP0OG5 - 0.5 0.0 3.1
CP0G10 - 1.0 0.0 6.3

CP5G5 10 5.0 0.5 1.2 3.1
CP5G10 ' 5.0 1.0 1.2 6.3
CP15G5 15.0 0.5 3.6 3.1
CP15G10 15.0 1.0 3.6 6.3

(") 0.2 mL of DI water was added instead of PEG solution to preserve desirable concentrations of

genipin and enable direct comparison of samples.

To investigate further the effect of PEG content on swelling behaviour, another series of disc-

shaped chitosan-genipin hydrogels, with varied PEG content, was synthesised (Table 3.2).

Table 3.2 The composition of disc-shaped chitosan-genipin hydrogels with varied PEG content,

used for swelling measurements.

Initial feed solution
Sample (%, wiv) [Clrec/hydrogel [Clgenipin/nydrogel
name Chitosan PEG Genipin (mM) (mM)
(I mL) (0.2mL) | (0.2mL)
CP0G5 - 0.0
CP2G5 2.0 0.5
CP3.5G5 3.5 0.8
CP5G5 1.5 5.0 0.5 1.2 3.1
CP8G5 8.0 1.9
CP12G5 12.0 2.9
CP15G5 15.0 3.6

(") 0.2 mL of DI water was added instead of PEG solution to preserve desirable concentrations of

genipin and enable direct comparison of samples.
3.2.2 Preparation of bead-shaped crosslinked hydrogels

Bead-shaped chitosan-genipin hydrogels were prepared by water-in-oil (W/O) emulsion
crosslinking (Figure 3.2). The oil phase contained 40 mL of mineral oil and 0.8 mL of Span 80.
The water dispersed phase contained 3 mL of chitosan solution (1.5% w/v in acetic acid). The water
phase was then dispersed, drop by drop, into the oil phase and continuously stirred (250 - 500 - 750

rpm) using a magnetic stirrer for 10 min. Genipin solution (0.5% w/v in ethanol 70% v/v) was then
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added dropwise into the W/O emulsion to crosslink the particles. The emulsion was maintained at
fixed temperature (20 - 37 - 50°C) for 24 h with continuous stirring. At the endpoint, the particles
were separated out using centrifugation, and then washed three times with hexane followed by

ethanol.

To produce bead-shaped chitosan-genipin hydrogels interpenetrated by PEG, 0.6 mL of PEG
solution (5% wi/v in DI water) was added to the chitosan water phase prior to dispersing into the
oil phase (Figure 3.2). To produce bead-shaped PEG-coated hydrogels, the newly formed chitosan-

genipin particles were placed in PEG solution (5% w/v in DI water) for 6 h.

WATER PHASE ORGANICPHASE

Chitosan + PEG solution Mineral oil + 2% Span 80
(CS: 1.5% w/v in 1% v/v acetic acid;
PEG: 5% w/v in DI water)

250/500/750 rpm, 10 min ‘

f ﬂ/< Formation of
W/O EMULSION droplets

e ) Hardening of
CROSSLINKING REACTION /{ droplets
(20/37/50°C, 24 h)

Genipin solution ]

(0.5% w/v in 70% EtOH)

™) Recovery of
[ SEPARAT|ON/WASH|NG /{ microparticles

(centrifuge; n-hexane; EtOH)

[ CROSSLINKED HYDROGEL ]

BEADS

Figure 3.2 Preparation process of bead-shaped chitosan-genipin hydrogels, with and without PEG,

using emulsion crosslinking method.
The particles’ yield was calculated as percentage of weight of dried beads obtained compared to
the total amount of dry solids in the initial feed solution (Equation 3.1).

Weight of dried hydrogel beads
Total weight of dry solids in feed solution

Yield (%) = x 100 (Equation 3.1)
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3.2.3 Preparation of film-shaped crosslinked hydrogels

The hydrogel films were prepared in multi-well plates and used for in vitro studies of cytotoxicity,
inflammatory response, and biodegradation. Chitosan (1.5% w/v) was prepared in acetic acid
solution (1% v/v) and sterilised in autoclave (136°C, 90 min). Genipin (0.5% w/v in DI water) and
PEG (5% wil/v in DI water) were sterilised using 0.22 um syringe filters. Defined quantities of
chitosan, genipin, and PEG solutions were pipetted into a cylindrical polyethylene vial and
continuously stirred at room temperature for 15 min (Table 3.3). A specified volume of each feed
solution was pipetted into multi-well plates (300 pL in 24-well plates and 100 pL in 96-well plates).
The plates were incubated at 37°C for 24 h to facilitate the gelation. Once finished, the hydrogel
films were washed with PBS for 2 h and incubated with culture medium for 24 h at 37°C (for in
vitro toxicity and cytokine analysis). For testing in vitro degradation, once removed from oven, the

hydrogel films were directly exposed to lysozyme solution.

Table 3.3 The composition of feed solutions of chitosan, genipin, and PEG in polyethylene vials.

Sample : Initial feed solution — [Clpec/hydrogel [Clgenipin/hydrogel
name Vchitosan VPEG Vgenlpln (mM) (mM)
(mL) (mL) (mL)

F1 0.1 1.7

F2 - 0.2 - 3.1

F3 10 0.3 4.4

F1P ' 0.1 1.3 1.7

F2P 0.2 0.2 1.2 3.1

F3P 0.3 1.1 4.4

(") Chitosan 1.5% (w/v), genipin 0.5% (w/v), and PEG 5% (w/v).
(") 0.2 mL of DI water was added instead of PEG solution to preserve desirable concentrations of

genipin and enable direct comparison of samples.

To confirm the biocompatibility of uncrosslinked chitosan and allow a direct comparison between
uncrosslinked and crosslinked matrices, chitosan films (without crosslinking) were prepared by
casting chitosan solution (1.5% w/v) in multi-well plates (300 pL in 24-well plates and 100 pL in
96-well plates) and air-drying them for 24 h. A thin film of uncrosslinked chitosan was formed in
each well. The chitosan-coated plates were washed with PBS for 2 h and incubated with culture
medium for 24 h at 37°C prior to seeding cells.
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3.2.4 Preparation of disc-shaped crosslinked hydrogels for in vitro drug release

To investigate the controlled release patterns of therapeutic agents loaded in the hydrogels, two
drug compounds were chosen, perindopril erbumine (PER), a water-soluble substance, and 1-
methyl D-tryptophan (D-1MT), sparingly soluble in aqueous solution. Drug-loaded hydrogels were
prepared by weighing a defined amount of PER or D-1MT and adding it to a cylindrical
polyethylene vial containing defined amounts of chitosan and PEG solution (Table 3.3). The
mixture was continuously stirred at room temperature for 10 min. Genipin solution was then added
to the vial and stirred for further 10 min. The vial was placed in oven at 37°C for 24 h to allow

gelation.
3.2.5 Preparation of crosslinked hydrogels loaded in syringes for subcutaneous injection

To investigate the in vivo biocompatibility, the hydrogels were prepared directly in a syringe and
subcutaneously injected into mice. Chitosan (1.5% w/v), genipin (0.5% w/v), and PEG (5% w/v)
sterilised solutions were prepared as described in Section 3.2.3. Chitosan (1 mL), genipin (0.05
mL), and PEG (0.2 mL) solutions were pipetted into a vial and continuously stirred at room
temperature for 15 min. This homogeneous mixture was then transferred to a 2 mL sterile
polypropylene syringe and allowed to polymerise at 37°C for 48 h. At the endpoint, the macrogel-
loaded syringe was removed from oven and allowed to rest at room temperature for 30 min before
injection.

3.3 Fourier-transform Infrared spectroscopy

To investigate the structural changes induced by crosslinking reaction between chitosan and
genipin, Fourier-transform Infrared spectroscopy (FTIR) was performed using an Agilent Cary 630
FTIR spectrometer equipped with diamond attenuated total reflection. FTIR was performed on
dried samples to minimise the overlapped peaks derived from water molecules [234]. The disc-
shaped chitosan-genipin hydrogels, with and without PEG, were synthesised (Table 3.1, Section
3.2.1), rapidly frozen in liquid nitrogen, and then dried for 48 h in a freeze-dryer (Edwards,
Labconco) with the condenser set at -55°C.

To investigate propagation of chemical changes induced by crosslinking reaction, disc-shaped
chitosan-genipin-PEG hydrogels (sample CP5G5, Table 3.1) were synthesised at different gelation
times (3-6 - 12 - 24 h), freeze-dried, and scanned using FTIR.
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3.4 Fluorescence measurements

To evaluate the ability of hydrogels to fluoresce upon chitosan-genipin crosslinking, a fluorescence
spectroscope (Tecan Spark 20M Fluorescence Reader) was used. Chitosan-genipin hydrogels, with
and without PEG, were prepared in 24-well black plates with clear bottom (PerkinElmer), as
detailed in Section 3.2.3. Black plates were required to reduce fluorescent signal crosstalk and
background. 3D fluorescence scans with excitation range of 350 - 600 nm and emission range of
450 - 700 nm were performed to determine the optimal excitation and emission wavelengths.
Fluorescence was scanned bottom-up with multipoint reading. To investigate propagation of
fluorescence intensity induced by crosslinking reaction, chitosan-genipin-PEG hydrogels (samples
F1P and F3P, Table 3.3) were prepared in 24-well clear-bottomed black plates. Once the feed
solution was loaded into the plates, the hydrogels’ fluorescence was recorded dynamically every 2
h for 24 h at 37°C, using the excitation and emission wavelengths obtained from the 3D scanning.

All experiments were performed in duplicate.

To confirm the fluorescence of hydrogels produced in bead shape, chitosan-genipin particles
synthesised using the method detailed in Section 3.2.2, were dispersed in ethanol and placed on a
microscope slide. A cover slip was placed on top and the beads were observed under a fluorescence
microscope (EVOS FL, Life Technologies), with transmitted light and three fluorescence lights
designed for 4°,6-diamidino-2-phenylindole (DAPI; 360 nm excitation - 447 nm emission), Green
Fluorescent Protein (GFP; 470 nm excitation - 525 nm emission), and Red Fluorescent Protein

(RFP; 530 nm excitation - 593 nm emission).
3.5 Scanning electron microscopy

To characterise the hydrogels” morphology in disc shape, SEM was performed using an ultra-fast
scanning Tescan VEGA3 microscope. SEM was performed on dried samples as it is operated under
vacuum [235]. The disc-shaped chitosan-genipin hydrogels, with and without PEG, were
synthesised (Table 3.1, Section 3.2.1) and freeze-dried (as detailed in Section 3.3). The dried gels
were attached to a holder using conductive carbon tape and coated with a 15 nm layer of gold to
enhance the conductivity. The hydrogel surface and internal microstructure were investigated at 8
KV with a spot size of 10 dp and working distance of 8 - 12 mm at different magnifications. From
SEM images, the porosity analysis and particle size determination were performed using ImageJ

software in which dimensions (area and diameter) are converted to a binary format.
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To characterise the hydrogels’ morphology in bead shape, SEM and light microscope were
performed. The bead-shaped chitosan-genipin hydrogels, with and without PEG, were synthesised
using emulsion crosslinking (as detailed in Section 3.2.2). For light microscope, the hydrogel beads
were dispersed in ethanol and wet-mounted on a microscope slide. For SEM, the hydrogel beads
were dehydrated using ethanol, HMDS gradient, and air-dried at room temperature. The dried
beads were observed under SEM to visualise their morphology and several images per sample were

used to determine mean particle size and its distribution using ImageJ software.
3.6 Swelling measurements
3.6.1 Gravimetric swelling measurements

To evaluate the pH-responsiveness of crosslinked hydrogels, gravimetric swelling measurements
were conducted. Disc-shaped chitosan-genipin-PEG hydrogels (sample CP5G5, Table 3.1) were
synthesised (as detailed in Section 3.2.1) and pre-weighed (mo, g). The gels were then placed in
different buffer solutions (pH 2 glycine, pH 4 phthalate, pH 7 phosphate, and pH 10 borate buffers)
at 20°C (Table 3.4). A polytetrafluoroethylene (PTFE) cage was used to facilitate the transfer of
hydrogels from the medium to the balance. The swollen gels were weighed (m¢, g) at fixed time
intervals after decanting excess solution from the cage and removing remaining solution from the
gel surface using filter papers. Each experiment ended when no significant changes in weight were
measured over three adjacent time intervals at which point it was assumed that the gels achieved

equilibrium swelling state. The swelling ratio, S (%), was calculated using Equation 3.2.

S (%) = "-"2x 100 (Equation 3.2)

To evaluate the effect of hydrogel composition (genipin and PEG content) on swelling, two sets of
disc-shaped chitosan-genipin hydrogels, with and without PEG (denoted in Table 3.1 and Table
3.2, Section 3.2.1) were synthesised and placed in pH 2 buffer solutions at 20°C (Table 3.4). Their

swelling ratios at the equilibrium state were recorded.

To evaluate the effect of gelation time and temperature on swelling, disc-shaped chitosan-genipin-
PEG hydrogels (sample CP2G5, Table 3.2) were synthesised (as detailed in Section 3.2.1) at
different gelation times and temperatures and placed in pH 2 buffer solutions at 20°C (Table 3.4).

55



Their swelling ratios at the equilibrium state were recorded. All experiments were performed in
triplicate.

Table 3.4 Disc-shaped chitosan-genipin hydrogels, with and without PEG, used for gravimetric

swelling measurements.

L Gelation pH of
Samples Gelation time (h) temperature (°C) buffer solutions
2 (glycine)
CP5G5 24 37 4 (phthalate)
(Table 3.1) 7 (phosphate)
10 (borate)
All gels listed
in Table 3.1 24 37 2 (glycine)
and Table 3.2
CP2G5 :
(Table 3.2) 8-12-24-48-72-96 37 2 (glycine)
CP2G5 :
(Table 3.2) 24 20-37-45-60 2 (glycine)

3.6.2 Oscillatory swelling measurements

To evaluate the feasibility of hydrogels to be coupled with oscillatory reaction, disc-shaped
chitosan-genipin-PEG hydrogels (sample CP2G5, Table 3.2) were synthesised (as detailed in
Section 3.2.1). The hydrogels enclosed in a PTFE cage were pre-weighed and immersed in a pH 2
glycine buffer solution at 20°C. After 15 min, the cage and gel were removed. After decanting
excess solution from the cage and removing remaining solution from the gel surface using filter
papers, the swollen gels were weighed. The cage and gel were then placed in another buffer solution
(pH 4 phthalate buffer or pH 7 borate buffer) for a further 15 min. The mass was determined again
after 15 min as described above. This process was continued in an alternating fashion for 6 h. All

experiments were performed in duplicate.
3.7 Rheological measurements

Rheological measurement was performed on a Malvern Kinexus Pro+ rheometer, equipped with
standard steel parallel-plate geometry of 20 mm diameter and a circulating environmental
controller. The measurements were carried out in the linear viscoelastic region (LVR) of the
material to ensure that the measured rheological parameters were independent of the magnitude of
imposed strain or stress [236]. The samples were subjected to tests in which the rheological

parameters were monitored as a function of time, strain, and frequency.
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3.7.1 Oscillatory time sweep

To determine the gel point, oscillatory time sweeps were performed to track the temporal evolution
of dynamic shear moduli over time [237]. A sample (initial feed solution of chitosan, genipin, and
PEG; as defined in Table 3.1) was loaded onto a preheated plate (37°C) as a liquid. The test
geometry was then lowered to a gap height of 1 mm and excess solution was discarded. The tests
were conducted at 37°C to resemble physiological conditions. The gel point was determined by
two different approaches, the cross-over point and the Winter-Chambon criterion [181, 182, 238].
In the cross-over point approach, a constant frequency of 10 Hz and a shear strain of 1% were
arbitrarily chosen to ensure the time sweep was performed in the LVR. The shear elastic modulus
(G”) and shear viscous modulus (G’”) were automatically calculated by the software. The gel point
was determined as the cross-over point at which G’ intersects G’’. In the Winter-Chambon
approach, the samples were subjected to oscillatory time sweeps with a range of frequencies (2.5,
5, 7.5, and 10 Hz) and a constant strain of 1%. The loss factor, which is known as tan(3), is the
ratio of G*” and G’. The gel point was defined as the point at which tan(d) is independent of the
applied frequency.

3.7.2 Oscillatory strain sweep

To determine the LVR within which G” and G’” were independent of shear strain, oscillatory strain
sweeps were performed. The strain sweeps were performed on crosslinked hydrogels with the
curing time of 6 h. A sample (initial feed solution of chitosan, genipin, and PEG; as defined in
Table 3.1) was loaded onto a preheated plate (37°C) as a liquid and allowed to cure for 6 h without
any rheological monitoring. Then, a strain sweep from 0.1% to 100% was conducted at a constant

frequency (10 Hz) to monitor the modulus versus strain.
3.7.3 Oscillatory frequency sweep

To measure the mechanical strength of the crosslinked hydrogels, oscillatory frequency sweeps
were performed. The frequency sweeps were performed on the crosslinked hydrogels with the
curing time of 6 h. Similar to oscillatory strain sweep, chitosan-genipin hydrogels, with and without
PEG, were allowed to form at 37°C for 6 h without monitoring rheological response. After 6 h of
curing, samples were swept from 0.01 Hz to 100 Hz with a constant strain value that was

determined in the strain sweep previously. All oscillatory sweeps were performed in duplicate.

57



3.8 Differential scanning calorimetry

To evaluate the thermal properties of hydrogels, differential scanning calorimetry (DSC) was
performed using a DSC Q20 (TA instrument) equipped with the Universal Analysis 2000 software.
Disc-shaped chitosan-genipin hydrogels, with and without PEG (samples CPOG5, CP5G5, and
CP5G10; Table 3.1) were synthesised (as detailed in Section 3.2.1) and freeze-dried (as detailed in
Section 3.3). Freeze-dried hydrogels weighing approximately 5 mg were placed in aluminium pans
and sealed with pierced lids. An empty pan was used as reference. The samples were subjected to
three heating - cooling cycles (Table 3.5). In the first cycle, the samples were heated from 25°C to
200°C at a constant rate of 10°C/min under constant purging of dry nitrogen at 50 ml/min. The
samples were then held at 200°C for 5 min and cooled to -90°C at a cooling rate of 20°C/min. In
the second and third cycles, the gels were heated up from -90°C to 500°C and then hold at 500°C
for 5 min before being cooled down to -90°C at a cooling rate of 20°C/min. All experiments were
performed in triplicate. The onset temperature, peak temperature, and enthalpy of any transition

events occurred during heating and cooling modes, were integrated.

Table 3.5 Three heating - cooling cycles applied for freeze-dried disc-shaped chitosan-genipin

hydrogels, with and without PEG.

Cycles Running segment description
1 - Equilibrate at 25°C

- Ramp 10°C/min to 200°C

- Isothermal at 200°C for 5 min
- Ramp 20°C/min to -90°C

2nd - Ramp 10°C/min to 500°C

- Isothermal at 500°C for 5 min
- Ramp 20°C/min to -90°C

3rd - Ramp 10°C/min to 500°C

- Isothermal at 500°C for 5 min
- Ramp 20°C/min to -90°C

3.9 In vitro drug release measurements from disc-shaped hydrogels

To evaluate the release kinetics of loaded biomolecules from the hydrogels, two drug models (PER

and D-1MT) were used. PER-loaded or D-1MT loaded disc-shaped hydrogels were synthesised as

58



detailed in Section 3.2.4. To quantify the amount of PER or D-1MT released from the hydrogel
matrices, High Performance Liquid Chromatography (HPLC) methods were developed and
validated (Table 3.6). The drug-loaded disc-shaped hydrogels were placed in 20 mL of pH 2
glycine buffer solutions. At fixed time points, 2 mL of medium was taken out and assayed. An
equal volume of fresh buffer was added immediately to maintain volume of the medium

approximately constant. All experiments were performed in triplicate.

Table 3.6 Parameters of HPLC methods used to quantify the amount of therapeutic agents released

from hydrogels.

