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Abstract

Peptide-based hydrogels are widely applied in biomedical applications because they possess
good biocompatibility, biodegradability, injectability, and non-toxicity. Peptides with short
chains (< 20 amino acids) can self-assembled into nano fibrous hydrogels with secondary
structures including a-helices, beta-sheets and coiled-coils. Chemically cross-linked peptide
hydrogels may be harmful to the human body because their toxic cross-linkers are difficult to
degrade, which poses limitations in biomedical applications. To overcome these issues,
physically cross-linked hydrogels have been designed with adjustable properties to suit

different purposes.

In this PhD project, peptide KFEFKFEFK and EFKFEFKFE were designed with beta-sheet
structures and self-assembled into hydrogels at pH 7. KFEFKFEFK carried +1 net charge and
EFKFEFKFE carried -1 net charge. The mechanical properties of these two hydrogels
depended on the concentration of peptides. Both of them exhibited injectability according to
the shear thinning/recovery test. Besides, hydrogels with different charges exhibited apparently
different 3D cell culture abilities according to the mechanical properties test over 14 days. The
biocompatibility of hydrogels depended on the type of cell lines according to the cell viability.
In addition, large molecular weight polymeric probes with different charges (fluorescein-
dextran, FITC-Poly-L-Lysine) were encapsulated into these two peptide hydrogels to study
how electrostatic interactions can be exploited for controlled release kinetics. Based on the
diffusion coefficient Dg, it has been revealed that the large diffusivities of probes were induced
by electrostatic repulsion in hydrogel system. Furthermore, recombinant human interleukine-
2/21 (rhIL-2/21) were selected as large drug molecules to encapsulate into peptide hydrogels

for the assessment of drug delivery application. The long-term (21days) controlled release of
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rhiL-21 in EFKFEFKFE hydrogel demonstrated that EFKFEFKFE was a promising drug

delivery system for cancer immunotherapy.
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Chapter 1. General introduction

In this chapter, the background of hydrogels, their classification, self — assembled peptide
hydrogels and their drug delivery applications for the treatment of cancer are introduced. In
Fig. 1.1, the structure of this introduction chapter, which includes the PhD aim and objectives,

is shown schematically.

~ Highly water content
— Definition of hydrogel -
~ 3D fibrillar network

~ Swelling and control release
Tuneable mechanical properties
Properties of hydrogel |  Biocompatibility

— 1. Background of hydrogel = Biodegradability

~ Injectability

Food and cosmetic
~— Applications -[Pharmaceutical

Biomedical applications

Chemical cross-linked hydrogel
Network {

Physical cross-linked hydrogel

2. Classification of hydrogel
= Synthetic polymers (PEG)
Origin {

Introduction — Natural (protein and polysaccharide)

How to design peptide sequence ?
3. Self-assembled peptide hydrogel {
Gelation conditions

3D cell culture
Tissue engineering

4, Applications of Self-assembled peptide hydrogels ” -
Regenerative medicine

Small drug molecules
Drug delivery {
Large drug molecules

Gelation pathway and properties
Objectives 5 . o

== 5. Aim: Design novel peptide-based hydrogel Controlled release kinetics

Application in drug delivery

Figure 1.1 General structure of the introduction about hydrogel and the aim of PhD project.
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1.1 Background of hydrogel

Hydrogel is a type of material that contains a high water content (typically around 95%) and
has a three-dimensional (3D) fibrillar network. These materials exhibit swelling behavior in
aqueous solutions and are able to retain most of the water molecules within the network,

resulting in a stable hydrogel system [1].

The properties of hydrogels depend on various factors, including the type of cross-linking, the
compounds used, charge, pH, hydrophobicity, concentration of monomers, and mechanical
properties. The storage modulus G’ of hydrogels can range from 100 to 10000 kPa, providing
a range of conditions for different purposes [2][3]. For example, a relatively high G’ can lead
to a stiffer scaffold for bone tissue engineering [4]. In addition, hydrogels, as a type of soft
material, can be used to encapsulate drug molecules and cells for drug delivery, regenerative
medicine, 3D cell culture, and tissue engineering [5][6]. Hydrogels consist of hydrophilic
polymers that can absorb water, and the porous network allows for molecules to diffuse in and
out of the hydrogel system. Furthermore, hydrogels can be made to be biocompatible and
biodegradable, mimicking the internal environment of the human body, which is important for
designing smart biomaterials to avoid toxicity in biomedical applications. Hydrogels can also
be designed to be injectable, allowing for localized delivery of therapeutics and targeted

treatment.