Parameters PER quantification D-1MT quantification
System Varian Pro-star (Agilent) Nexera  XR LC-20 AD
(Shimadzu)
Column Microsorb-MV 5 um C18 Hyperclone 5 um BDS C18 130 A
(150 x 4.6 mm) (250 x 4.6 mm)
Injection volume 20 pL 25 pL
Detector UV/Vis set at 209 nm Fluorescence set at 285 nm
excitation and 365 nm emission
Mobile phase Acetonitrile — phosphate buffer pH | Phase A: 2.5% acetonitrile + 15
2 (65 : 35 viv) nM sodium acetate
Phase B: 100% acetonitrile
Flow rate 1 mL/min 1 mL/min
Oven temperature 30°C 40°C
Standard solutions From 0.5 to 100 pg/mL From 0.5 to 20 pg/mL

3.10 In vitro assays to investigate inflammatory property of chitosan-based hydrogels
3.10.1 Preparing cell suspension

Various in vitro cultured cells (3T3, DC 2.4, and RAW 264.7) were used to investigate the
biocompatibility. The cells were cultured in the complete culture medium (DMEM for 3T3, RPMI-
1640 for RAW 264.7 and DC 2.4) at 37°C in a humidified atmosphere containing 5% COz. The
cells growing in a logarithmic phase were collected for passage or seeding. The cell suspension
was centrifuged (1200 rpm, 5 min) and the cells were re-suspended in culture medium. The total
number of live cells was counted using a trypan blue 0.4% solution and a haemocytometer. For all

in vitro tests, the control cells and treated cells were incubated at 37°C/5% CO:..
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As primary macrophages exhibit more physiological features (such as phagocytic activity, cytokine
production, and regulation of oxidative burst) than macrophage cell lines [239], inflammatory
responses to hydrogels were investigated using mouse bone marrow-derived macrophages. Bone
marrow cells were collected from mice’s femurs and tibia. The cells were then grown in culture
dishes with RPMI-1640 medium in the presence of macrophage colony-stimulating factor (M-CSF)
and gentamicin at 37°C/5% CO.. Under these conditions, the bone marrow monocyte/macrophage
progenitors proliferated and differentiated into a homogenous population of mature macrophages
(so-called bone marrow derived macrophages - BMDM). On day 4, 10 mL of medium was removed
and 10 mL of fresh medium with M-CSF was added. On day 7, BMDM were harvested for

experimental uses.
3.10.2 Cell viability assays

To evaluate the cytotoxicity of uncrosslinked chitosan and crosslinked hydrogels, direct-contact

method was used, in which the cells were directly exposed to the test samples.

In 96-well opaque plates, three types of test samples (uncrosslinked chitosan films, crosslinked
hydrogel films, and crosslinked hydrogel beads) were prepared. Uncrosslinked chitosan films and
crosslinked chitosan-genipin hydrogel films with and without PEG (Table 3.3) were synthesised
using the method detailed in Section 3.2.3. Crosslinked chitosan-genipin hydrogel beads were
synthesised using emulsion crosslinking (as detailed in Section 3.2.2). After the last wash with
ethanol, the particles were re-suspended in PBS and counted by haemocytometer. In 96-well
opaque plates, 100 pL of particle suspension was added to each well (number of particles per well:
15 x 10%).

The cell suspensions of 3T3, DC 2.4, RAW 264.7, and BMDM were prepared (as detailed in
Section 3.10.1) and seeded directly in 96-well opaque plates containing test samples. 100 uL of
cell suspension was added to each well with gently rotating to distribute the cells evenly (Table
3.7). For reference purpose, cells were seeded in wells containing fresh culture medium only
(negative control cells) and processed in same manners as the treated cells. Cell viability upon
direct contact with the test samples was quantified using an ATP-based assay, which measures the
amount of ATP produced by viable cells in the supernatant. At scheduled times, 100 pL of
CellTiter-Glo® 2.0 reagent was added. The plates were placed on an orbital shaker for 2 min and
allowed to equilibrate at room temperature in dark place for 10 min. The luminescence signals were

recorded using a plate reader. All experiments were performed in triplicate.

60



Table 3.7 Test for cytotoxicity by direct-contact method using various in vitro cultured cells and

primary mouse cells.

Test samples Type of cells Number of cells per well”
Chitosan films DC 2.4 5x 10*
RAW 264.7 5 x 10*
BMDM 1 x 10*
Hydrogel films | 3T3 5x 103
373" 5 x 10* (24-well plate)
DC 2.4 5x 10*
RAW 264.7 5 x 10*
BMDM 1 x 10*
Hydrogel beads | DC 2.4 5x 10*
RAW 264.7 5x 10
BMDM 1x 10

(") Cells were seeded in 96-well opaque plates (Corning) containing test samples. Volume of cell
suspension in each well: 100 pL

(") The morphology of 3T3 fibroblasts grown on crosslinked hydrogel films was investigated in
24-well plates by means of inverted light microscope and SEM. Volume of cell suspension in each
well: 500 pL

3.10.3 Inflammatory cytokine analysis

To evaluate the inflammatory response to uncrosslinked chitosan and crosslinked hydrogels, the

inflammatory cytokines induced by direct contact between cells and test samples were measured.

In multi-well plates, three types of test samples (uncrosslinked chitosan films, crosslinked hydrogel
films, and crosslinked hydrogel beads) were prepared. Uncrosslinked chitosan films and
crosslinked chitosan-genipin hydrogel films with and without PEG (Table 3.3) were synthesised
using the method detailed in Section 3.2.3. Crosslinked chitosan-genipin hydrogel beads were
synthesised using emulsion crosslinking (as detailed in Section 3.2.2). After the last wash with
ethanol, the particles were re-suspended in PBS and counted by haemocytometer (bead density: 15
x 10*/ 100 pL).

The cell suspensions of DC 2.4, RAW 264.7, and BMDM were prepared (as detailed in Section

3.10.1) and seeded directly in multi-well plates containing test samples (Table 3.8). For reference
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purpose, cells were seeded in wells containing fresh culture medium only (negative control cells)
and processed in same manners as the treated cells. At scheduled times, supernatant was collected
to measure cytokine production by ELISA while the cells were lysed to measure cytokine gene
expression by RT-PCR. The production of five inflammatory cytokines (TNF-a, IL-6, IP-10, IL-
1B, and IFN-B) was measured by ELISA according to manufacturer protocols. The total RNA was
isolated from the lysed cells by trizol and the extracted RNA was reverse-transcribed using a
random hexamer cDNA RT kit (Clontech). Quantitative RT-PCR was performed on AriaMx RT-
PCR system (Agilent) with iQ™ SYBR™ Green Supermix (Bio-rad). A house keeping gene,
glyceraldehyde-3-phosphate dehydrogenase (GAPDH) was used as the endogenous RNA control.

All experiments were performed in triplicate.

Table 3.8 Test for inflammatory response by inflammatory cells cultured on chitosan samples.

Test samples Type of plates | Type of cells | Volume  of cell | Cell number per
suspension per well | well
Chitosan films | 24-well DC24 500 pL 5x 10°
. transparent plate 5
Hydrogel films (NUNC RAW 264.7 5x10
ThermoFisher) | BMDM 1x10°
Hydrogel beads | 96-well F-| DC24 100 pL 5 x 10*
bottom 7
RAW 264.7 5x10
transparent plate
(Costar) BMDM 1x10*

3.11 Invitro degradation test under lysozyme activity

To evaluate the biodegradation of hydrogels, their intrinsic fluorescence was monitored in the
presence of lysozyme. Chitosan-genipin hydrogels, with and without PEG (Table 3.3), were
prepared in 24-well black plates with clear bottom (PerkinElmer), as detailed in Section 3.2.3.
Lysozyme with an activity of 100000 U/mg was dissolved in PBS (0.5 mg/mL) and then added to
the gel samples (1 mL per well). The samples were then incubated at 37°C. At scheduled times, the
solutions were aspirated, and the plates were read for fluorescent signals. After each reading, the
same amount of treatment solution was added to each well. For reference purpose, the control
samples were tested under the same condition as described above using PBS solution without
adding lysozyme. All experiments were performed in duplicate.
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3.12 In vivo biocompatibility test of crosslinked hydrogels

All experiments were performed on C57BL/6 mice under approval from the Newcastle Ethical
Review Committee and a UK Home Office license. All research work was carried out in

compliance with the Animal (Scientific Procedure) Act 1986 and its associated Code of Practice.
3.12.1 Subcutaneous injection with macrogels and monitoring biodegradation

To evaluate the in vivo biodegradation of hydrogels upon subcutaneous injection, their intrinsic
fluorescence was monitored non-invasively using In Vivo Imaging System (IVIS). Chitosan-
genipin-PEG hydrogels loaded in syringes were prepared as detailed in Section 3.2.5. Mice were
subcutaneously injected with 200 puL of sterile hydrogels using a 20 G needle. The needle was
inserted into the lower right quadrant of abdomen avoiding the abdominal midline and the hydrogel
was injected. The mice were examined everyday (body weight, any signs of local skin lesion, and
inflammation). At scheduled times, mice were anesthetised under isoflurane and IVIS imaged (with
an excitation filter of 605 nm and an emission filter of 660 nm, Caliper Life Science). The images
were analysed using Living Image 4.4 software. The regions of interest (ROI) were drawn and the
average radiant efficiency [p/s/cm¥sr])/[uW/cm?] was calculated after subtracting the background
signal (from the lower left quadrant area). After the last IVIS scan, the mice were culled and the

tissues were collected for haematoxylin and eosin (H&E) staining.
3.12.2 Subcutaneous injection with hydrogel beads and measuring inflammatory response

To evaluate the in vivo biocompatibility of hydrogel beads, the inflammatory cytokine production
following subcutaneous injection were evaluated. Chitosan-genipin hydrogel beads were prepared
as detailed in Section 3.2.2. The beads were dispersed in PBS to achieve a density of 10 million
particles per mL. Mice were subcutaneously injected with 200 pL of bead suspension using 25 G
needle. The needle was inserted into the lower right quadrant of abdomen avoiding the abdominal
midline and the hydrogel was injected. The mice were examined everyday (body weight, any signs
of local skin lesion, and inflammation). At scheduled times, blood samples were taken, and the
obtained plasma was screened for cytokine production by ELISA. The mice were culled after
taking blood samples and the lymph nodes were retrieved to analyse cytokine gene expression by

RT-PCR. The tissues around injection sites were also collected for H&E staining.
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3.13 Statistical analysis

Data are expressed as mean * standard deviation (SD). Two-way ANOVA with multiple
comparisons and unpaired two-tailed Student’s t tests were performed. Statistical significance is
defined as * P < 0.05, ** P < 0.01, *** P < 0.001, and **** P < 0.0001. OriginPro was used to
perform all data analysis.
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Chapter 4 Hydrogels’ formation and physico-chemical characteristics

Genipin crosslinked chitosan hydrogels, with and without PEG, synthesised in disc and bead shapes
using the method detailed in Section 3.2, were characterised using FTIR, fluorescence
spectroscopy, SEM, and DSC to evaluate the hydrogels’ microstructure and the relation between
their composition and the physico-chemical properties. The pH-responsive property was
characterised by measuring changes in hydrogels’ weight upon immersion in different pH buffer
solutions. The rheological properties (gelation point, viscoelasticity, and mechanical stability) were
measured as a function of genipin and PEG content. The release of two biomolecules (perindopril
erbumine and 1-methyl D-tryptophan) from the crosslinked hydrogels was recorded. Some of the
content in this Chapter have been previously published in ‘PEG-interpenetrated genipin-
crosslinked chitosan hydrogels: structure, pH-responsiveness, gelation kinetics, and rheology’,

Journal of Applied Polymer Science [31].
4.1 Formation of crosslinked hydrogels in disc and bead shapes
4.1.1 Formation of hydrogel discs

Disc-shaped chitosan-genipin hydrogels, with and without PEG, were synthesised in polyethylene
vials using the method defined in Section 3.2.1 (Table 3.1 and Table 3.2). These disc-shaped
hydrogels were used for FTIR, SEM, swelling measurement, DSC, and release study.

Hydrogel discs were formed with diameter of 13 mm and thickness of 8 mm. Hydrogel discs can

be formed with different diameters using various vials available on the market. The visual

appearance of the hydrogels was associated with gelation time (Figure 4.1).

Figure 4.1 Changes in colour of a disc-shaped chitosan-genipin-PEG hydrogel (sample CP5G5,
Table 3.1, prepared at 37°C) over gelation time.

Before gelation, chitosan solution was initially viscous and slightly yellow while PEG and genipin
solutions were initially clear and colourless. After mixing in vials, the mixture of chitosan, genipin,

and PEG had a pale-yellow colour. As the gelation progressed, the hydrogel colour changed from
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pale-yellow to green hue and finally dark blue. The blue colour is related to the oxygen radical-
induced polymerisation of genipin that occurs once the heterocyclic genipin links with chitosan
molecules, as discussed in Section 2.2.1 [109]. The reaction between chitosan and genipin is
moderate, and the gradual deepening of hydrogel colour over time reflects an increase in
crosslinking degree [113]. Changes in physical appearance of chitosan-genipin-PEG mixture were
observed as a function of gelation time and temperature (Table 4.1). The speed and extent of
crosslinking reaction were dependent on incubation temperature, as at 37°C the dark blue gel was
formed within 24 h, much faster than at 20°C.

Table 4.1 Visually observed changes in physical appearance of chitosan-genipin-PEG reaction
mixture (sample CP5GS5, Table 3.1) as a function of gelation time and temperature.

Incubation Incubation time (h)
tem?fg;‘t“re 0 3 6 12 24 48
Clear Clear Partly
] ’ Clear, Gelled, Gelled,
37 ylelﬁgf/v %fg\]’; green-blue gellgcljl,]edark dark blue | dark blue
20 Cl:ileﬁ:' Clear, Clear, Clear, P:I:gé/ Gelled,
g yellow yellow green-blue g ' dark blue
yellow green-blue

4.1.2 Formation of hydrogel beads

Bead-shaped chitosan-genipin hydrogels, with and without PEG, were synthesised using emulsion
crosslinking as detailed in Section 3.2.2. These bead-shaped hydrogels were used for SEM as well
as for in vitro and in vivo biocompatibility studies. The hydrogels were formed in oil phase (mineral
oil with the presence of surfactant, Span 80), where chitosan droplets were hardened by
crosslinking with genipin. Span 80 was added to stabilise the emulsion while genipin was dissolved
in ethanol to increase its solubility. During the crosslinking, the emulsion colour changed from
colourless to milky blue and finally clear bluish fluid with dark blue particles dispersed. Stirring is
important to ensure the formation of discrete particles with well-defined shapes. In the preliminary
experiments, the aqueous chitosan solution could not be broken to form uniform droplets when the
magnetic stirring speed was below 200 rpm. The stirring speed of above 200 rpm was deemed
suitable to produce bead-shaped hydrogels. Meanwhile, when the stirring speed of above 900 rpm
was applied, almost all particles were stuck at the wall of glassware during emulsification. Thus,
stirring speeds of 250 - 500 - 750 rpm were chosen to evaluate the effect of stirring rate on the

particles’ morphology and size.
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Several studies have confirmed that the rate of crosslinking reaction between chitosan and genipin
can be increased by increasing gelation temperature due to the higher level of molecular mobility,
compared with lower temperature [89, 240, 241]. The effect of gelation temperature on bead
morphology was investigated by setting up temperature at 20 - 37 - 50°C. As the crosslinking
reaction occurred in water-in-oil emulsion follows a moving front evolving from the outside to the
inside [140, 242], some time is required to assure the production of structurally stable particles.
Moura et al. found that a period of less than 6 h produced unstable chitosan-genipin microparticles
which were collapsed during washing and drying steps [243]. Since mild conditions were used
(under 50°C), the reaction was conducted for 24 h. After washing steps with hexane and ethanol to
remove excess oil and unreacted/intermediate residuals, the hydrogel beads were dehydrated using
ethanol and HMDS gradient. HMDS is a low-cost drying agent which does not require expensive

machinery but manual handling, which is gentler on biological specimens [244].

The particle yield was calculated based on the weight of dried particles compared to the total
amount of dry solids in the initial feed solution. The adopted fabrication process is deemed reliable
as the particle yield was high, ranging from 50% to 65% depending on stirring rate (lower stirring
rate yielded higher amount of particles). As opposed to hydrogel discs, hydrogel beads produce
larger surface areas which ensure efficient contact with cells for sufficient responses. The
versatility in methods of fabrication to produce various shapes expands the uses of chitosan
hydrogels for various administrative routes, such as oral, implantation, and nasal delivery.

4.2 Chemical changes induced by chitosan-genipin crosslinking

Disc-shaped chitosan-genipin hydrogels, with and without PEG, were synthesised (as detailed in
Section 3.2.1, Table 3.1) and freeze-dried (as detailed in Section 3.3). FTIR spectra were recorded
(as detailed in Section 3.3) to investigate structural changes upon crosslinking between chitosan
and genipin as well as interactions between polymeric segments within a sample (Figure 4.2). To
provide a closer inspection of the recorded spectra, Table 4.2 summarises characteristic bands
observed in individual gel constituents (chitosan, genipin, and PEG) as well as in some hydrogel
samples (CPOG5, CP5G5, and CP5G10; Table 3.1; formed at 37°C/24 h).
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Figure 4.2 FTIR spectra of individual gel constituents (chitosan, genipin, and PEG) as well as disc-
shaped chitosan-genipin hydrogels, with and without PEG (CPOG5, CP5G5, and CP5G10; Table
3.1; formed at 37°C/24 h).

Table 4.2 FTIR characteristic bands denoted in individual gel constituents (chitosan, genipin, and
PEG) as well as in disc-shaped chitosan-genipin hydrogels, with and without PEG (CPOGS5,
CP5G5, and CP5G10; Table 3.1; formed at 37°C/24 h).

Peaks (cm™)
. Chitosan PEG Genipin
Assignments [245, 246] [247] [248] CPOG5 | CP5G5 | CP5G10
. 3327-
—OH stretching 3351 3390 3353 3362 3362
—~C=0 (amide) 1648 1641 1647 1649
~NH (amine 1) 1564 1542 1555 1559
—~OH bending
(CH20H) 1418 1405 1401 1409
—~C=0 stretching
(CHz0H) 1372 1378 1370 1369
~CH bending
(CH20H) 1312 1319 1315 1321
—CH stretching 2878 2939 2879 2878
—~C-OH bending 1093 1063 1062
—~C-C-chain vibration 953-839 959-841 | 958-841
—C=C- stretching 1678
—~C-C- stretching
(cycloolefin) 1619
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The recorded spectra (Figure 4.2) show that characteristic peaks of both chitosan and PEG were
observed in the hydrogel spectra, indicating their contributions in the resulting networks. The
spectrum of uncrosslinked chitosan reveals characteristic peaks at 1648 cm™ which was assigned
to —C=0 stretching of amide bond and 1564 cm™ which was assigned to —NH bending of amine
band 11 [246]. These two peaks were observed in the hydrogel spectra but were shifted to lower
wavenumbers (Table 4.2). With regard to the spectrum of genipin, the peak at 1678 cm
represented —C=C— stretching and the peak at 1619 cm™ was characteristic of -C—C— stretching
of cycloolefin [248]. The spectrum of PEG shows a characteristic peak at 2878 cm™ assigned to —
CH stretching, which was unchanged in PEG-containing hydrogels. The peak at 1090 cm™ in
PEG’s spectrum was assigned to —C—OH bending, which was shifted to a lower wavenumber (1062
- 1063 cm™) in PEG-containing hydrogels indicating a potential interaction between PEG and
chitosan. Indeed, the attractive intermolecular hydrogen bond between —-C-OH (PEG) and —OH
(chitosan) was previously studied by viscometry with thermodynamic parameters [249]. These
parameters were estimated from the experimental viscosity data with different PEG MWs in
polyblends of chitosan and PEG. Based on these values, the molecular interaction in chitosan-PEG

polyblends was demonstrated to be attractive.

Figure 4.2 also shows that there was a new broad peak at 1350 - 1450 cm™ in the hydrogel spectra,
indicating the appearance of heterocyclic amine ring-stretching. The reason for this is related to the
crosslinking reaction between chitosan and genipin, which are discussed in Section 2.2.1 [15, 30,
88, 110]. Prior to the addition of genipin, the mixture of chitosan and PEG had a pH around 5. In
such acidic condition, primary amino groups of chitosan drive a nucleophilic attack on the olefinic
carbon atom (C-3) of genipin, resulting in the opening of the dihydropyran ring and formation of
an aldehyde. The aldehyde group is subsequently attacked by secondary amino groups formed in
the first step of the reaction leading to the formation of a heterocyclic compound of genipin linked
to the glucosamine residue in chitosan [15, 122]. To demonstrate the chemical changes of chitosan
during reacting with genipin, disc-shaped chitosan-genipin-PEG hydrogels (sample CP5G5, Table
3.1) were synthesised at different gelation times using method described in Section 3.2.1 and
analysed by FTIR (Figure 4.3).
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Figure 4.3. FTIR spectra of chitosan-genipin-PEG hydrogels (sample CP5G5, Table 3.1, formed

at 37°C) recorded at different curing times.

From Figure 4.3, it is apparent that initially the intensity of peaks at 1648 cm™ and 1564 cm™* were
about equal. As the gelation progressed, the intensity of amine band Il at 1564 cm™ continuously
increased over time. Consistent with previous reports [116, 243, 250], this finding indicates the
evolution of secondary amino groups as a result of the reaction between carboxylmethyl groups of
genipin and primary amino groups of chitosan. FTIR analysis confirms the chemical structure of

the synthesised hydrogels and suggests the potential interaction between chitosan and PEG.
4.3 Intrinsic fluorescence upon chitosan-genipin crosslinking

Disc-shaped chitosan-genipin hydrogels, with and without PEG, were synthesised in 24-well black
plates with clear bottom (as detailed in Section 3.2.3, Table 3.3) to determine the excitation and
emission wavelengths and monitor changes in fluorescence intensity of the hydrogels over gelation
time using a monochromator-based fluorescence reader (as detailed in Section 3.4). From the 3D
scanning, a detailed plot of excitation wavelength (Aex), emission wavelength (Aex), and relative
fluorescent units (RFU) is presented (Figure 4.4a). Multipoint bottom reading was performed to

enhance the signals’ sensitivity and changes in RFU over gelation time were recorded (Figure
4.4Db).
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Figure 4.4 (a) Fluorescence contour map of chitosan-genipin-PEG hydrogels prepared in multi-
well black plates (sample F1P, Table 3.3, formed at 37°C/24 h). (b) Evolution of fluorescence
intensity of chitosan-genipin-PEG hydrogels (sample F1P and F3P, Table 3.3, formed at 37°C)
during gelation process. Fluorescence was recorded at excitation/emission wavelengths of 580/630
nm. Data are representative of two independent experiments (n = 4/group). The connecting lines

are given as a guide for the eye only and do not represent actual data.

It is evident that genipin-crosslinked networks are able to fluoresce, in result of highly n-n*
conjugated derivatives formed by the crosslinking reaction, as shown in the postulated reaction
mechanism (Section 2.2.1, Figure 2.4) [240]. Their intrinsic fluorescence is of interest as it can be
used to follow the extent of crosslinking, visualise, and track the degradation/distribution in living
bodies. To perform the experiment in a non-destructive way without compromising resolution, the
hydrogels were prepared in clear-bottomed black plate to reduce the crosstalk and background
noise. The 3D scans confirm the presence of a fluorescence peak at the excitation/emission
wavelengths of 370/470 nm (Figure 4.4a), which is consistent with previous reports [104, 240].
However, Figure 4.4a also shows that the hydrogels exhibited a stronger red fluorescence at
580/630 nm, which were then used as optimal excitation/emission wavelengths for fluorescence

characterisation.

Figure 4.4b shows the effect gelation time and genipin content have on the hydrogels’ fluorescence
intensity. There was a speedy increase in fluorescence during the first 12 h, which may reflect the
spontaneous reaction of genipin with primary amino groups on chitosan chains. After peak at 24 h,

the fluorescence slightly decreased. There are some possible explanations for this observation.
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Chen et al. claimed that the small decrease in fluorescence after 24 h may present the collisional
quenching during a diffusive encounter with amines and the complex formation by further
polymerisation [240, 251]. Later, Matcham et al. also observed reduced fluorescence intensity after
a peak value at 18 h which may be caused by interaction of the hydrogel with methanol, the main
by-product formed by crosslinking reaction [104]. Based on the amount of genipin used (maximum
0.0063 mmol) in each 1 mL feed solution (containing chitosan, genipin, and PEG), 0.2025 mg of
methanol could be theoretically produced, which is much lower than the reference dose for oral
exposure to methanol (2 mg/kg/day) [104]. Additionally, the by-products and any remaining
residuals can be washed out upon administration, retaining the suitability of these hydrogels for
biomedical applications. It is evident that gelation temperature also significantly affects the
hydrogels’ fluorescence. Chen et al. demonstrated that the hydrogels polymerised at higher
temperature (37°C) fluoresced more strongly than those reacted at lower temperature (20°C, 4°C),
possibly due to the accelerated molecular mobility at 37°C [240]. These results correspond with
the changes in physical appearance shown in Table 4.1.

Changes in fluorescence intensity as a function of genipin content are also presented in Figure
4.4b. The hydrogels with lowest amount of genipin (F1P) reached a lower fluorescence peak
compare to those with highest genipin content (F3P), consistent with previous reports [104, 252].
As PEG itself is non-fluorescent, addition of PEG to form semi-IPN network did not alter the
hydrogel fluorescence significantly. It should be noted that there are several variables which make
it difficult to standardise fluorescent measurements such as the type of equipment, set-up
parameters, and the detection method. As different fluorophores excite and emit at different
wavelengths, it presents a challenge to compare fluorescent results from hydrogels made of
different constituent chemicals. However, for hydrogel materials composed of the same constituent
molecules, fluorescent imaging provides a non-destruction approach for real-time monitoring of
material production, conformation changes, and degradation. In Chapter 5, the intrinsic
fluorescence of hydrogels was exploited for tracking biodegradation in vitro (Section 5.3) and in
vivo (Section 5.4). Another promising application of this technique is in drug delivery. The loaded
drug containing functional groups may preferentially interact with chitosan, limit the target site
with genipin, and quench the fluorescence. Thus, changes in fluorescence upon drug loading and
release could inform the potential interaction between moieties and can be used a measurement for

drug release.
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Bead-shaped chitosan-genipin hydrogels, with and without PEG, were synthesised using emulsion
crosslinking (as detailed in Section 3.2.2) and their fluorescence was visually observed under a

fluorescence microscope (as detailed in Section 3.4).

Figure 4.5 Bead-shaped chitosan-genipin hydrogels prepared at 37°C and stirring speed of 250
rpm under fluorescence microscope with (a) transparent filter; (b) DAPI filter; (c) GFP filter; (d)
RFP filter.

As shown in Figure 4.5, the hydrogel beads showed brightest emitted light using RFP (red) filter,
compared to DAPI (blue) and GFP (green) filters. Either prepared in disc shape or bead shape, the
resulting hydrogels possessed intrinsic fluorescence. Therefore, there is no need for introduction
of a fluorescent tag (such as fluorescein isothiocyanate (FITC), Cy 5.5, and Texas Red) which is
commonly required for visualising non-fluorescent materials. The labelling approach using a
fluorescent marker involves the covalent linking and basic blending of fluorescent marker and the
polymers [253]. Upon fluorescence-labelling step, the fluorescent marker may react with some
functional groups on polymeric backbones, and hence affect the mechanical integrity of the
materials. In addition, the fluorescent marker may attach loosely at the intended sites and migrate
into other sites, compromising intended results. The labelling efficiency and stability are also
persistent issues. Such common problems are negligible within this system, which enables efficient
visualisation with no prior fluorescence-labelling step required. Another major advantage of using
genipin as a crosslinker is its high selectivity. It is evidence that primary amino group (-NHz2) is
the only site targeted by genipin, while the nucleophilic —-OH groups (-OH and —-COOH) do not
react with genipin [108, 254]. In a study, it was confirmed that no changes in physical appearance
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were detected upon genipin-alginate reaction (alginate contains only —OH and —COOH without —
NH2 groups) and no bright images under fluorescent channels of CLSM acquired from genipin-
alginate beads [240]. On the other hand, common fluorescent markers, such as FITC and
Rhodamine B isothiocyanate, contain activated isothiocyanate groups reacting with both -NHz and
—OH groups [253]. Thus, they are deemed not suitable for labelling to distinguish between chitosan
and alginate simultaneously in a hybrid system. The high sensitivity towards chitosan (or any
amine-containing compounds) with the potential to generate blue-coloured fluorescent products

makes genipin a promising crosslinker/visualisation reagent.
4.4 Morphological characteristics of crosslinked hydrogels in disc and bead shapes
4.4.1 Disc-shaped hydrogels

SEM was chosen to visualise the network structure. Disc-shaped chitosan-genipin hydrogels, with
and without PEG, were synthesised (as detailed in Section 3.2.1, Table 3.1) and freeze-dried (as
detailed in Section 3.3). The images taken at different positions across the surface and cross-
sections of freeze-dried disc-shaped chitosan-genipin-PEG hydrogels (sample CP5G5, Table 3.1)
were chosen to demonstrate the outer and inner porous structures of the crosslinked hydrogels
(Figure 4.6). To evaluate the effect of genipin and PEG content on sample porosity, the images
from the horizontal sections of all freeze-dried disc-shaped hydrogels denoted in Table 3.1 were
chosen for the ease of comparison (Figure 4.7).
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Figure 4.6. SEM images (with magnification of 1000x) taken across the surface area and cross-
sections of disc-shaped chitosan-genipin-PEG hydrogels (sample CP5G5, Table 3.1, formed at
37°C/24 h): (a) top surface; (b) curved surface; (c) bottom surface; (d) vertical section; (e)

horizontal section; (f) horizontal section with higher magnification (2000x).

Looking at the outer surface only, it can be noted that the gels had a rough surface with more pores
on the top (Figure 4.6a) than at the side (curved) surface (Figure 4.6b) and bottom surface (Figure
4.6¢). While freeze-drying is the most suitable method to preserve the porous structure, compared
to air drying or critical point drying, freezing stresses occur at the hydrogel surface resulting in
shrinkage and collapse of the sample surface to some extent [255, 256]. This is the reason for the
difference in porosity between surface and internal sections. The scans from horizontal and vertical
cross-sections indicate the pore arrangement resembling long hollow tubes (Figure 4.6d,e) in
which the pores were interconnected (Figure 4.6f). Having interconnected pores is important to
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allow not only the encapsulation of bioactive materials but also the subsequent release in a desirable
medium. The pore size, pore morphology, and interconnectivity are interrelated and influence the
permeability of fluid through hydrogels [257, 258]. Regardless of variation in genipin and PEG
content, representative electron micrographs of horizontal sections confirm the porous architecture
of all crosslinked hydrogels studied (Figure 4.7). To evaluate the internal porosity quantitatively,
ImageJ software was used to calculate the pore sizes and pore areas based on images from

horizontal sections. The results are presented in Table 4.3.

Figure 4.7. SEM images of horizontal sections of disc-shaped chitosan-genipin hydrogels, with
and without PEG (Table 3.1, formed at 37°C/24 h): (a) CPOG5; (b) CP5G5; (c) CP15G5; (d)
CP0G10; (e) CP5G10; (f) CP15G10.

Table 4.3. Pore size distribution, average pore size, and porous area of horizontal sections of disc-
shaped chitosan-genipin hydrogels, with and without PEG (Table 3.1, formed at 37°C/24 h)

analysed using ImageJ software.

Pore size distribution .
Sample Average pore size Porous area
name range (nm) (%)
(pm)
CPOG5 19.89 - 55.89 38.16 + 9.58 40.22 + 4,53
CP0OG10 12.73 - 57.41 33.65 +9.49 42.14 + 8.65
CP5G5 12.97 - 34.81 24.63 + 3.55 52.59 + 5.89
CP5G10 11.48 - 26.30 18.14 + 2.16 50.19 + 3.24
CP15G5 15.65 - 36.29 25.04 + 2.89 64.21 + 2.45
CP15G10 13.70 - 37.62 21.71 £ 3.62 59.54 + 1.96
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From Figure 4.7 and Table 4.3, it can be noted that in the absence of PEG, pore size distribution
was broader than in PEG-containing hydrogels. Addition of PEG (1.2 mM) decreased average pore
size significantly and increased porous area, compared to non-PEG-added hydrogels. A further
increase in PEG content to 3.6 mM did not make significant changes in average pore size but further
increased porous area (compared to gels with 1.2 mM PEG). It is also apparent that in samples
containing constant concentrations of chitosan and PEG (CP5G5, CP5G10; as well as CP15G5,
CP15G10), increasing genipin content (from 3.1 mM to 6.3 mM) reduced pore size distribution
and average pore size (Table 4.3). Such a trend is expected as an increase in concentration of
crosslinking agent should result in a higher number of linked chains and therefore a decrease in
average pore size. Taking all samples studied into account, it can be noted that a direct correlation

between pore size distribution and total porous area was not observed.
4.4.2 Bead-shaped hydrogels

Bead-shaped chitosan-genipin hydrogels were synthesised using emulsion crosslinking (as detailed
in Section 3.2.2). To visualise the particles, light microscope was used (Figure 4.8). To strengthen
the findings obtained by light microscope and quantify the particle size, SEM was performed on
air-dried bead-shaped hydrogels (as detailed in Section 3.5), synthesised with different stirring rates

(Figure 4.9) and gelation temperature (Figure 4.10).

77



3 . i T . . N B TR T TR et ® *
H b w . ..% ® P . ‘.-...‘” ‘.‘n°.“.’|n" . < .’..'0’ .o.:' o5
L o k .'. ’...0 ... .’ ..’.. ‘ .. ° ._,.... e . e . :,‘0 b
‘5\2@ . k" . oW, & . %8 L Jeve’ - ‘.’. =P L) %, 74
€ 9 j“‘ S+ o:’3-gd" ] p e, v eeeni Ve
g RS N O Dl e
% : : P L ?.VO..O:. 7: by -‘.:. L ..? Y . * o;"Q.‘.':-o-.-:.‘.}-,\“ ". 2.4
® g WP @l Ve Rt LS TR et e T
R S R R T A R R T §
' ~¥ 200 um ,:"t"o '.."2.'." s _i'.m?pilm l“'_\ ,:":"' .;"0'13 Q.d.'ll
° A pe < .® ° §.. o @ To *. ".v'.‘ .‘. . .. A.- ‘ 2 Y
DR ) T
o o [
: ° 2" . [+
e 4 o o
o [+} @ 6 ° °
R O ; ;° ° = 0
(] 00 OOO x
o e 200 pm - 200 pm
p ‘ - Q_

Figure 4.8 Light microscope images of bead-shaped chitosan-genipin hydrogels prepared at

different incubation temperatures and stirring rates, and dispersed in ethanol: (a) 20°C, 250 rpm;
(b) 37°C, 250 rpm; (c) 50°C, 250 rpm; (d) 37°C, 500 rpm; (e) 37°C, 750 rpm.

As shown in Figure 4.8, under optical microscope, the hydrogel beads were discrete and spherical

with heterogeneous size distribution, except the particles prepared at 20°C and stirring speed of

250 rpm, which were not completely formed and appeared as large aggregates. Light microscope

images also show that an increase in stirring speed from 250 rpm to 500 rpm or 750 rpm reduced

the particle size. Under SEM, the hydrogel particles were globular, compact, and rough (Figure

4.9). The images also show no visible pores on the beads’ surface. Air-dried by evaporation of

HMDS is deemed suitable as most particles retained their physical integrity with minimum

collapse. An incubation period of 24 h is appropriate as the hydrogels appeared physically stable

and were completely formed (except the particles prepared at 20°C, 250 rpm). Visual analysis by

SEM also shows the effect of stirring rate (Figure 4.9) and incubation temperature (Figure 4.10)

on the hydrogel beads’ morphology.
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Figure 4.9 SEM images of bead-shaped chitosan-genipin hydrogels prepared at 37°C with different
stirring rates, scanned at different magnifications: (a, d) 250 rpm; (b, €) 500 rpm; (c, f) 750 rpm.

Figure 4.10 SEM images of bead-shaped chitosan-genipin hydrogels prepared at stirring rate of
250 rpm with different incubation temperatures, scanned at different magnifications: (a, d) 20°C;
(b, €) 37°C; (c, f) 50°C.

At a constant incubation temperature of 37°C, a stirring speed of 250 rpm produced stable particles
with well-defined round shape, rough surface, and no visible pores (Figure 4.9a,d). Increasing

stirring speed to 500 rpm or 750 rpm produced smaller spherical particles with less rough and non-
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porous surface (Figure 4.9b-f). Such observation is explainable as stirring causes the dispersion of
polymeric particles in organic phase and higher stirring speed induces higher shearing force and
more homogeneous dispersion of the particles. Generally, the higher stirring speed applied, size of

particles decreases with narrow particle size distribution (PSD) [243, 259].

At a constant stirring speed of 250 rpm, an incubation temperature of 20°C produced
macroscopically non-homogeneous multi shape structures (Figure 4.10a) with rough surface and
no visible pores (Figure 4.10d). Increasing the temperature to 37°C, the beads appeared spherical
(Figure 4.10b) with fairly smooth surface (Figure 4.10e). At 50°C, the particle solidification
occurred at faster rate, as the reaction turned from milky white to bluish clear fluid within 8 h,
much faster than the reaction occurred at 37°C. The produced hydrogel beads at 50°C were
globular, compact, and smooth without visible pores (Figure 4.10c,f). In the light of this analysis,
the incubation temperature of 37°C (to resemble physiological condition) and stirring rate of 500
rpm were chosen to produce hydrogel beads for biological evaluation (presented in Chapter 5). A
moderate stirring rate (500 rpm) was chosen to ensure the formation of small particles and increase
the surface areas in contact with cells. A high stirring rate of 750 rpm caused more particles stuck

at the wall of glassware and reduced the particle yield.

Several SEM images per sample were used to determine mean particle sizes instead of scattering
methods (suspended in water/ethanol) because of the preferential swelling/shrinking and
dissolution of the particles. ImageJ software was used to measure the particle diameters. Mean
particle diameter and its distribution were calculated for each composition by counting a minimum

of 100 particles per image. The results are shown in Figure 4.11.
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Figure 4.11 Histogram and particle size distribution of bead-shaped chitosan-genipin hydrogels
prepared at different incubation temperatures and stirring rates: (a) 37°C, 250 rpm; (b) 50°C, 250
rpm; (c) 37°C, 500 rpm; (d) 37°C, 750 rpm.

The sizes of hydrogel beads, measured by ImageJ software based on SEM images, were all within
micrometre range, from 1 um to 30 pm. It also shows that stirring rate had more profound effect
on particle size, than those of incubation temperature. An increase in stirring rate from 250 rpm to
500 rpm produced smaller particles with heterogeneous size distribution (Figure 4.11a,c). At 750
rpm, the particles appeared smaller with narrow PSD (Figure 4.11d). Changes in incubation
temperature from 37°C to 50°C did not induce a distinct difference in particle size (high dispersity
in size with average diameter of around 7 - 8 um, Figure 4.11a,b). In addition to stirring speed,
size of the particles is found to be dependent on the proportion of crosslinker used [216]. Generally,
particle size increases as the polymer concentration or the crosslinker to polymer ratio increases

[243, 260]. In term of drug delivery, control in particle size is crucial as particle size would affect
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the rate and extent of drug release and subsequent pharmacokinetics. The production process is
deemed reliable to achieve the intended end-point with specific size range, suitable for various
routes of administration.

As discussed in Section 2.1.3, addition of linear polymers (such as PEG) into chitosan-genipin
matrix to form semi-IPN hydrogels is favourable as it might enhance reproducibility, achieve
consistency in physical properties, and further improve mechanical robustness. Bead-shaped
chitosan-genipin hydrogels, with adding PEG, were synthesised using emulsion crosslinking (as
detailed in Section 3.2.2). SEM images of PEG-added chitosan-genipin hydrogel beads (Figure
4.12a,c) show no profound differences in surface morphology compared to non-modified beads.
Size analysis of PEG-added chitosan-genipin particles using ImageJ shows a similar size range as

chitosan-genipin particles (average particle diameter: 8.03 + 5.32 um).

Surface modification by coating with PEG, so-called PEGylated particles, might help to avoid
opsonisation and increase the hydrophilicity as well as circulation of particles upon administration
[261]. Post-synthesis modification was carried out by placing the pre-formed chitosan-genipin
particles in PEG solution (5% w/v) for 6 h. SEM images of PEG-coated particles show the initial
absorption of polymer on the particles’ surface within 6 h, indicating that longer incubation time

(more than 6 h) is required for a complete coating layer (Figure 4.12b,d).

Figure 4.12 SEM images of bead-shaped chitosan-genipin hydrogels prepared at 37°C and stirring
rate of 250 rpm, and modified with PEG during or post synthesis, scanned at different
magnifications: (a, ¢c) PEG-added particles; (b, d) PEG-coated particles.
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4.5 Swelling characteristics of crosslinked hydrogels in disc shape

Gravimetric swelling experiments were conducted to examine the pH responsiveness of disc-
shaped chitosan-genipin hydrogels, with and without PEG. To examine the pH-responsiveness in
different buffer solutions, disc-shaped chitosan-genipin-PEG hydrogels (sample CP5G5, Table
3.1) were synthesised (as detailed in Section 3.2.1) and placed in different buffer solutions to
observe the variation in mass (Figure 4.13) (as detailed in Section 3.6.1). Two sets of disc-shaped
chitosan-genipin hydrogels, with and without PEG (denoted in Table 3.1 and Table 3.2, Section
3.2.1) were used to assess the effect of genipin and PEG content on swelling behaviours (Figure
4.14 and Figure 4.15).
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Figure 4.13 (a) The swelling ratio (%) over time and (b) equilibrium swelling ratio of disc-shaped
chitosan-genipin-PEG hydrogels (sample CP5G5, Table 3.1, formed at 37°C/24 h), in different
buffer solutions at 20°C. In figure (a), the connecting lines are given as a guide for the eye only
and do not represent actual data. In figure (b), data are representative of two independent

experiments (n = 6/group).

As seen in Figure 4.13, the differences in swelling in different pH buffer solutions were significant.
The gels achieved the highest swelling degree in pH 2 buffer followed by pH 4 buffer and
contracted significantly in pH 7 buffer and even more in pH 10 buffer. The observed trends are
anticipated as chitosan hydrogels fall under the category of cationic hydrogels in which their
functional groups are protonated below their dissociation constant (pKa) causing the hydrogels to

swell. The swelling process is a complex phenomenon involving three successive steps, the
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diffusion of solvent into the network, the chain relaxation within the hydrated gels, and the
expansion of network [154]. When environmental pH is lower than the pKa of chitosan (6.5 to 6.7
depending on the degree of deacetylation), free amino groups of chitosan receive protons
introduced by the uptake of solvent [262]. The protonated amino groups of chitosan induce
electrostatic repulsion within the network and the gel begins to swell, eventually reaching
equilibrium. It can be said that the higher level of free amino groups within the network, the greater
is the electrostatic repulsion between polymeric chains, and the higher swelling rate. When
environmental pH is above the pKa of chitosan, free amino groups of chitosan donate protons as
solvent diffuses into the network. The deprotonated amino groups of chitosan reduce electrostatic
repulsion within the network, leading to hydrogel contraction until equilibrium is reached. Figure
4.13a shows that the equilibrium swelling state of gel CP5G5 achieved after approximately 24 h
(or less, as the previous sample was taken at approximately 10 h and equilibrium may have been
reached between these two time points) of immersion in buffer solutions. Figure 4.13b shows that
an increase in buffer temperature (from 20°C to 37°C) led to higher swelling ratio. It is possibility
that higher temperature would induce faster segmental mobility and chain relaxation rate, resulting
in higher swelling degree observed.

To investigate the effect of hydrogel composition on swelling, all disc-shaped hydrogels (Table
3.1, Section 3.2.1) were gravimetrically evaluated for swelling in pH 2 glycine buffer solutions at

20°C until they reached the equilibrium state after approximately 24 h (Figure 4.14).
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Figure 4.14 Equilibrium swelling ratio of disc-shaped chitosan-genipin hydrogels, with and
without PEG (Table 3.1, formed at 37°C/24 h), in pH 2 buffer solutions at 20°C for 24 h. Data are

representative of two independent experiments (n = 6/group).
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In all cases, at a constant concentration of chitosan and PEG, increasing genipin content decreased
the swelling ratio (Figure 4.14). A higher genipin content is associated with a more crosslinked
structure and a lower level of free amino groups on chitosan chains, leading to a lower relaxation
rate of polymeric segments in acidic conditions and hence a reduced swelling ratio. A lower
swelling degree was also achieved by addition of PEG to form a semi-IPN network. Interestingly,
adding less PEG (1.2 mM; in CP5G5 and CP5G10) resulted in a greater decrease in swelling ratio,
than when more PEG was added (3.6 mM; in CP15G5 and CP15G10). To further investigate the
effect of PEG addition on swelling, a series of disc-shaped chitosan-genipin hydrogels with varied
PEG content (Table 3.2, Section 3.2.1) were gravimetrically monitored in pH 2 glycine buffer
solutions at 20°C until they reached the equilibrium state (approximately 24 h). The data are
presented in Figure 4.15.
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Figure 4.15 Equilibrium swelling ratio of disc-shaped chitosan-genipin hydrogels with varied PEG
content (Table 3.2, formed at 37°C/24 h), in pH 2 buffer solutions at 20°C for 24 h. Data are
representative of two independent experiments (n = 6/group).

It can be noted that for the range of samples studied, addition of PEG reduced the swelling ratio of
hydrogels. At the same time, the recorded correlation between PEG content and swelling capability
was non-linear. Addition of PEG in a lower concentration, up to 0.8 mM (CP2G5 and CP3.5G5),
decreased swelling degree to around 60% (Figure 4.15). Further increasing PEG concentration up
to 1.9 mM (CP5G5 and CP8G5), yielded further decrease in swelling degree to approximately
20%. Interestingly, further addition of PEG (2.9 mM and 3.6 mM, in CP12G5 and CP15G5

respectively) increased swelling ratio to approximately 60%. It can be postulated that the presence
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of PEG in smaller quantities (up to 1.9 mM) contributes to filling the spaces within the hydrogel
network, resulting in the formation of a more interpenetrating network, which limits the solvent
diffusion into the gel and induces a lower swelling ratio. As noted from morphological studies
(Section 4.4), the swelling capacity cannot be simply related to only the degree of porosity or the
pore size, as the pore geometry and interconnectivity also affect the response kinetic of porous
hydrogels [257]. PEG concentration of 2.9 - 3.6 mM may interact more strongly with chitosan and
impair the crosslinking reaction between chitosan and genipin, resulting in a reduced crosslinking
density and hence a looser network [249]. The inhibitory effect of additional polymer (such as
cellulose nanocrystals [263] and hemicellulose [264]) on chitosan-crosslinked hydrogels was
previously reported. Additionally, such a high amount of PEG may induce hydrophilicity and

provide a super-absorbing nature for solvent uptake.

To further evaluate the effect of gelling conditions on swelling, disc-shaped chitosan-genipin-PEG
hydrogels (sample CP2G5, Table 3.2) were synthesised at different gelation times and gelation
temperatures and placed in pH 2 buffer solutions (as detailed in Section 3.6.1). The results
presented in Figure 4.16a show that when temperature increased from 20°C to 37°C, the
equilibrium swelling ratio decreased significantly due to higher crosslinking density within
polymeric networks that may hinder the water absorption. Gelling process at higher temperature
from 45°C to 60°C led to an increase in water absorption capacity. It has been reported that high
temperature may damage hydrogel network through physical interactions (such as hydrogen
bonding, Van der Waals, and electrostatic attraction) or the potential cleavage of glycosidic bonds
in chitosan backbone [248].
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Figure 4.16 Equilibrium swelling ratio of disc-shaped chitosan-genipin-PEG hydrogels (sample
CP2G5, Table 3.2) prepared at different (a) incubation temperatures and (b) gelation times, in pH
2 buffer solutions at 20°C for 24 h. Data are representative of two independent experiments (n =

6/group).

Figure 4.16b shows that when gelation time increased from 8 h to 24 h, there was a moderate
decrease in swelling ratio. This is probably because the longer the gelation time (up to 24 h), the
higher is the crosslinking density within gel network. The higher crosslinking density leads to
smaller pores and denser network which can obstruct the water uptake, resulting in decreased
swelling ratio. However, with further exposure to oven temperature (from 48 h to 96 h), there was
a significant increase in the volume transition of these gels. The longer the exposure time, the more
likely is that the damage of physical bonding occurred leading to the reduced network stability and
lower swelling ratio. The effect of gelation time on swelling was also reported previously. In study
of another semi-IPN hydrogels composed of chitosan/ poly vinylpyrrolidone crosslinked with
genipin, they showed that as gelation time increased, the number and size of pores within bulk
structure decreased significantly [248]. Understanding the impact of incubation temperature and
gelation time on swelling is beneficial to tailor the hydrogels” microstructure and meet end-use

applications.

As mentioned in Section 2.2.2, an autonomous ‘all polymeric’ system for optimal drug delivery
can be achieved by coupling pH-responsive hydrogels with an oscillatory chemical reaction which
produces profound oscillations in pH and works as an internal driving force to achieve a pulsed
release of entrapped biomolecules. As a part of strategic development of pulsatile drug delivery

devices pursued in Novakovic group, the feasibility of these chitosan-genipin-PEG hydrogels to be
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coupled with PCPOC reaction is of interest. Served as a preliminary experiment, the swelling
response was investigated under a manually pH-controlled oscillatory course. Disc-shaped
chitosan-genipin-PEG hydrogels (sample CP2G5, Table 3.2) were synthesised (as detailed in
Section 3.2.1) and placed in an alternate fashion between pH 2 and pH 4 or pH 7 buffers with a
period of 15 min (as detailed in Section 3.6.2). As the PCPOC reaction exhibits oscillations
between pH 2 and 5 with a period of oscillation that can be varied but in general remains in the
region of 30 min [38], a period of 15 min is deemed appropriate as this is faster than what is required

in a real oscillatory system. The results are presented in Figure 4.17.
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Figure 4.17 Oscillatory swelling of disc-shaped chitosan-genipin-PEG hydrogels (sample CP2G5,
Table 3.2, formed at 37°C/24 h), immersed in buffer solutions at 20°C, in an alternate fashion: (a)
pH 2 first then pH 4; (b) pH 2 first then pH 7. The connecting lines are given as a guide for the eye
only and do not represent actual data. Data are representative of two independent experiments (n =
4/group).

As shown in Figure 4.17a, there was a slight oscillation where the gel was placed in a pH 2 buffer
first then transferred to pH 4 buffer. Following initial swelling within first 30 min, oscillatory
behaviour in swelling was observed with relatively small amplitude. The overall swelling ratio
increased gradually until 4 h before reaching the equilibrium state, then oscillated around a set
volume. Increasing the amplitude of pH oscillation (changing between pH 2 and 7) induced more
profound swelling oscillations (Figure 4.17b). After a steady increase in swelling ratio within the
first 45 min, the gel started to exhibit oscillations in swelling as the oscillations in pH were
manually induced. These findings suggest that to drive changes in swelling/deswelling promptly
in a response to pH oscillations, it is necessary that the pH changes happen inside the hydrogels, in

the proximity of functional groups. This is the concept studied in Novakovic group and currently
88
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under development (as discussed in Section 2.2.2). Within this concept, an imine-functionalised
palladium-bearing chitosan crosslinked with genipin and a polymer substrate (monoalkyne-
terminated PEG) are combined in a gel matrix so that both substrate and catalyst are part of the

hydrogel structure [39].

Despite showing oscillatory behaviours over small pH range, gravimetric measurements face some
major problems, such as the fragmentation issue when transferring the samples between buffer
solutions and weighing scales, and the fragile nature of hydrogels leading to extensive mass loss.
Some other techniques could be employed to visualise the swelling behaviour in a non-invasive

way, such as confocal laser scanning microscope.
4.6 Rheological characteristics of crosslinked hydrogels
4.6.1 Gelation point

Gelation point is an important parameter that needs to be considered in the development of
crosslinked hydrogels. At the gel point, the viscoelastic properties change abruptly from a liquid-
like state to a solid-like state, resulting in a sudden loss of flow [238, 265, 266]. Oscillatory time
sweeps were performed to track the temporal evolution of dynamic shear moduli over time and
determine the gelation point. Hydrogel samples were loaded onto a rheometer as a liquid (initial
feed solution as defined in Section 3.2.1, Table 3.1) and dynamic shear moduli were monitored

over gelation time (as detailed in Section 3.7.1). The results are presented in Figure 4.18.
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Figure 4.18 Dynamic of shear elastic modulus (G”) and viscous modulus (G’”) of chitosan-genipin
hydrogels, with and without PEG (Table 3.1, formed at 37°C) during crosslinking process,

measured at a constant frequency of 10 Hz and a constant strain of 1%.

From Figure 4.18, it can be noted that elastic modulus (G”) was initially much smaller than the
viscous modulus (G’”). This is expected as the sample was loaded in liquid state where the viscous
property dominates and the small elastic contribution is a result of the stretching of polymeric
chains under applied forces and potentially physical entanglements between the polymers [238,
267]. As the gelation progressed, the elastic modulus began to increase as the elastic property
started to dominate. Consequently, there was a cross-over point at which G’ intersects G’’. The
time required for this cross-over point to occur was taken as the gelation time. The G’’ value
decreased over time, however it never dropped to zero indicating the viscoelastic nature of the
resulting hydrogels [238, 268].

The effect of gel composition on gelation kinetics is also revealed. As expected, an increase in
genipin content led to a lower gelation time. In gels with 1.2 mM PEG (CP5G5, CP5G10), the
gelation time decreased by 41% (from 44 min to 26 min) by increasing genipin concentration in

hydrogel samples from 3.1 mM to 6.3 mM. In gels with 3.6 mM PEG (CP15G5, CP15G10), same
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increase in genipin concentration did not show a significant effect on gelation time (dropped from
44 min to 40 min). In gels with 3.1 mM genipin (CP5G5, CP15G5), the gelation time was about
44 min regardless of the amount of PEG. In gels with 6.3 mM genipin (CP5G10, CP15G10), the
gelation time decreased by 35% (from 40 min to 26 min) by decreasing PEG concentration from
3.6 mM to 1.2 mM. The results suggest that the gelation kinetics of chitosan-genipin hydrogels can
be optimised effectively to meet various applications by changing the amount of crosslinker
genipin and/or by the addition of a linear PEG polymer. The gelation time was also evaluated by
the Winter-Chambon criterion for validation purposes. Obtained experimental data were in good

agreement with the gelation times reported in Figure 4.18.
4.6.2 Viscoelastic properties

The rheological properties of a viscoelastic material are independent of strain up to a critical level.
Beyond this point, the viscoelastic behaviour becomes non-linear and the storage modulus declines
[237]. Therefore, a strain sweep would establish the extent of a material’s linearity. Hydrogel
samples were loaded onto a rheometer as a liquid (initial feed solution as defined in Section 3.2.1,
Table 3.1) and allowed to cure for 6 h (as detailed in Section 3.7.2). Oscillatory strain sweeps were

performed to determine the LVR and the results are presented in Figure 4.19.
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Figure 4.19 Determination of linear viscoelastic region of chitosan-genipin hydrogels, with and
without PEG (Table 3.1, formed at 37°C/6 h). Figure (a) shows hydrogels with 3.1 mM genipin
and figure (b) shows hydrogels with 6.3 mM genipin. The connecting lines are given as a guide
for the eye only and do not represent actual data. Data are representative of two independent

experiments (n = 4/group).
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The data show that the elastic modulus (G”) of these crosslinked hydrogels was strongly dependent
on the amount of genipin and PEG in the networks. The measured G’ was proportional to genipin
concentration. In gels with 1.2 mM PEG, the elastic strength was around 1100 Pa and 445 Pa for
those gels with 6.3 mM genipin and 3.1 mM genipin, respectively (Figure 4.19). The strong
relationship between the measured G’ and the crosslinking density has been extensively reported
[181, 238, 266, 269-271]. An increase in crosslinking density leads to an expected increase in G’,
as G’ reflects the elastic component of the deformation and hence the number of effective
intermolecular cross-links formed in the hydrogel network [270]. The data show that the LVR was
inversely proportional to genipin concentration. Gels with 3.1 mM genipin (CP5G5, CP15G5) had
an extended LVR of up to 50% strain while gels with 6.3 mM genipin had a short LVR of up to
25% strain (CP5G10) or 30% strain (CP15G10). This is because with higher crosslinking density,

the networks are stiffer in nature and their flexibility is reduced.

As seen in Figure 4.19, the addition of a linear polymer PEG (1.2 mM; in CP5G5 and CP5G10)
into the chitosan-genipin network led to: (i) an expected increase in G’ due to the formation of a
compact network in which PEG may contribute to the rigidity by physical interaction with chitosan
and filling up more spaces within the network; (ii) a shortened LVR due to the limited flexibility
under applied shear stress. However, a higher amount of PEG (3.6 mM; in CP15G5 and CP15G10)
may also interfere with the crosslinking reaction, reducing the number of effective cross-links and

hence the storage modulus of the crosslinked hydrogels.

Figure 4.19 shows that an increase in PEG concentration from 1.2 mM to 3.6 mM led to a
significant decrease in G’ (36% for gels with 6.3 mM genipin and 15% for gels with 3.1 mM
genipin). These results are in agreement with the findings from SEM scans and swelling
experiments. With a higher amount of PEG (3.6 mM), the resulting hydrogels had a higher porosity
(Table 4.3) and a higher swelling degree (Figure 4.14) resulting in a decreased strength modulus.
The results suggest that addition of PEG to form a semi-IPN network is favourable in terms of
increased mechanical strength and integrity of the resulting network, which can be beneficial for
drug delivery applications. As all the formulations studied showed an LVR of at least up to 25%
strain, a strain value of 1% was chosen for the subsequent oscillatory frequency sweep. While a
small strain value is favourable, to avoid an effect on the crosslinking reaction, the strain value

needs to be high enough to provide sufficiently high signals.
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4.6.3 Mechanical stability

After the LVR profiles were established by strain sweeps, the rheological properties were further
characterised using frequency sweeps at a strain within the LVR. Hydrogel samples were loaded
onto a rheometer as a liquid (initial feed solution as defined in Section 3.2.1, Table 3.1) and allowed
to cure for 6 h (as detailed in Section 3.7.3). Oscillatory frequency sweeps were performed to
determine the structural stability and the results are presented in Figure 4.20.
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Figure 4.20 Evolution of elastic modulus of chitosan-genipin hydrogels, with and without PEG

(Table 3.1, formed at 37 °C/6 h) as a function of applied frequency.

As shown in Figure 4.20, for gels with 6.3 mM genipin (CP5G10, CP15G10), G’ exhibited a
plateau up to 20 Hz, except for gels without PEG (CP0G10) which showed a plateau up to 12 Hz.
For gels with 3.1 mM genipin (CP5G5, CP15G5), the G’ frequency-independent range was from
0.01 Hz to 15 Hz, except for gels without PEG (CP0G5) which had a range up to 10 Hz. This is
expected as high genipin content is correlated with the number of effective intermolecular
crosslinks which is, in turn, linked with the measured G’. The higher the genipin content, the stiffer
the networks formed, which resist higher forces better, resulting in structure breakdown at higher
frequencies. The data also indicate the formation of a stable, crosslinked network and a ‘gel-like’
structure of the cured hydrogels. As discussed in the preceding section, addition of PEG led to a
higher storage modulus (compared to non-PEG-added hydrogels). However, a higher amount of
PEG (3.6 mM) was not correlated with a higher G’ value (compared to gels with 1.2 mM PEG) as
the increased amount of PEG may interfere with the crosslinking reaction. The rate of increase in

elastic modulus versus applied frequency is plotted in Figure 4.21.
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Figure 4.21 Rate of increase in elastic modulus of chitosan-genipin hydrogels, with and without
PEG (Table 3.1, formed at 37°C/6 h) as a function of applied frequency. The connecting lines are

given as a guide for the eye only and do not represent actual data.

At higher frequencies (beyond the frequency-independent range of G’), the storage modulus
increased rapidly for all gels. The highest rate of increase was seen in gel CP15G5, while the lowest
rate was observed in gel CP5G10 (Figure 4.21). This feature has been reported previously [181,
238, 270, 271]. The magnitude of the viscoelastic response of a polymeric network is attributed to
two factors: the length of the flexible polymeric chains and the nature of the imposed mechanical
motion [179, 238]. Longer chains have longer relaxation times, which is equivalent to lower
frequencies of molecular motion. The length of polymeric chains between crosslinks is longer in
the less crosslinked hydrogels (3.1 mM genipin) than the more crosslinked hydrogels (6.3 mM
genipin). Therefore, the less crosslinked hydrogels will have comparatively longer relaxation times
and lower frequencies of molecular motion than the more crosslinked hydrogels. When the applied
frequency increases, long polymeric chains tend to stiffen up as they fail to rearrange themselves
in the time scale of the imposed motion, resulting in a more ‘solid-like’ structure and hence a sharp
increase of G’. Figure 4.21 shows that the highest rate of the increment in G” was in gel CP15G5,
as the stiffen-up response was enhanced by the addition of linear PEG chains. Short polymeric
chains exhibit short relaxation times and high frequencies of molecule motion, so they require
higher applied frequencies to elicit a similar response. This is the reason for the lowest rate of the
increase in G’ observed in gel CP5G10. Together these results provide valuable insights into the
mechanical properties of the hydrogels. In the case of developing a hydrogel as an implantable
device, it is important to ensure that cells of the targeted tissue interact favourably with the
hydrogel. Different tissues feature different elasticities. For examples, the elasticity of brain tissue

is 0.2 - 1 kPa, muscle is 8.5 - 15 kPa, cartilage is 20 - 25 kPa, and cortical bone is 100 - 200 MPa
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[182, 272, 273]. The gel presented in this study is considered as a weak gel, as the equilibrium
modulus was found to be around 1 kPa. Therefore, it could be a good candidate for central nervous
system regeneration as its mechanical properties are similar to those of central nervous system

tissue.
4.7 Thermal characteristics of crosslinked hydrogels in disc shape

DSC analysis was carried out to investigate the thermal properties of crosslinked hydrogels. Disc-
shaped chitosan-genipin hydrogels, with and without PEG (CP0G5, CP5G5, and CP5G10; Table
3.1) were synthesised (as detailed in Section 3.2.1) and freeze-dried (as detailed in Section 3.3).
DSC experiments were performed in both heating and cooling modes to evaluate the reversibility
of thermal transition (as detailed in Section 3.8, Table 3.5). The results are presented in Table 4.4
and Figure 4.22.
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Table 4.4 Thermal properties of individual gel constituents (chitosan and PEG) and disc-shaped chitosan-genipin hydrogels, with and without
PEG (CPOG5, CP5G5, and CP5G10; Table 3.1; formed at 37°C/24 h).

FIRST CYCLE
Event PEG Melting PEG Crystallization Water evaporation Chitosan degradation PEG degradation
PeakS* Tonset Tm AH Tonset Tm AH Tonset Tm AH Tonset Tm AH Tonset Tm AH
(G | () | Qg | (C) | (C) | Qg) | C) | (C) | Qfg) | C) | (C) | Qfg) | (C) | (C) | (g)
Pure 56.51 | 61.34 | 138.71 | 39.31 | 34.42 | 126.86
PEG +053 | £194 | £57 | £0.23 | £0.92 | +6.80
Pure 53.44 | 106.31 | 301.32
chitosan +222 | £0.32 | £2.23
57.34 | 103.93 | 342.44
CPOGS +121 | £0.85 | +7.55
CP5G5 4722 | 51.34 | 16.11 | 35.34 | 30.33 | 12.41 | 61.60 | 103.86 | 204.06
+0.72 | £055 | £0.32 | £222 | £0.95 | £1.22 | £0.70 | £1.77 | £5.47
CP5G10 46.71 | 51.97 | 2254 | 36.80 | 30.53 | 16.74 | 63.98 | 106.08 | 180.58
+171 | £030 | £194 | £+112 | £034 | +235 | +098 | £1.55 | £2.83
SECOND CYCLE
Pure 56.12 | 60.27 | 142.80 383.12 | 402.12 | 191.61
PEG +132 | £251 | £0.40 +243 | £421 | £9.21
Pure 282.81 | 301.51 | 179.71
chitosan +152 | £223 | £4.64
260.33 | 283.95 | 203.93
CPOGS +0.24 | £053 | £1.92
CP5GS 5791 | 60.34 | 14.70 260.55 | 281.40 | 128.52 | 381.45 | 416.01 | 70.21
+032 | £1.25 | £0.31 +1.76 | £0.99 | +359 | +0.46 | £0.82 | £2.73
CP5G10 56.66 | 60.26 | 20.34 259.61 | 280.99 | 145.45 | 382.06 | 417.94 | 86.96
+124 | £093 | +1.22 +1.04 | £1.16 | +4.44 | £0.95 | £0.27 | £5.30

THIRD CYCLE: no peaks detected

* Peak integration: Tonset = the onset temperature of a transition event; Tr, = the peak temperature of a transition event; AH = the enthalpy of a transition.

The experiment was performed in triplicate.
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Figure 4.22 DSC curves of disc-shaped hydrogels (Table 3.1, formed at 37°C/24 h) containing: (a)
chitosan-genipin (sample CP0OG5); (b) chitosan-genipin-PEG (sample CP5G5). All samples are
subjected to three heating and cooling cycles as detailed in Table 3.5 (top graphs = 1% cycle; middle

graphs = 2" cycle; bottom graphs = 3" cycle).

Table 4.4 presents the transition events occurred within the samples under applied temperature
programs. For pure chitosan, there was a broad endothermic peak at 106°C assigned to the loss of
water during evaporation [274]. In the second heating cycle, the exothermic peak at 301°C was
related to chitosan degradation [275]. Chitosan degradation starts with the decomposition of main
chains by splitting glycosidic bonds and hence the deacetylation via N-acetyl linkage [21].
Generally, the depolymerisation of main chains should result in an endothermic peak as it requires
more heat to split the bonds. However, the observed exothermic peak is associated with the
interchain crosslinking formed between fragments of chitosan. Pawlak and Mucha (2002)
confirmed the formation of crosslinking of chitosan macromolecules during its thermal degradation
[245]. For pure PEG (MW 6000 g/mol), the first heating-cooling cycle had a melting transition at
61°C and subsequently a crystallization phase at 34°C (Table 4.4). In the second heating cycle,
PEG had a melting phase at the same temperature compared to the first heating cycle. When
temperature increased up to 380°C, there was an onset of an endothermic peak which is related to

the decomposition of PEG by chain scission [274].

As expected, DSC curves from chitosan-genipin hydrogels without PEG did not show any melting

peaks or crystallization peaks related to PEG (Figure 4.22a) while having similar transition peaks

observed in pure chitosan. In chitosan-genipin-PEG hydrogels, the endothermic peak related to

melting phase of PEG was observed in the first heating cycle with lower onset temperature at 46°C
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and melting temperature at 51°C (Figure 4.22b). In the second heating cycle, the melting peak of
PEG was observed with the same temperature as those with pure PEG. The difference in melting
temperature between the first two cycles was related to hydrogen bonding between hydroxyl groups
of PEG and water molecules. In all hydrogel samples analysed, the endothermic peaks related to
water evaporation were observed in the first heating cycle and disappeared in the second heating
cycle, indicating that some bound water within gel network was not completely removed by freeze-
drying.

When the crosslinked gels were heated up to 260°C, there was an onset of an exothermic peak
which reached the highest enthalpy value at 280°C (Figure 4.22). This exothermic peak was related
to chitosan degradation and for all the tested samples, the degradation temperatures related to
chitosan chains were similar and shifted to lower values (from 300°C in pure chitosan to 280°C in
crosslinked hydrogels). The enthalpy value of this transition was higher in chitosan-genipin
hydrogels (203.93 + 1.92 J/g) than those recorded in chitosan-genipin-PEG hydrogels (120 - 145
J/g) (Table 4.4). These observations indicate the effect of PEG on molecular motion within the
crosslinked network, probably via the interaction with chitosan. When temperature increased up to
380°C, there was an exothermic peak with the maximum value at 417°C obtained only in PEG-
added hydrogels (CP5G5 and CP5G10). Interestingly, the following cooling cycle did not show
the crystallization peak of PEG and during the last run, there was no peak observed (Figure 4.22Db).
To confirm the thermal transition related to the last exothermic peak (at 417°C) obtained in the
second heating cycle, more DSC experiments were conducted using the thermal program detailed

in Table 3.5 with minor modification (Figure 4.23).
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Figure 4.23 DSC curves of disc-shaped chitosan-genipin-PEG hydrogels (sample CP5G5, Table
3.1, formed at 37°C/24 h) subjected to three heating and cooling cycles as detailed in Table 3.5
with minor modification in the 2" cycle: (a) 1% cycle; (b) 2" cycle - ramp 10°C/min to 320°C,
isothermal at 320°C for 5 min, ramp 20°C/min to -90°C; (c) 3 cycle.

The first cycle had the similar phase transition as the thermal program was unchanged (Figure
4.23a). In the second heating cycle, instead of heating the gels from -90°C to 500°C, the samples
were heated up to 320°C. As expected, after chitosan degradation peak appeared at around 280°C,
there was an exothermic peak related to crystallization of PEG in the subsequent cooling run
(Figure 4.23b). In the third cycle, the samples were heat up from -90°C to 500°C and then cooled
down from 500°C to -90°C. The melting peak of PEG was observed again at similar temperature
and the exothermic peak at around 417°C was observed. The subsequent cooling process did not
obtain any peaks as predicted (Figure 4.23c). DSC experiments were also carried out with
chitosan/PEG blend by mixing an appropriate amount of chitosan and PEG solutions, casting on a
Petri dish and drying in an oven. The exothermic peak during the second heating cycle was also
seen and shifted to 422°C. Taking all the finding into accounts, it is possibility that when the gels
were heated up to 380°C, PEG began the decomposition by chain scissions and the resulting PEG
fragments may form hydrogen bonding with chitosan fragments, appearing as an exothermic peak
at around 417°C. DSC analysis confirms the formation of thermally stable chitosan-genipin
hydrogels (up to 250°C). For drug delivery application, DSC analysis can be used to evaluate any
interactions between loaded moieties and polymeric constituents which could induce major

changes in their thermal profiles.
99



4.8 Release kinetics of loaded therapeutic agents from disc-shaped hydrogels

The physical and chemical properties of hydrogels and the chosen loading method will affect
directly the mechanism by which the encapsulated drug is released from the polymeric network
[34]. To evaluate the release kinetics of loaded therapeutic agents from hydrogels, two different
biomolecules with different solubility in water, which are perindopril erbumine (PER) and 1-
methyl D-tryptophan (D-1MT), were used as drug models. PER-loaded and D-1MT-loaded disc-
shaped chitosan-genipin-PEG hydrogels (F1P, F2P, and F3P, Table 3.3) were synthesised by direct
entrapment method (as detailed in Section 3.2.4). The hydrogels were placed in pH 2 buffer
solution and the amount of drug released were quantified by HPLC (as detailed in Section 3.9).

The results are presented in Figure 4.24.
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Figure 4.24 Cumulative amount of (a) PER and (b) D-1MT released from disc-shaped chitosan-
genipin-PEG hydrogels (Table 3.3, formed at 37°C/24 h) in pH 2 buffer solutions at 20°C. The
connecting lines are given as a guide for the eye only and do not represent actual data. Data are

representative of two independent experiments (n = 6/group).

PER (MW 441.6 g/mol), freely soluble in water (solubility: 1.22 mg/mL), is the ethyl ester of a
non-sulfhydryl angiotensin converting enzyme inhibitor with anti-hypertensive activity (a starting
therapeutic dose of 2 mg is recommended) [276]. D-IMT (MW 218.3 g/mol), is the D-isomer of
1-MT which can inhibit the indoleamine 2,3-dioxygenase-related enzyme and is currently used in
phase I clinical trials as an adjunct to conventional chemotherapy, causing regression of tumours

and prolonging survival [277]. D-1MT is less soluble in water than PER (solubility: 1mg/mL with
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gentle warming) [278]. Thus, PER and D-1MT, with different solubility, were used to evaluate the
release kinetics of hydrogels.

As seen in Figure 4.24, the release profiles of PER and D-1MT could be described as a bi-phasic
pattern with an initial burst effect (within 3 - 6 h) and a sustained release before reaching
equilibrium state. As a swelling-controlled release system in which drug is dispersed within
polymeric network, once in contact with acidic buffers, the hydrogels begin to swell. The relaxation
of polymer chains allows the system to expand beyond its boundary leading to fast release of drug
within the first hours. The concentration gradient between the hydrogel and surrounding solutions
permits the diffusion of the loaded drug. When the swelling reaches an equilibrium state, the release
rate becomes constant [158]. The drug release rate is dependent on the swelling rate of polymeric
network [3]. The effect of crosslinking density on the release pattern is noticeable. As expected, at
a constant concentration of chitosan and PEG, increasing genipin content produces higher
crosslinking density, leading to a slower network relaxation rate in acidic buffers. After 72 h, the
amount of PER or D-1MT released from gel F3P was lowest compare to those released from gels
F1P and F2P (Figure 4.24). In acidic conditions, the total amount of PER released from a single
hydrogel sample at equilibrium state was almost twice as much as that of D-1MT (53.56% of PER
from gel F2P compared to 28.46% of D-1MT at 72 h of incubation). At a fixed time point and from
same hydrogel samples, the dissolution of PER was faster than that of D-1IMT due to its higher
solubility in aqueous solution. As the drug concentrations in the acidic medium and in the gel
matrix are equal, the driving force for drug diffusion achieves its balance leading to the end of
release activity. The amount of medium withdrawn at a fixed time point also affects the release

kinetics as shown in Figure 4.25.
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Figure 4.25 Cumulative amount of D-1MT released from disc-shaped chitosan-genipin-PEG
hydrogels (sample F1P, Table 3.3, formed at 37°C/24 h) in pH 2 buffer solutions at 20°C, with
different amount of media withdrawn at a certain time point. The connecting lines are given as a
guide for the eye only and do not represent actual data. Data are representative of two independent

experiments (n = 6/group).

It can be seen that when more medium was replaced, the faster the release rate was and the higher
amount of loaded moieties diffused out of the gel matrix. When all the medium (20 mL) was taken
out and replaced by adding fresh buffer, D-1IMT achieved the highest released amount of around
40% after 12 h and sustained the release up to 72 h. When 5 mL of medium was replaced at each
time point, the highest amount of released D-1MT (around 35%) achieved at 48 h of incubation.
Thus, sustained driving forces are essential to induce sustained release from polymeric matrix.
With respect to the future applications where hydrogel can be injected or implanted into the body,
the amount of drug released from the matrix will be used by virtue of its physiological action
leading to the sustained driving forces. As discussed in Section 2.3.3.2, several kinetic models can
be used to describe the release profiles of drugs from polymeric network. By fitting the
experimental data into various kinetic models (zero order, first order, Higuchi, and Kormeyer-
Peppas), the drug-loaded disc-shaped hydrogels fitted well to the Kormeyer-Peppas model (R? >
0.98) with release component, 0.45 < n < 0.89, indicating non-Fickian transport mechanism
(Figure 4.26). This is expected as Korsmeyer-Peppas model takes into account the moving

boundary phenomena using a dimensionless swelling interface number [279], unlike the empirical
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power law, commonly used for diffusion-controlled release, which does not consider the expanding
boundary conditions during the swelling process [158]. By using PER and D-1MT as drug models,
the developed hydrogels are deemed sufficient to entrap and release the loaded moieties in a

controlled manner.
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Figure 4.26 Kormeyer-Peppas model kinetic release of PER from disc-shaped chitosan-genipin-
PEG hydrogels (sample F1P, Table 3.3, formed at 37°C/24 h) in pH 2 buffer solutions at 20°C.

4.9 Summary

For chitosan-based hydrogels studied, the hydrogel integrity was maintained by a chemically
crosslinked network formed between primary amino groups of chitosan and genipin in acidic
conditions. Based on literature, it is well-known that MW and DDA of chitosan are two most
important intrinsic factors that affect its physical and chemical properties. Batch-to-batch variations
also pose a challenge in consistently achieving hydrogels with reproducible properties. Therefore,
throughout all experiments, only one batch of chitosan (medium MW, DDA of 82%) was used to
ensure comparable results with our previous studies. Furthermore, low MW chitosan was found to
be poor in term of mucosal adhesion and in controlling the cargo release while high MW chitosan
exhibited a lower adhesion and a lower release rate of loaded drug than medium MW chitosan
[280]. The use of genipin as a crosslinker was supported by its high selectivity, good
biocompatibility, and intriguing bioactivity. Genipin is found to react only with primary amino
groups and its cytotoxicity is found to be 10000 times lower than that of glutaraldehyde [89].
Previous studies have also reported the potential anti-inflammatory, anti-thrombotic, and anti-
angiogenesis properties of genipin in mice models [281]. Therefore, aiming to reach clinical
applications, a potential bio-safe crosslinker like genipin was chosen. At the same time, the use of

a linear polymer entrenched within the crosslinked network might improve reproducibility in
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synthesis and add extra levels of control in achieving tailor-made hydrogels to meet various end-
use applications. The use of PEG was encouraged as it might provide a solid foundation to further
develop these hydrogels as self-oscillating hydrogels. As discussed in Section 4.6, the idea behind
the concept of self-oscillating hydrogels is to chemically couple pH-responsive hydrogels with an
oscillatory reaction (that produces oscillations in pH) so that the pH changes can occur inside the
smart gels (eliminating the need of external stimuli) and cause the gels to swell/collapse promptly
and release the loaded moieties in pulses. Our research group led by Dr. Novakovic has intensively
studied the oscillatory PCPOC reaction employing polymeric substrates (monoalkyne-terminated
PEG) and smart hydrogels, aiming to develop an ‘all-polymeric’ self-oscillating system able to
expand and collapse its volume fully autonomously in a predesigned rhythm for a predesigned
duration. Such systems would lead to reduced side effects of the target drugs and offer truly
personalised treatment regimes (especially for diseases with established oscillatory rhythms in their
pathogenesis, e.g. arthritis, duodenal ulcers, or cardiovascular diseases). Additionally, aging
population would significantly benefit from such reliable hands-free drug delivery technologies.
Therefore, to bring them one step closer to applications, addition of PEG to the crosslinked network

forming a semi-IPN network is studied.

Either prepared in disc shape or bead shape, the gels had dark blue colour which is related to the
oxygen radical-induced polymerisation of genipin as well as the reaction with amino groups of
chitosan [111, 240]. FTIR scans confirm gel formation as the differences between the non-
crosslinked chitosan and the crosslinked gel network were related to the development of secondary
amine and heterocyclic amine ring-stretching. Crosslinking with genipin also generated a
fluorescent product, which had optimal excitation and emission wavelengths at 580 nm and 630
nm, respectively. The freeze-dried disc-shaped hydrogels had microporous structure with an
average cross-sectional porosity ranging from approximately 40% to 64%, and the pore sizes
ranging from 11 um to 57 um, depending on the amount of genipin and PEG. The hydrogels were
also prepared in bead shape using emulsion crosslinking. As observed by light microscope and
SEM, the obtained particles were discrete, spherical, and within micrometre range (from 1 pm to
30 um). The size of hydrogel beads increased as incubation temperature and stirring rate decreased.
Incorporation of PEG into hydrogel beads did not significantly affect the particles’ morphology
and size. Preliminary experiments to produce PEG-coated particles suggest that longer incubation

time (more than 6 h) is required to achieve a complete coating layer.
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Based on results presented in Chapter 4, Figure 4.27 displays a bubble and colour map graph
summarising key characteristics of the hydrogels as a function of genipin and PEG content. In this
figure, the gelation time (Section 4.6.1) is given at x-axes and the equilibrium swelling (Section
4.5) at y-axes; the average pore size (Section 4.4.1) defines the bubble size; while the elastic

modulus (Section 4.6.3) defines the bubble colour.
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Figure 4.27. Equilibrium swelling, gelation time, average pore size, and elastic modulus of disc-
shaped chitosan-genipin hydrogels, with and without PEG (Table 3.1, formed at 37°C/24 h).
Dashed lines are used to group samples with higher genipin content (red dashed lines) and lower
genipin content (blue dashed line).

As seen in Figure 4.27, in disc-shaped chitosan-genipin hydrogels, addition of PEG can be used
to alter properties of hydrogel material, tailor desirable swelling response, reduce average pore
size, and reduce cost of the fabrication by reducing the amount of expensive crosslinking agent
needed. The presence of PEG not only reduced average pore size, but also improved pore
uniformity and yielded a significantly narrower pore distribution. This is an excellent feature that
should aid reproducible synthesis and large-scale manufacturing of these materials. The resulting
hydrogels are confirmed to be pH responsive, swelling in acidic and shrinking in basic
environments, in line with chitosan pKa values. Manually induced pH oscillations triggered the
oscillatory swelling response, highlighting their potential for coupling with a real oscillatory

reaction to produce self-oscillating hydrogels. These results show that changes in conformation can
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be efficiently controlled by either changing the crosslinking density or adding PEG polymer.
Higher genipin concentration reduced the pore size and swelling degree while increasing elastic
modulus (Figure 4.27). The addition of PEG up to 1.9 mM decreased swelling ratio, yielding the
same effect as the increase in genipin content. Considering cost of genipin (£345 for 125 mg,
Sigma-Aldrich) and scale-up production, replacing some genipin with PEG polymer is favourable.
On-going improvements in the genipin extraction process show promising results, anticipated to
reduce cost of commercial genipin and pave the way for the more cost-effective developments of
genipin-based hydrogels. Interestingly, PEG concentration of above 2.9 mM increased swelling
ratio and reduced elastic modulus, likely due to the inhibitory effect addition of PEG may have on
chitosan-genipin crosslinking reaction and the hydrophilicity of PEG. Other factors (such as
gelation time and temperature) also influenced the hydrogels’ microstructure. For instance, long
incubation time (from 48 h up to 96 h) or high oven temperature (from 45°C to 60°C) might damage
the physical bonding within hydrogel network and reduce the network stability, resulting in high
swelling ratios recorded.

Gelation point is an important parameter that needs to be considered in the development of
crosslinked hydrogels. At the gel point, the viscoelastic properties change abruptly from a liquid-
like state to a solid-like state resulting in a sudden loss of flow [238, 265, 266]. Understanding
gelation kinetics opens the possibilities for more effective network design, particularly relevant to
the envisioned in vivo applications. When aiming for in vivo applications, a slow gelation time may
lead to hydrogel leakage from target sites and potentially the loss of loaded-biomolecules. On the
other hand, a rapid gelation time could lead to a hydrogel-tissue mismatch as it may inhibit the
hydrogel from conforming to the lesion geometry [182]. During hydrogel synthesis, oscillatory
time sweeps were performed to determine the gelation time. The gelation time obtained by both
crossover of G” and G’ and the Winter-Chambon criterion were in good agreement. Thermal
properties were evaluated using freeze-dried disc-shaped hydrogels, indicating that the fabrication
process produced thermally stable hydrogels (up to 250°C). Two drug molecules (PER and D-
1MT) with different solubility were chosen to evaluate the release kinetics from disc-shaped
hydrogels and were loaded into hydrogels by direct entrapment. The results show the highest
release rate within the first 3 - 6 h and a sustained release (up to 48 - 72 h) in which PER was
released more and at faster rate compare to D-1MT due to its higher solubility. The swelling-
controlled release kinetic of hydrogels followed the Korsmeyer-Peppas model with non-Fickian

transport mechanism.
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In summary, the Chapter 4 presents the physical and chemical characterisation and evaluation of
chitosan-genipin hydrogels, with and without PEG, using a wide range of techniques. Their
microstructure, smart nature of a pH-responsive system, and mechanical stability are found to
depend on many factors, such as the amount of crosslinker, addition of linear polymer, and gelation
conditions (incubation temperature, gelation time, and stirring rate). The evaluation presented in
this work allows the production of tailor-made hydrogel structure with desirable physico-chemical
properties. To reach clinical applications, a biomedical system should be non- or low-cytotoxic and
enzymatically or hydrolytically degradable. Thus, in Chapter 5, the biological evaluation of

hydrogels is discussed.
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Chapter 5 Biocompatibility of crosslinked chitosan-based hydrogels

As discussed in Chapter 4, chitosan-genipin hydrogels interpenetrated by PEG displayed several
promising properties as a potential controlled drug delivery platform but it is important to evaluate
their biocompatibility. In this Chapter, biological activities of the crosslinked hydrogels in vitro
and in vivo are discussed. The cytotoxicity of hydrogel films was investigated on mouse 3T3
fibroblast cells as a function of genipin content and PEG addition. The inflammatory responses to
uncrosslinked chitosan films and crosslinked chitosan-genipin hydrogel films/beads were
evaluated using DC 2.4, RAW 264.7, and BMDM cells. Biodegradation of hydrogels was
monitored non-invasively using their intrinsic fluorescence in vitro and in vivo. Biocompatibility
was evaluated by injecting mice with two types of hydrogels, which were macrogels prepared
directly in syringes and hydrogel beads suspended in PBS. Some of the content in this Chapter
have been previously published in ‘Genipin-crosslinked chitosan hydrogels: preliminary evaluation

of the in vitro biocompatibility and biodegradation’, Journal of Applied Polymer Science.
5.1 Cytotoxicity of hydrogel films towards 3T3 fibroblast cells

The chitosan-genipin hydrogel films, with and without PEG (Table 3.3) were prepared in multi-
well plates (as detailed in Section 3.2.3). To evaluate the cytotoxicity of hydrogel films, 3T3
fibroblasts were cultured on hydrogel surfaces (as detailed in Section 3.10.2). Changes in cell
morphology were assessed microscopically, using light microscope (Figure 5.1a) and SEM

(Figure 5.1b) while cell viability was assessed using an ATP-based assay (Figure 5.1c).
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Relative cell viability %

F1 F1P F2 F2P F3 F3pP

Figure 5.1 Cytotoxicity evaluation using 3T3 fibroblasts cultured on chitosan-genipin hydrogel
films (F1, F2, and F3; Table 3.3) and chitosan-genipin-PEG hydrogel films (F1P, F2P, and F3P;
Table 3.3) for 48 h at 37°C. (a) Light microscope images of control cells and gel-exposed cells. (b)
SEM image of fibroblasts cultured on sample F3P and its magnified section. (c) Cell viability
measured by CellTiter-Glo® 2.0 assay. Data in the experimental groups are percentages relative to
the control group (cells seeded in wells containing fresh culture medium only). Data are
representative of two independent experiments (n = 6/group). Statistical significance was
determined by two-tailed unpaired Student’s t test; ***, P < 0.001; **** P < 0.0001; NS, not

significant.

As shown in Figure 5.1, chitosan hydrogels crosslinked by genipin presented a wide range of

cytotoxicity to fibroblasts, with a strong correlation between genipin concentration and cellular
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adhesion/viability, supporting previous reports [193, 195, 282]. Microscopic images show that the
cells maintained normal morphology on hydrogels with higher genipin content. Fibroblasts
cultured on gels with 1.7 mM genipin (F1 and F1P) remained round or oval (Figure 5.1a), revealing
a weak contact with the surface and low viability (around 25 - 30%, Figure 5.1c). Fibroblasts
cultured on gels with 3.1 mM (F2 and F2P) or 4.4 mM genipin (F3 and F3P) formed elongated or
spindle-like shapes, showing good spreading morphology and higher viability (around 73 - 95%).
SEM images of fibroblasts cultured on gel F3P show confluent growth of cells on the gel surface
where the cells attached, flattened, and spread with assembly of filopodia (Figure 5.1b). Section
4.6 shows that higher genipin content increased crosslinking density and mechanical stiffness of
the hydrogels, consistent with previous studies [31, 116, 181, 194]. The observation of better
fibroblast compatibility of these higher stiffness gels is similar to those reported previously, which
described key roles of matrix stiffness in cellular behaviours. For example, microporous cellulose
scaffolds with Young’s modulus above 1.6 MPa promoted osteoprogenitor cell growth [283].
Bovine chondrocytes showed a rapid attachment time of 2.7 h on crosslinked alginate gels with
147 kPa (measured by stress-relaxation testing) compared to 17.5 h on 16 kPa gels [284]. Stiffer
surfaces may offer more adhesion anchors for cells to attach and form more focal complexes, which

promote cell proliferation and prevent apoptosis of anchorage-dependent fibroblasts [285-289].

As shown in Figure 5.1c, in gels with 1.7 mM genipin (F1 and F1P), addition of PEG (1.3 mM)
improved cell viability (although not statistically significant, P > 0.05). In gels with 3.1 mM
genipin (F2 and F2P) and 4.4 mM genipin (F3 and F3P), addition of PEG (up to 1.2 mM) enhanced
cell viability significantly (Figure 5.1c). Section 4.6 shows that adding PEG (1.2 mM) increased
the elastic modulus and rigidity of the network, which may contribute to the enhanced
cytocompatibility of PEG-added hydrogels. Another key factor that affects cellular responses is
surface hydrophilicity. Cells show favourable adhesion to moderate hydrophilic surfaces compared
to hydrophobic or extremely hydrophilic surfaces [290-293]. The increased hydrophilicity of
hydrogel surfaces by addition of PEG may promote cell adhesion and growth.

5.2 Inflammatory property of chitosan-genipin hydrogels

To test if chitosan-genipin hydrogels induce inflammatory cytokines, the inflammatory responses

to both uncrosslinked chitosan and crosslinked chitosan hydrogels were investigated, using several

in vitro cultured murine cell lines (DC 2.4 and RAW 264.7) and primary mouse cells (BMDM).

The uncrosslinked chitosan films were prepared as detailed in Section 3.2.3. The chitosan-genipin
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hydrogel films with highest genipin content (gel F3, Table 3.3) were selected to study further and
synthesised as detailed in Section 3.2.3. The chitosan-genipin hydrogel beads were prepared at
37°C with a stirring speed of 500 rpm, following the procedure described in Section 3.2.2.

5.2.1 Inflammatory response by DC 2.4 dendritic cells

As dendritic cells act as a critical bridge between innate and adaptive immunity [294], a well-
characterised dendritic cell line, DC 2.4, was used to investigate the inflammatory response to these
chitosan-based materials. The experiments were carried out as detailed in Section 3.10 and the

results are presented in Figure 5.2.
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Figure 5.2 Inflammatory cytokine production by DC 2.4 cells exposed to uncrosslinked chitosan

films and crosslinked hydrogel films/beads. Assays were carried out at 6 h and 24 h of incubation.
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(a) DC 2.4 cell viability measured by CellTiter-Glo® 2.0 assay. Data in the experimental groups
are percentages relative to the control group (cells seeded in wells containing fresh culture medium
only). Cytokine gene transcription (b, d, f) and protein expression (c, e, g) by DC 2.4 cells were
assessed using RT-PCR and ELISA respectively, after exposure to chitosan films (b, ¢), hydrogel
films (d, e), or hydrogel beads (f, g). Fold increases in cytokine gene transcription are relative to
the control group measured at the same time point. Data are representative of two independent
experiments (n = 6/group). Statistical significance was determined by two-tailed unpaired
Student’s t test; *, P < 0.05; **, P <0.01; ***, P <0.001; **** P < 0.0001; ND, not detected.

As shown in Figure 5.2a, the percentages of viability of chitosan film-exposed DC 2.4 were 108%
(at 6 h) and 106% (at 24 h), with no significant difference compared to the control group. The
percentages of viability of hydrogel film-exposed DC 2.4 were 103% (at 6 h) and 97% (at 24 h),
with no significant difference compared to the control group. The percentages of viability of
hydrogel bead-exposed DC 2.4 were 90% (at 6 h) and 91% (at 24 h), with no significant difference
compared to the control group. Thus, compared to uncrosslinked chitosan films, the crosslinked
hydrogel network with genipin is deemed minimally cytotoxic towards DC 2.4, although not

statistically significant (P > 0.05).

To evaluate the inflammatory properties of the crosslinked hydrogels, several inflammatory
cytokines (TNF-a, IL-6, IP-10, IL-1p, and IFN-) were chosen to study the inflammatory response
to chitosan-based materials. In chitosan film-exposed DC 2.4, increased IL-6 (8-fold) and I1L-1f
(14-fold) mRNA expression were observed at 6 h (Figure 5.2b) while IL-6 level (13 pg/mL) was
surprisingly 2-fold lower than control cells and IL-1p level (2 pg/mL) was comparable to control
cells (Figure 5.2c). mRNA transcription and protein expression of TNF-a and IP-10 in chitosan
film-exposed cells were comparable to control cells at the same time point. Interestingly, IFN-f
gene transcription was increased significantly (16-fold at 6 h and 27-fold at 24 h) but no IFN-f
protein was detected in supernatants measured by ELISA (even though ELISA worked well for
IFN-B standard with detection limit of 5 pg/mL). This suggests that post-transcriptional control
processes prevent translation of IFN-f mRNA to produce protein or protein secretion. Further
studies will be necessary to examine this possibility but lack of IFN-B protein expression in
response to chitosan-based materials is consistent with hypo-inflammatory properties, as IFN-f is

a pivotal cytokine that elaborates innate and adaptive immunity.
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In hydrogel film-exposed DC 2.4, increased TNF-a (2-fold) and IL-6 (3-fold) mMRNA expression
were observed at 24 h (although not statistically significant, P > 0.05, Figure 5.2d) while TNF-a
level (7 pg/mL) was 4-fold lower than control cells and IL-6 level (96 pg/mL) was comparable to
control cells (Figure 5.2e). mRNA transcription and protein expression of IP-10 in hydrogel film-
exposed cells were comparable to control cells at the same time point. IL-13 mRNA expression
was not elevated and no IL-1B protein was detected. IFN-f gene transcription was increased
significantly (356-fold at 6 h and 2435-fold at 24 h) but no IFN-B protein was detected, similar to

outcomes in chitosan film-exposed DC 2.4.

In hydrogel bead-exposed DC 2.4, increased TNF-o (3-fold) mRNA expression was observed at
6 h (although not statistically significant, P > 0.05, Figure 5.2f) while TNF-a level was comparable
to control cells (Figure 5.2g). At 6 h, mRNA transcription of IL-6 and IL-1p were not elevated
while concentrations of IL-6 (35 pg/mL) and IL-1B (18 pg/mL) were significantly lower than
control cells. mRNA transcription and protein expression of IP-10 in hydrogel bead-exposed cells
were comparable to control cells at each time point. IFN-B gene transcription was increased
significantly (126-fold at 24 h) but still no IFN-p protein was detected, as observed for responses

to chitosan films and hydrogel films.

These findings support the conclusion that uncrosslinked chitosan films and crosslinked hydrogels
are hypo-inflammatory towards DC 2.4, as no increased levels of inflammatory cytokines including
TNF-a, IL-6, IP-10, IL-1B, and IFN-p were detected despite increasing in gene transcriptional
activity for IL6, IL-1p, and IFN-B. Conducting bioassays to measure IFN-p activity would address
if ELISA read-outs are valid and if translational control blocks production or secretion of IFN-

protein.
5.2.2 Inflammatory response by RAW 264.7 macrophage cells

As macrophages mediate innate immunity by phagocytosing bacteria and secreting pro-
inflammatory and anti-microbial mediators [295, 296], a well-characterised macrophage cell line,
RAW 264.7, was used to study the inflammatory response to hydrogels. The experiments were
carried out as detailed in Section 3.10 and the results are presented in Figure 5.3.
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Figure 5.3 Inflammatory cytokine production by RAW 264.7 cells exposed to uncrosslinked
chitosan films and crosslinked hydrogel films/beads. Assays were carried out at 6 h and 24 h of
incubation. (a) RAW 264.7 cell viability measured by CellTiter-Glo® 2.0 assay. Data in the
experimental groups are percentages relative to the control group (cells seeded in wells containing
fresh culture medium only). Cytokine gene transcription (b, d, f) and protein expression (c, e, Q)
by RAW 264.7 cells were assessed using RT-PCR and ELISA respectively, after exposure to
chitosan films (b, ¢), hydrogel films (d, e), or hydrogel beads (f, g). Fold increases in cytokine gene
transcription are relative to the control group measured at the same time point. Data are
representative of two independent experiments (n = 6/group). Statistical significance was
determined by two-tailed unpaired Student’s t test; *, P < 0.05; **, P <0.01; ***, P < 0.001; ****,
P < 0.0001; ND, not detected.
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As shown in Figure 5.3a, the percentages of viability of chitosan film-exposed RAW 264.7 were
92% (at 6 h) and 75% (at 24 h), with no significant difference compared to the control group. The
percentages of viability of hydrogel film-exposed RAW 264.7 were 94% (at 6 h) and 85% (at 24
h), with no significant difference compared to the control group. The percentages of viability of
hydrogel bead-exposed RAW 264.7 were 87% (at 6 h) and 88% (at 24 h), with no significant
difference compared to the control group. Thus, compared to uncrosslinked chitosan films, the
crosslinked hydrogel network with genipin is deemed minimally cytotoxic towards RAW 264.7
although not statistically significant (P > 0.05).

Similar to the experiment with DC 2.4, several inflammatory cytokines (TNF-a, IL-6, IP10, IL-18,
and IFN-B) were chosen to study the inflammatory response to chitosan-based materials. In
chitosan film-exposed RAW 264.7, increased I1L-6 (4-fold) and IL-1p (13-fold) mRNA expression
were observed at 6 h (Figure 5.3b) while IL-6 level (3 pg/mL) was surprisingly 5-fold lower than
control cells and IL-1p level (5 pg/mL) was comparable to control cells (Figure 5.3c). TNF-a
MRNA transcription was not elevated and TNF-a levels in chitosan film-exposed cells were
significantly lower than control cells at the same time point. mMRNA transcription and protein
expression of IP-10 in chitosan film-exposed cells were comparable to control cells at the same
time point. IFN-B gene transcription was increased significantly (27-fold at 6 h and 51-fold at 24
h) but no IFN-B protein was detected, similar to outcomes in chitosan film-exposed DC 2.4.

In hydrogel film-exposed RAW 264.7, increased IL-6 (4-fold) mRNA expression was observed at
6 h (although not statistically significant, P > 0.05, Figure 5.3d) while IL-6 level (22 pg/mL) was
comparable to control cells (Figure 5.3e). TNF-a mRNA transcription was not elevated and TNF-
a levels in chitosan film-exposed cells were significantly lower (at 6 h) or comparable (at 24 h) to
control cells. mRNA transcription and protein expression of IP-10 in hydrogel film-exposed cells
were comparable to control cells at the same time point. IL-1 mRNA expression was not elevated
and no IL-1p protein was detected. IFN-f gene transcription was increased significantly (56-fold
at 6 h and 181-fold at 24 h) but no IFN-B protein was detected, similar to outcomes in hydrogel
film-exposed DC 2.4.

In hydrogel bead-exposed RAW 264.7, mRNA transcription and protein expression of TNF-a, IL-
6, and IP10 were comparable to control cells at the same time point. At 6 h, increased IL-1p (2-
fold) MRNA expression was observed (although not statistically significant, P > 0.05, Figure 5.3f)
while IL-1p level (21 pg/mL) was comparable to control cells (Figure 5.3g). IFN-B gene
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transcription was increased significantly (102-fold at 24 h) but no IFN-B protein was detected, as
observed in RAW 264.7 exposed to chitosan films and hydrogel films.

Consistent with outcomes in DC 2.4 experiments, these findings support the conclusion that
uncrosslinked chitosan films and crosslinked hydrogels are hypo-inflammatory towards RAW
264.7, as no increased levels of inflammatory cytokines including TNF-a, IL-6, IP-10, IL-1f, and

IFN-B were detected despite increasing in gene transcriptional activity for IL6, IL-1B, and IFN-B.
5.2.3 Inflammatory response by primary mouse macrophages

As primary macrophages reflect physiological functions (such as phagocytic activity, cytokine
production, and regulation of the oxidative burst) better than macrophage cell lines, inflammatory
responses to hydrogels were investigated using mouse bone marrow-derived macrophages
(BMDM). BMDM cells were generated by culturing bone marrow with the M-CSF (as described
in Section 3.10.1) and were seeded on uncrosslinked chitosan films and crosslinked hydrogel
films/beads (as described in Section 3.10). Cytokine analysis was carried out at 6 h of incubation.

The results are presented in Figure 5.4.
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Figure 5.4 Inflammatory cytokine production by BMDM cells exposed to uncrosslinked chitosan
films and crosslinked hydrogel films/beads. Assays were carried out at 6 h of incubation. (a)
BMDM cell viability measured by CellTiter-Glo® 2.0 assay. Data in the experimental groups are
percentages relative to the control group (cells seeded in wells containing fresh culture medium
only). Cytokine gene transcription (b) and protein expression (c) by BMDM cells were assessed
using RT-PCR and ELISA, respectively. Fold increases in cytokine gene transcription are relative
to the control group measured at the same time point. Data are representative of two independent
experiments (n = 6/group). Statistical significance was determined by two-tailed unpaired
Student’s t test; *, P < 0.05; **, P < 0.01; ***, P < 0.001; **** P <0.0001; ND, not detected.

As shown in Figure 5.4a, at 6 h incubation, the percentages of viability of BMDM exposed to
chitosan films, hydrogel films, and hydrogel beads were 86%, 79%, and 84%, respectively,
suggesting that uncrosslinked chitosan films and crosslinked hydrogel films/beads have minimal

cytotoxic towards BMDM (although not statistically significant, P > 0.05).
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Similar to the experiments with DC 2.4 and RAW 264.7, several inflammatory cytokines (TNF-a,
IL-6, IP10, IL-1B, and IFN-f) were chosen to study the inflammatory response to chitosan-based
materials. In chitosan film-exposed BMDM, increased IL-6 (16-fold) mMRNA expression was
observed while IL-6 level (10 pg/mL) was significantly lower than control cells (Figure 5.4b),
consistent with outcomes in DC 2.4 and RAW 264.7 exposed to chitosan film. In hydrogel film-
exposed cells, increased TNF-a (12-fold), IL-6 (17-fold), and IL-1p (10-fold) mMRNA expression
were observed. In hydrogel bead-exposed cells, increased TNF-a (12-fold) mRNA expression was
observed. Despite increasing in gene transcriptional activity found in some cases, concentrations
of TNF-a, IL-6, and IP-10 protein released by treated cells were significantly lower than control
cells and no IL-1p protein was detected (Figure 5.4c).

IFN-p gene transcription was increased significantly. IFN-f gene transcriptions in BMDM exposed
to chitosan films, hydrogel films, and hydrogel beads were 70-fold, 143-fold, and 92-fold increase
compared to control cells, respectively. However, no IFN-B protein was detected in supernatants
measured by ELISA, consistent with what observed in DC 2.4 and RAW 264.7. Taking these
findings into accounts, the inflammatory responses by several in vitro cultured cells and primary

macrophages to hydrogels confirm the hydrogels’ hypo-inflammatory property.
5.3 In vitro degradation upon exposure to lysozyme

To assess the enzymatic degradation of hydrogels, chitosan-genipin hydrogels, with and without
PEG were prepared in 24-well clear-bottomed black plates (as detailed in Section 3.2.3). As the
gels had optimal excitation and emission wavelengths at 580 and 630 nm respectively (Section
4.3), changes in the fluorescence of hydrogels during incubation with lysozyme were recorded at

these wavelengths (as detailed in Section 3.11). The results are presented in Figure 5.5.
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Figure 5.5 Changes in fluorescence intensity of chitosan-genipin hydrogels, with and without PEG
(Table 3.3, formed at 37°C/24 h), upon exposure to lysozyme, recorded at excitation/emission
wavelengths of 580/630 nm. Fluorescence of hydrogels grouped by presence of PEG: (a) chitosan-
genipin hydrogels and (b) chitosan-genipin-PEG hydrogels. Fluorescence of hydrogels grouped by
genipin content: gels with (c) 1.7 mM genipin, (d) 3.1 mM genipin, and (e) 4.4 mM genipin. The
connecting lines are given as a guide for the eye only and do not represent actual data. Data are
representative of two independent experiments (n = 4 at each data point). Statistical significance
was determined by two-way ANOVA with multiple comparisons; *, P < 0.05; **, P < 0.01; ***,
P <0.001; **** P <0.0001; NS, not significant.

Previous studies have commonly monitored changes in hydrogel mass to evaluate the degradation
[297-299]. However, gravimetric measurement is a highly invasive procedure with several
intermediate steps (such as transferring gels between enzyme solution and balance, removing
excess solvent, and gel fragmentation during the handling) which could affect the results. Thus, the
hydrogels’ intrinsic fluorescence was exploited to track the enzymatic degradation efficiently and
non-invasively. As shown in Figure 5.5, enzymatic degradation of all hydrogels studied was
apparent after 3 days, as fluorescence intensity decreased from 100% to 70 - 80% in this period.
The hydrogels incubated in PBS solution displayed no degradation as the recorded fluorescence

intensity remained unchanged over time. The results show that the rate and extent of hydrogel
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degradation were dependent on the degree of crosslinking as well as the presence of PEG. Gels
with 1.7 mM genipin (F1 and F1P) showed a significant decrease in fluorescence during the first 5
days, while gels with 3.1 mM genipin (F2 and F2P) or 4.4 mM genipin (F3 and F3P) had a slight
decrease during the first 5 days and remained considerably stable until day 10 before their
fluorescence intensity started to decrease, reaching zero at around day 17 (Figure 5.5a,b). The
highest rates of fluorescence loss in gels F1, F2, and F3 were 24%, 19%, and 18% per day,
respectively; and in gels F1P, F2P, and F3P were 28%, 22%, and 21% per day, respectively.
Collectively, these findings indicate that chitosan-genipin hydrogels are sensitive to lysozyme-
mediated degradation and preserve the biodegradable properties of uncrosslinked chitosan.
Increasing genipin content (from 1.7 mM to 4.4 mM) delayed degradation significantly, potentially
due to the higher crosslinked network suppressing the mobility of polymer chains. Moreover,
chitosan chains bridged by genipin form a cyclic crosslinking structure with increased
stereohindrance for the penetration of lysozyme due to the bulky heterocyclic-structure of genipin
[193]. These observations are consistent with previous reports [8, 193, 194, 252], indicating that

genipin concentration is a suitable variable to modulate the rate of hydrogel degradation.

Figure 5.5 also shows the effect addition of PEG has on degradation in relation to genipin content.
In gels with 1.7 mM genipin, addition of PEG (1.3 mM) showed little effect on degradation as gels
F1 and F1P had similar degradation patterns (Figure 5.5c). In gels with 3.1 mM genipin, addition
of PEG (1.2 mM) slightly retarded degradation as gels F2 and F2P started to degrade at day 10 and
day 12, respectively (Figure 5.5d). This is possibly due to PEG filling up the spaces within the gel
network and binding to the hydroxyl groups on chitosan chains via hydrogen bonding, resulting in
a denser structure suppressing the mobility of polymer chains. In gels with 4.4 mM genipin,
addition of PEG (1.1 mM) did not further delay degradation as gels F3 and F3P started to degrade
at day 12 and day 10, respectively (Figure 5.5¢e). In this case, PEG may interact with chitosan more
effectively, reducing the number of effective crosslinks between chitosan and genipin [31], and
confining the ability of genipin to suppress degradation. Once the hydrogels start to degrade, the
increased hydrophilicity induced by PEG addition appears to accelerate degradation, resulting in a
faster degradation rate observed in PEG-added hydrogels compared to non-PEG-added hydrogels,
regardless of genipin content. Thus, addition of PEG delays hydrogel degradation to some extent
in relation to genipin content, which showed most distinct impact on degradation of hydrogels
employing moderate genipin concentration (F2 and F2P), compared to the counterparts with lowest

(F1 and F1P) or highest (F3 and F3P) genipin content. This suggests existence of an optimal range
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of PEG concentration beyond which PEG addition may lead to a reduced number of effective
crosslinking between chitosan and genipin. These findings support the results presented in Chapter
4, which reveal the link between PEG content (2.9 mM and above) and the sudden changes in
hydrogels’ swelling capacity, gelation kinetics, and mechanical strengths [31]. The present work
suggests an innovative and yet simple approach to deploy the intrinsic fluorescence of the
crosslinked hydrogels for tracking the biodegradation in vitro and in vivo.

5.4 In vivo degradation upon subcutaneous injection in mice with macrogels

The intrinsic fluorescence of hydrogels was exploited to monitor biodegradation in vivo. Chitosan-
genipin-PEG hydrogels were prepared directly in syringes (as detailed in Section 3.2.5) and
immediately injected subcutaneously into 3 mice (as detailed in Section 3.12.1). In Vivo Imaging
System (IVIS) was deployed to scan and measure fluorescence intensity of hydrogel depots

following subcutaneous injection. The results are presented in Figure 5.6.
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Figure 5.6 In vivo biodegradation of chitosan-genipin-PEG hydrogels following subcutaneous
injection. Mice are identified by notching their ears: left ear-notched mouse (LN), right ear-notched
mouse (RN) and no notched mouse (NN). (a) Fluorescence imaging of mice at indicated time point
using IVIS. (b) Local skin reaction of NN mouse occurred within 5 days post-injection. (c) Changes
in fluorescence intensity of hydrogel depot over time measured by 1VIS. The connecting lines are
given as a guide for the eye only and do not represent actual data. (d) Retrieved tissues at injection
sites at day 55 and their H&E staining images from LN and RN mice. Black arrows indicate the

thickened dermis layer and damaged hair follicles in LN mouse.

The results show that the intrinsic fluorescence of hydrogels was detectable using 1VIS. Hydrogels
emitted bright red light at excitation wavelength of 605 nm and emission wavelength of 660 nm
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with minimal interference from the auto-fluorescence nature of living tissues (Figure 5.6a). The
intrinsic fluorescence of hydrogels allows real time and non-invasive tracking of degradation in
vivo without sacrificing mice or injection of a fluorescent marker. General assessment of mouse
health status was carried out to detect any adverse systemic effects, including piloerection,
decreased activity, abnormal posture, and weight loss. No piloerection, reduced activity, and
abnormal posture were evident. Body weight measurements reveal no significant changes upon
injection and during the study duration. The injected hydrogels appeared as a round or irregular
shaped protrusion at injection sites, which became smaller over time. Visual observation at
injection sites reveals the appearance of ulceration. LN and RN mice had a mild transient reaction,
as skin at injection sites appeared red and swollen, while NN mouse had a severe skin reaction with
the appearance of necrotic skin (black scab) within 5 days post-injection (Figure 5.6b). As NN
mouse continued to self-traumatise, it was culled humanely at day 6. Skin ulceration reflects an
acute inflammatory response against polymeric compounds, but the extent of ulceration varied in
severity amongst individual mice. LN and RN mice remained normally active and prolonged gel
persistence (up to day 23 or day 55) was observed without signs of self-trauma, indicating that
acute inflammatory responses were minimal, non-invasive, and transient. It is worth noting that the
hydrogels were prepared directly in syringes without further washing steps prior to injection (as
opposed to hydrogel films or beads, which were washed intensely prior to testing in vitro). Thus,
undesirable skin reactions may indicate irritation effects in tissues caused by unreacted
crosslinkers, intermediate compounds or by-products of crosslinking reaction. Hence, post-
processing steps, such as washing and inactivation, prior to injection/implantation may be

necessary to reduce inflammatory responses in vivo.

IVIS images reveal that LN mouse had weak fluorescent signal up to day 55 while signal from RN
mouse reduced gradually from day 12 post-injection (Figure 5.6a). The initial fluorescence
intensity of hydrogel depot in NN mouse (measured right after injection) was one third than those
in LN and RN mice, which might be a dosing error (as the gel was highly viscous and it is hard to
precisely control volume of injection) or might reflect nuanced differences of hydrogel deposition
in skin. Despite similar fluorescence intensity recorded right after injection (day O in Figure 5.6¢)
in LN and RN mice, their fluorescence intensity developed in different ways in the next few days.
In the RN mouse, hydrogel fluorescence was reduced slightly at day 6, but then increased to peak
at day 9 before gradually reducing and becoming negligible at day 23 post-injection. In the LN

mouse, hydrogel fluorescence was also reduced slightly at day 6, but then increased gradually to
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peak at day 30 before reducing and reaching its minimal value at day 55. The increase in hydrogels’
fluorescence from day 6 may be an indication of continuous crosslinking reaction going on after

the injection.

To conduct histological assessments, LN and NN mice were culled humanely at day 55 and the gel
samples were retrieved with unaffected surrounding tissues. Samples were processed and stained
with H&E to evaluate cellular infiltration throughout the gels. As seen in Figure 5.6d, tissue
retrieved from the LN mouse contained a small piece of hydrogel which was not degraded after 55
days, while the hydrogel depot had disappeared completely in RN mouse. The difference in
degradation rates in the two mice may depend on the position where hydrogels were deposited, as
the hydrogel may have been deposited intradermally in LN mouse, while the hydrogel may have
been deposited subcutaneously in RN mouse. At day 55, sustained chronic inflammation was
identified by immune cell infiltrates in the tissue surrounding injection site in the LN mouse. Some
areas of the dermal layer appeared thickened with visible signs of protein and hair follicle damage
(as indicated by black arrows in Figure 5.6d). The cause of tissue damage is unclear but may be
associated with the position where the hydrogel was deposited in the LN mouse. Upon tissue
processing for H&E staining in the LN mouse, remaining gel was not visible. H&E staining images
of retrieved tissues in RN mouse reveal minimal infiltrating cells, normal dermis layer, and healthy
hair follicles. These findings are consistent with the conclusion that following subcutaneous
injection, hydrogels are degraded enzymatically into small fragments, which are gradually
eliminated from subcutaneous regions via the systemic blood or lymphatic circulatory systems,
indicating that chitosan-genipin-PEG hydrogels, as well as their degradation products, may be
biocompatible in vivo. Further in vivo experiments will be required using more mice and additional
read-outs (such as inflammatory cytokine production in tissues) at experimental endpoints to

generate robust conclusions regarding hydrogel biocompatibility.
5.5 In vivo biocompatibility upon subcutaneous injection with hydrogel beads

To assess the biocompatibility of hydrogel beads, chitosan-genipin particles were prepared at 37°C
and stirring speed of 500 rpm (as described in Section 3.2.2). The beads were dispersed in PBS and
subcutaneously injected in 6 mice (as detailed in Section 3.12.2). The results are presented in

Figure 5.7.
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Figure 5.7 In vivo biocompatibility of chitosan-genipin hydrogel beads following subcutaneous
injection. (a) Injection site (red cycle) of a treated mouse observed at day 7 post-injection showing
no sign of local skin reaction. (b) Retrieved tissues at injection site of a treated mouse showing the
remaining gels at day 1 post-injection. (c) H&E staining image of the retrieved tissues and (d) its
magnified section. (e) Cytokine gene transcription (measured by RT-PCR) in lymph nodes
collected at indicated time points. Fold increases in cytokine gene expression are relative to the
control group measured at the same time point. (f) TNF-a and (g) IL-6 concentrations (measured
by ELISA) in plasma samples collected at indicated time points. Data are expressed as mean = SD;
n = 3 at each data point. Statistical significance was determined by two-tailed unpaired Student’s t
test; **** P < (0.0001.

For all treated mice, no local skin reaction at injected sites was evident (Figure 5.7a), as opposed
to the skin inflammation found in macrogel-injected mice. At day 1, three mice were culled
humanely after collecting blood samples. In two mice, no obvious sign of hydrogel accumulation
under the skin was found, suggesting hydrogels might be completely degraded or widely distributed
around the adjacent area, while in the other mouse, a small piece of visible subcutaneous lump was
found and retrieved (Figure 5.7b). Further histological analysis shows the presence of hydrogel
remains (as red dots in Figure 5.7c,d) and immune cell infiltrates, suggesting an acute
inflammation induced. At day 3, blood samples were collected in three remaining mice and at day

7, mice were culled humanely after collecting additional blood samples. No signs of skin reaction
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were observed at 7 days post-injection and the retrieved tissues from those three mice contained

no hydrogel pieces.

The retrieved local draining lymph nodes from the control and treated mice were processed to
measure cytokine gene expression by RT-PCR (TNF-a, IL-6, IP-10, IL-1B, and IFN-B). mMRNA
expression of TNF-a, IL-6, IP-10, and IL-1p in treated mice were comparable to control mice at
the same time point. Increased IFN-f (13-fold at day 1 and 12-fold at day 7) mRNA expression
was observed in treated mice (Figure 5.7¢e), consistent with the in vitro results. Cytokine levels in
plasma were evaluated by ELISA, showing that no IFN-f in plasma was detected and the hydrogel
beads did not increase the production of TNF-o and IL-6 within 7 days post-injection (Figure
5.7f,g). Though further in vivo experiments are required to draw significant conclusions, these
initial findings suggest that hydrogel beads are more biocompatible than macrogels following
subcutaneous injection. One reason may be that hydrogel beads were washed thoroughly with
hexane and ethanol upon emulsion crosslinking and did not contain unreacted moieties that may

provoke inflammatory responses in vivo.
5.6 Summary

For clinical application, a biomedical polymer must be minimally cytotoxic and biodegradable
enzymatically or hydrolytically. The biocompatibility profiles of individual components of
chitosan-genipin-PEG hydrogels do not guarantee that resulting hydrogels will be biocompatible.
Cytotoxic effects may arise from the crosslinking process or unanticipated impact of different
constituent concentrations on the biocompatibility of the resulting hydrogels. Despite the well-
established links between hydrogel composition and physico-chemical properties detailed in
Chapter 4, the biological functions of chitosan-genipin hydrogels are poorly understood, even less
so with the presence of PEG. Currently, evaluation of the biocompatibility and biodegradation of
chitosan-genipin hydrogels is very limited. Knowledge about the in vivo behaviour of genipin
crosslinked hydrogels is frequently extrapolated from the intrinsic biocompatibility of individual
constituents [203]. Furthermore, it is important to track the degradation of hydrogels in vivo, as it
is highly relevant to the release kinetics of cargo therapeutic agents. Thus, in this Chapter,

biological activities of the crosslinked hydrogels in vitro and in vivo were evaluated.

The cytotoxicity of crosslinked hydrogel films was investigated using 3T3 fibroblast cells. SEM
images and ATP assays show that 3T3 cells maintained good spreading morphology (with

elongated or spindle-like shape) and high viability (73 - 95%) on hydrogels with higher genipin
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content (3.1 - 4.4 mM), while they remained round/oval and had low viability on hydrogels with
lower genipin content (1.7 mM). Section 4.6 shows that higher genipin content increased
mechanical stiffness of hydrogels, suggesting that sufficient stiffness is a prerequisite for polymeric
matrices to provide effective cell attachment. Addition of PEG is deemed favourable for cell
adhesion and growth because PEG may increase the elastic modulus and rigidity of the network,
as well as the hydrophilicity of hydrogel surfaces. Even though further in vivo studies are needed,
these initial results provide guidance to support hydrogel design for the specific application of drug
delivery and controlled release. For instance, these results suggest that for implantation, a stiffer
gel with higher genipin content and good mechanical robustness is more biocompatible and more
suitable for in vivo application.

As dendritic cells and macrophages play critical roles for the induction of protective immune
responses against pathogens [300], the inflammatory responses of DC 2.4 dendritic cells, RAW
264.7 macrophages cells, and primary macrophages (BMDM) to both uncrosslinked chitosan and
crosslinked chitosan-genipin hydrogels were investigated. The results show that uncrosslinked
chitosan films had minimal cytotoxic effects on DC 2.4 (cell viability: 105 - 108%), RAW 264.7
(cell viability: 75 - 92%), and BMDM (cell viability: 80 - 95%). The cells exposed to hydrogel
films and beads also had good viability (85 - 103%), suggesting that chitosan-genipin crosslinked
networks had minimal cytotoxic effects on inflammatory cells. Inflammatory cytokine gene
transcription (TNF-a, IL-6, IP-10, IL-1B, and IFN-B) measured by RT-PCR suggests that mRNA
expression of some cytokines was induced in all examined immune cell types, nevertheless no
increased levels of cytokine protein were found, indicating that the hypo-inflammatory properties
of the chitosan-based materials are not due to inhibiting of inflammatory gene transcription, rather
through regulating more complex biological mechanisms such as protein translation or secretion
pathways. This may be more reflected in the case of IFN-B. Consistently observed in all three cell
types (DC 2.4, RAW 264.7, and BMDM), IFN-f gene transcription was increased significantly (up
to 2435-fold in DC 2.4), supporting previous studies which reported the induction of type 1
interferon via cCGAS-STING pathway of chitosan [26, 225]. However, no IFN-f protein was ever
detected in all conditions (even though ELISA worked well for IFN-f standard with detection limit
of 5 pg/mL).

Biodegradable polymeric materials are of considerable interest as they can be broken down and
eliminated from tissues after they have served specific functions without the need of surgical

removal [301]. The biodegradation properties of crosslinked chitosan hydrogels remain unclear, as
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crosslinking with genipin might yield physically stable hydrogels, which either persist or are
sensitive to enzymatic degradation. The in vitro biodegradation of hydrogels was investigated non-
invasively using their intrinsic fluorescence upon crosslinking reaction. As discussed in Section
4.3, crosslinking with genipin yielded a fluorescent product which emitted strong red light upon
excitation. Enzymatic degradation is a significant source of chitosan depolymerisation, in which
chitosan is degraded by lysozyme and bacterial enzymes present in the colon [302-304]. Thus,
lysozyme was the enzyme chosen for this study. The active site of lysozyme consists of six subsites
that bind to D-glucosamine units of chitosan and form enzyme-material complex [305]. The
cleavage of glycosidic linkage occurs when the alternate sites of lysozyme interact with acetamide
side chains of N-acetyl glucosamine units of chitosan. Simultaneously with chitosan chain scission,
cleavage and/or destruction of its functional groups (amino, carbonyl, and hydroxyl) occur [21]. In
this study, the degradation process showed a biphasic pattern, which involved a gradual decrease
in fluorescence within the first few days, followed by a sudden loss in fluorescence until the
hydrogels were completely broken down. The first phase of the degradation process exhibited
moderate fluorescent loss, possibly due to the initial diffusion of lysozyme from surrounding
solution to the gel matrix and the gradual recognition of acetamide side chain of N-acetyl
glucosamine units to activate its hydrolysis activity. Once cleavage of glycosidic linkage occurred,
the degradation products, including low MW chitosan, chitooligomer, and N-acetyl glucosamine
D-residues, may be subsequently released and dissolved into the surrounding media [22]. As
lysozyme solution was refreshed after each fluorescence reading and the hydrogel networks were
loosened over time, the hydrolysis activity was accelerated, leading to an abrupt decrease in

fluorescence intensity, which coincides with the sudden mass loss observed visually.

In this study, the results show that crosslinking with genipin yielded an enzymatically degradable
product and a prolonged degradation with a slow degradation rate was achieved by increasing
genipin content, resulting in a highly crosslinked network that suppresses the mobility of polymer
chains. Addition of PEG delayed the degradation to a certain extent associated with genipin
content, indicating that the degradation of CS-Gen-PEG hydrogels can be effectively controlled by
modulating their composition. The non-destructive nature of the method is particularly relevant to

real-time monitoring of material formation, conformation change or degradation in living bodies.

The intrinsic fluorescence of hydrogels was also exploited to track their fate non-invasively
following subcutaneous injection into mice. As preliminary experiments, a group of 3 mice were

injected with 200 pL of chitosan-genipin-PEG hydrogels subcutaneously. Local skin reaction at
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injected sites was observed but varied in severity amongst individual mice. One mouse (NN) was
self-traumatised with severe necrosis (appearance of black scab) and was culled humanely at day
6, while two other mice (LN and RN) had transient reactions and remained normally active up to
day 55. IVIS imaging reveals that the hydrogel fluorescence in both mice developed in different
ways during the study, despite similar initial fluorescence at day 0. In the LN mouse, the hydrogel
was partly degraded and persisted at the injection site until day 55, while in the RN mouse, the
hydrogel was degraded and eliminated by day 55. H&E staining images of tissues surrounding
injection sites reveal immune cell infiltrates, reflecting a chronic inflammation in the LN mouse,
but not in the RN mouse. These findings suggest that hydrogel degradation rates may depend on
where they are deposited in skin tissues. In the LN mouse, the hydrogel may have been deposited
intradermally, while in the RN mouse, the hydrogel may have been deposited subcutaneously.
Intradermal injection may lead to prolonged gel persistence (up to 8 weeks) and chronic
inflammation, while subcutaneous injection may lead to faster degradation (up to 4 weeks). Due to
the limited number of mice treated in this preliminary experiment, significant conclusions cannot
be drawn. However, supported by literature which has reported good biocompatibility of genipin-
related hydrogels in vivo [113, 209, 213, 306], these findings suggest that chitosan-genipin-PEG
hydrogels may have acceptable biocompatibility in vivo, and may have the ability to serve as long-
lasting drug delivery depots.

As the local skin reaction observed in the macrogel-injected mice may come from unreacted
crosslinker and by-products of crosslinking reaction that remained within the newly-formed
macrogels, subcutaneous injection of the hydrogel beads was carried out. No local skin reaction
was observed in any treated-mice up to 7 days post-injection. The hydrogels were partly degraded
at day 1 (a gel depot remained in one mouse) and fully degraded at day 7. H&E stanning images
of the gel-containing tissues show immune cell infiltrates, indicating on-going inflammation
reaction. The plasma concentrations of TNF-a and IL-6 protein in mice injected with hydrogel
beads were comparable to control mice within 7 days post-injection and remained within normal
range. Despite no IFN-f detected in plasma samples, the injection of hydrogel beads induced IFN-
B mMRNA expression significantly (12-fold). Even though more in vivo studies are required to
understand the biodegradation of hydrogel beads, these results suggest a good biocompatibility of
hydrogel beads in vivo, and post-processing steps to remove the unreacted moieties and by-products

is necessary to reduce inflammatory responses to hydrogel polymers.
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Chapter 6 Conclusion and future directions
6.1 Conclusions

Owing to the ability to sense surrounding environments and release entrapped molecules in a
controlled manner, stimuli-responsive hydrogels have great potential as chronotherapeutic carriers.
Furthermore, the hydrophilicity and the swelling ability in biological conditions endow hydrogels
with excellent biocompatibility, resembling extracellular matrix with a soft and rubbery
consistency. Among biomaterials utilised for hydrogel fabrication, chitosan is of increasing interest
for development of pH-responsive hydrogels due to its low toxicity, good biocompatibility,
biodegradability, rich source, low cost, and wide variety of derivatives. Even though there has been
an upsurge in publications related to chitosan-based hydrogels, their transition to clinical
applications is still at its early stage and requires experimental. As long chitosan chains need to be
crosslinked to form a stable hydrogel, there is an imperative need to utilise a biocompatible
crosslinker to bridge chitosan chains. Owing to the high variability in chitosan structure as a
natural-derived polymer, it is necessary to enhance reproducibility and consistency of the
developed hydrogels, as well as improve mechanical robustness and reduce burst release effect.
Therefore, in this project, genipin, a low toxic and biocompatible crosslinker, was employed to
crosslink chitosan chains and PEG was added to form semi-IPN hydrogels to enhance the level of

control in hydrogel’s microarchitecture.

The main aim of this study was to develop and evaluate injectable and degradable pH-responsive
chitosan hydrogels crosslinked by genipin and interpenetrated by PEG for drug delivery
applications. The project firstly focused on the hydrogels’ fabrication process to produce hydrogels
in a range of shapes (disc, bead, and film) for different measurements. To be able to tailor the
hydrogels’ properties according to end-use applications, the physical and chemical properties were
evaluated as a function of their composition (genipin and PEG content) and gelation conditions.
To target these pH-responsive hydrogels for controlled drug delivery, the release kinetics of two
therapeutic agents were characterised. To bring them one step closer to clinical trials, in vitro and
in vivo biocompatibility of the resulting hydrogels was assessed. The study offers following

findings.

1) Versatile approach in hydrogels’ fabrication. The crosslinked hydrogels, composed of
chitosan, genipin, and PEG (combined as aqueous solution), were synthesised under mild

conditions (37°C, 24 h) and in a range of shapes (disc, bead, and film) to facilitate different
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measurements. The dark blue colour and intrinsic fluorescence upon chitosan-genipin reaction
were observed in all hydrogels studies. The bead-shaped hydrogels (diameters ranging from 1 yum
to 30 um), prepared by emulsion crosslinking, were discrete, compact, and rough without visible
pores on the beads’ surface. The disc-shaped hydrogels (13 mm in diameter and 8 mm in height),
prepared in polyethylene vials, had microporous structure with diameters ranging from 11 pum to
57 um and average cross-sectional porous areas of 40% to 64%. By means of gravimetric
measurements, it is confirmed that the hydrogels were pH-responsive, which could swell in acidic
conditions (pH 2 and pH 4 buffers) and shrink in neutral/basic conditions (pH 7 and pH 10 buffers).
The hydrogels also exhibited oscillations in swelling (with relatively small amplitude) under
manually induced pH oscillations (changing buffers between pH 2 and pH 4/pH 7).

2) Remarkable effect of gelation conditions on hydrogels’ microstructure. Either prepared in
disc shape or bead shape, gelation conditions (incubation time/temperature and stirring speed)
affected the hydrogels’ microarchitecture significantly. In disc-shaped hydrogels, increasing
incubation temperature (from 20°C to 37°C) reduced the swelling ratio while further increasing
temperature up to 45 - 60°C led to higher swelling ratio. Increasing incubation time (from 8 h to
24 h) produced hydrogels with lower swelling capacity while long incubation time up of 48 - 96 h
increased the swelling degree. In bead-shaped hydrogels, increasing incubation temperature (from
20°C to 37°C) produced smaller particles while there was no distinct difference in sizes of particles
prepared at 37°C and 50°C. Increasing stirring speed (from 250 rpm to 500 - 750 rpm) produced

smaller particles and narrower size distribution.

3) Profound effect of genipin and PEG content on hydrogels’ physico-chemical properties. In
disc-shaped hydrogels, changes in hydrogels’ conformation can be efficiently controlled by either
changing genipin content or adding PEG. In hydrogels with 1.2 mM PEG, increasing genipin
content (from 3.1 mM to 6.3 mM) reduced average pore size (from 24 um to 18 um), swelling ratio
(from 22% to 15%), and gelation time by 41% (from 44 min to 26 min) while increasing elastic
modulus (from 445 Pa to 1100 Pa). In hydrogels with 3.6 mM PEG, increasing genipin content
(from 3.1 mM to 6.3 mM) yielded similar effect (average pore size reduced from 25 um to 21 pum;
swelling ratio reduced from 60% to 30%; and elastic modulus increased from 380 Pa to 700 Pa),

while showing negligible effect on gelation time (dropping from 44 min to 40 min).

Compared to chitosan-genipin hydrogels only, addition of PEG (1.2 mM) to form semi-IPN

hydrogels decreased average pore size and increased porosity and elastic modulus. Further
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increasing PEG content (3.6 mM) did not make significant change in average pore size but further
increased porous area and decreased elastic modulus. Addition of PEG up to 0.8 mM decreased
swelling degree to 60% and further increasing PEG content to 1.9 mM reduced swelling degree to
20%. Interestingly, a higher PEG content from 2.9 mM to 3.6 mM increased swelling degree to
60%, suggesting existence of an optimal range of PEG concentration beyond which PEG addition
may lead to a reduced number of effective crosslinking between chitosan and genipin. In gels with
3.1 mM genipin, the gelation time was around 44 min regardless of the amount of PEG added while
in gels with 6.3 mM genipin, increasing PEG content from 1.2 mM to 3.6 mM led to longer gelation
time (from 26 min to 40 min). Collectively, genipin and PEG content can be used to tailor desirable
physico-chemical properties of the resulting hydrogels. Considering cost of genipin (£345 for 125
mg, Sigma-Aldrich), scale-up production, and the fact that addition of PEG (up to a critical
concentration) yielded same effect as increasing genipin content, cost of fabrication can be

optimised by replacing some genipin with PEG polymer.

4) Controlled drug delivery with non-Fickian transport mechanism. Two therapeutic agents
(PER and D-1MT) with different solubility were chosen to evaluate the release kinetics from
crosslinked hydrogels. The results show that the amount of PER or D-1MT released from gels with
highest genipin content (4.4 mM) was lowest compared to those released from gels with 3.1 mM
or 1.7 mM genipin. As PER is more soluble in water than D-1MT, the amount of PER released
from a single composition at equilibrium state was almost twice as much as that of D-1IMT. The
swelling-controlled release kinetics fitted well to Kormeyer-Peppas models, with release

component, 0.45 < n <0.89, indicating non-Fickian transport mechanism.

5) Hypo-inflammatory properties. 3T3 fibroblasts cultured on hydrogel films showed different
cellular behaviours as a function of genipin content. The cells retained normal adhesive properties
and high viability (73 - 95%) on gels with 3.1 mM and 4.4 mM genipin but not on gels with 1.7
mM genipin, suggesting a strong correlation between hydrogels’ stiffness and cell
attachment/growth. Addition of PEG (up to 1.3 mM) enhanced the viability of 3T3 cells cultured
on hydrogel surfaces. Three different types of chitosan were used towards inflammatory cells (DC
2.4, RAW 264.7, and BMDM), including uncrosslinked chitosan films and crosslinked hydrogels
in bead and film shapes. The cells exposed to hydrogel films and beads had good viability (> 85%),
suggesting that chitosan-genipin crosslinked network had minimal cytotoxic effects on
inflammatory cells. Despite increasing in gene transcriptional activity in some treated cells, no

increased levels of five inflammatory cytokines (TNF-a, IL-6, IP10, IL-1p, and IFN-B) were
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detected, suggesting the hypo-inflammatory properties of chitosan-genipin hydrogels. The
induction of IFN- gene transcription was consistently observed in all treated immune cell types,
but no IFN-B protein was detected, suggesting that the hypo-inflammatory properties are regulated
through more complex biological mechanisms (such as protein translation or secretion pathway),

rather than inhibiting of inflammatory gene transcription.

6) Efficient approach to track biodegradation in vitro and in vivo using hydrogels’
fluorescence. Owing to the intrinsic fluorescence upon chitosan-genipin crosslinking, the
biodegradation of crosslinked hydrogels was monitored in vitro and in vivo by tracking their
fluorescence. Enzymatic degradation under lysozyme activity shows that increasing genipin
content (from 1.7 mM to 3.1 - 4.4 mM) prolonged the degradation with a slower degradation rate
while adding PEG (up to 1.3 mM) also delayed the degradation to some extent. In vivo
biodegradation upon subcutaneous injection of chitosan-genipin-PEG macrogels was tracking
using IVIS. Even though there was a severe skin reaction appeared in one treated mouse, the acute
inflammation is deemed bearable and associated with the position where the hydrogel is deposited,
suggesting the need of post-processing steps to remove the unreacted/intermediate residuals or by-
products of chitosan-genipin reaction. Fluorescence intensity recorded by IVIS suggests that the
degradation may depend on where the hydrogel is deposited, as prolonged gel persistence (up to 8
weeks) occurred when the hydrogel was deposited intradermally. In vivo biocompatibility upon
subcutaneous injection of chitosan-genipin hydrogel beads was also evaluated. Even though there
were immune cell infiltrates seen in H&E images of tissues surrounding injection sites, no local
skin ulceration was observed up to 7 days post-injection and the plasma levels of TNF-o and IL-6
were not increased, suggesting good biocompatibility of hydrogels beads following subcutaneous
injection. Consistent with in vitro inflammatory response, the hydrogel beads induced IFN-B gene

transcription significantly, but no IFN- protein was detected.

Owing to many exceptional properties, including low toxicity, good biocompatibility,
biodegradability, good mucoadhesion, and the ability to be functionalised into different derivatives
according to the designated applications, chitosan is a strong candidate for biomedical applications.
Compared to other natural polymers such as collagen, hyaluronic acid, and gelatin, chitosan
hydrogels offer higher versatility in system design. Chitosan can be 1) physically combined with
other compounds to form temperature-responsive hydrogels; 2) chemically crosslinked to enhance
mechanical robustness and form pH-responsive hydrogels; 3) combined with different reagents to

form multi-responsive hydrogels; 4) modified into more hydrophobic derivatives (e.g.
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carboxylmethyl chitosan) to carry hydrophobic drugs; 5) formed in a variety of dimensions and
forms. Despite these numerous striking features, only a limited number of chitosan hydrogels are
currently used in clinical applications. One main drawback to polymers sourced from natural
tissues is the concern over immunogenicity and batch-to-batch variation, which pose challenges in
achieving consistent results and good correlation between accurate chemical structure and their
effective biological responses. Owing to the poor mechanical resistance, chitosan is not ideally
suited for applications which involve high mechanical stresses or load-bearing. Chemical
crosslinking to enhance the mechanical robustness may impair the biocompatibility of the resulting
hydrogels. For this reason, naturally derived crosslinkers, such as genipin, tannic acid, or plant-
derived polyphenols (gallic acid and ferulic acid), have gained increasing interest. In this project,
genipin was chosen as a crosslinker and the feasibility of PEG addition in modifying hydrogels’
structure was investigated. With insights into the hydrogels’ microstructure and smart behaviours
as a pH-responsive system, the developed hydrogels show potential in various biomedical
applications. The hydrogel microparticles can carry therapeutic agents (drugs, RNA, cells, etc.) by
direct entrapment and surface attachment. The microgels then can be administered by either
incorporating with microneedle arrays (e.g. pain-free vaccine delivery for COVID-19 by carrying
mRNA spike protein) or by direct injection (e.g. intra-tumoral injection for cancer
immunotherapy). The hydrogel particles can also be produced in nano-size, suitable for
encapsulation of insoluble drugs and nasal route delivery as chitosan is known to have
mucoadhesion property, which allows the delivery system to be retained better in the mucosal
epithelial tissues. The hydrogel particles can be embedded in hydrogel scaffold (in film/disc shape)
for implantation. Such systems are promising, as the scaffold and the particles are both based on
chitosan backbone, reducing the complexity in chemical composition and increasing the
biocompatibility of these composite systems. As chitosan can be developed into temperature-
sensitive hydrogels, in situ forming hydrogels based on chitosan are highly potent, offering a multi-
layer delivery of therapeutic agents (e.g. dual-delivery of chemotherapy drugs, where the first
soluble drug is dissolved in hydrogel solution and the second insoluble drug is loaded in the form
of particles which are dispersed in the solution). Despite those challenges mentioned above,
chitosan hydrogels stand as a highly promising biomaterial and deserve combined efforts in

synthesis, characterisation, and modelling to take them from the discovery to applications.
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6.2 Future directions

This project has provided a deeper insight into the physical-chemical properties of the resulting
pH-responsive chitosan-based hydrogels as well as their in vitro and in vivo biocompatibility.
However, the transition from bench to market is still very challenging. Considerably, these present

findings suggest the following directions for future research.

1) Exploring release profiles of loaded drug from hydrogel beads. This would be immediate
experiments which could not be carried out because of the laboratory closure during COVID-19
pandemic. The in vitro and in vivo release of loaded drug from hydrogel beads would give valuable
information on how the release kinetic is regulated and how the pH-sensitivity affects in vivo

performance.

2) Gaining deeper understanding into the mechanism of biodegradation and translational
control. As the present study shows that degradation rates varied amongst treated mice, further in
vivo experiments with more mice and additional read-outs at experimental endpoints are required
to understand the mechanism of degradation. As the present study provides strong evidence for the
induction of IFN-pB gene transcription both in vitro and in vivo while no IFN- protein was detected,
it would be beneficial to carry out bioassays to measure IFN-p activity and investigate translational

control.

3) Developing self-oscillating hydrogels based on chitosan-genipin crosslinked. The present
study provides deeper insight into how PEG addition affected the hydrogels’ microstructure and
how to tailor the hydrogels’ properties efficiently to meet anticipated applications. As the chitosan-
genipin-PEG hydrogels exhibited oscillations in swelling under manually induced pH oscillations,
it is now of prime interest to develop the hydrogels further towards an autonomous rhythmic system
where all the components (substrate, catalyst, and smart hydrogel) are combined within a single

macromolecule.

4) Expanding the range of drug amenable for hydrogel-based delivery. Owing to the
hydrophilic nature, the delivery of hydrophobic drug from hydrogels remains a challenge. Owing
to the versatility in chemical modifications, chitosan can be functionalised into different derivatives
(such as N-acylation chitosan) to present more hydrophobic domains. As the present study provides
evidence to support the addition of PEG, future research could explore the use of other linear
polymers (such as poloxamer F407 and polylactic acid) to be able to carry hydrophobic molecules.
Incorporating particulate systems (such as microsphere, liposome, and micelles) into hydrogel
135



matrices to form composite hydrogels is a promising approach to prolong drug delivery and achieve

a bi-phasic release pattern.

3) Validating different fabrication techniques to produce hydrogel micro/nanoparticles. Even
though emulsion crosslinking is a simple method suitable for laboratory research and formulation
development, scale-up production with controllable parameters remains challenging. As many
techniques are available to produce hydrogel beads (such as microfluidics, lithography, and
spraying), it is important to validate the efficiency of these techniques to produce particles with
desirable size/shapes and uniformity. The effect of hydrogels’ composition (such as genipin

content) on the particles’ microstructure needs further investigation.
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