Due to these properties, hydrogels have been applied in a wide range of areas, including
cosmetics, contact lenses, food, pharmaceuticals, biosensors, wound healing, and biomedical
applications [7][8][9][10]. Hydrogels have also been designed as drug delivery systems to
achieve controlled release kinetics, and the pore size of the network is controllable, making
hydrogels suitable for different sized drugs and cells used in the treatment of various diseases

[11][12]. Overall, this versatile material is a potential candidate in biomedical applications.
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1.2 Classification of hydrogel

Hydrogels can be classified into two main categories based on the nature of the network:
chemical cross-linked and physical cross-linked hydrogels. Chemical cross-linked hydrogels
are formed through covalent bonds between polymer chains, resulting in an irreversible
hydrogel with a stable 3D network and relatively high mechanical properties. These hydrogels
can be used for 3D cell culture and tissue engineering, and the chemical reaction can be initiated
by UV, electron beam, enzymatic reaction, and photopolymerization [13][14]. The initiators
used in chemical reactions, such as redox and thermal polymerization, can also enable
hydrogels to be designed with good biocompatibility and biodegradability [15][16]. However,
chemical cross-linked hydrogels used in biomedical applications may pose safety risks. For
example, photopolymerization hydrogels used as drug carriers have limitations due to the

penetration of light into the human body, which may cause side effects [18].

In contrast, physically cross-linked hydrogels can overcome these limitations. These hydrogels
are formed under physical conditions (pH, temperature, ionic strength, hydrogen bonding,
hydrophobic interaction, n-r stacking) without any chemical reactions, making them reversible.
For example, thermosensitive hydrogels undergo a sol-gel transition based on hydrophobic
interactions. They will be in a gel-like state at higher temperatures and return to a liquid-like
state when the temperature decreases [14]. Based on thermosensitive materials, physical cross-
linked hydrogels can be designed for injectability, as the gelation process occurs during the
injection process under human body temperature. Additionally, physical hydrogels have been
used for drug release depending on charge interactions. The cross-linking process can be
triggered by pH, through the deprotonation/protonation of ionic functional groups, forming a
gel state at a specific pH. The mechanical properties and degradability of hydrogels are based

on the pH value, enabling controlled drug release. The physical cross-linked hydrogels avoid
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the toxicity from chemical initiators, and their application areas relate to the properties and

source of materials.

Supramolecular hydrogels are a type of physical hydrogels that have been attracting a lot of
interest in biomedical applications [19]. They are formed through non-covalent intermolecular
interactions, resulting in reversible hydrogels. The dynamic nature of supramolecular
interactions endows them with shear thinning/recovery properties, making them potential
materials for drug/cell delivery [19][20]. Supramolecular hydrogels also provide an excellent
environment for protein drug delivery [20]. For example, Shuguang Zhang and co-workers
designed a two-layered self-assembled peptide to form a supramolecular hydrogel for the
controlled release of human immunoglobulin (IgG) [21]. This injectable hydrogel, consisting
of ac-(RADA)4-CONH2 and ac-(KLDL)3-CONH2, was able to maintain the binding activity
of the antibody after encapsulation. The density of the network and mechanical properties could
be modulated by the ratio of ac-(KLDL)3-CONH2. The long-term controlled release kinetics

make this hydrogel a potential drug delivery system for antibody therapeutics.

Hydrogels can be formulated using synthetic polymers (such as polyethylene glycol,
polyethylene oxide, poly hydroxyethyl methacrylate) or natural materials (such as protein and
polysaccharides). Synthetic polymers can be used to form hydrogels with tunable properties
for different purposes. For example, the mechanical properties can be controlled by adjusting
the ratio of polymer components. Polyethylene glycol (PEG) is a popular polymer for synthetic
hydrogels. PEG is biocompatible and does not cause any immunogenicity, making it a potential

candidate for use in tissue engineering and drug delivery [22].

Natural hydrogels are formulated according to their intended application. For example, in
biomedical applications, good biocompatibility, biodegradability, and non-toxicity are required.

For this purpose, natural materials such as alginate, dextran, gelatin, and peptides can be used
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to form hydrogels. Alginate and dextran are polysaccharide-based materials that can be used
to encapsulate drugs, bioactive agents, and living cells. Gelatin and peptides are protein-based
building blocks that can be functionalized under physical or chemical conditions. As a result,
hydrogels have attracted much research attention and have led to the development of

commercialized products in the pharmaceutical industry.
1.3 Self — assembled peptide hydrogel

One type of hydrogel that has attracted attention is peptide hydrogel. Peptides are composed of
amino acid monomers (typically 20 or fewer) that can bind together via peptide bonds (-CONH)
to form short peptide chains. Peptides can form secondary structures, such as beta sheets, beta
hairpins, alpha helices, and coiled-coils, through non-covalent bonds (hydrogen bonds, n—n
stacking, electrostatic interactions, van der Waals forces). Hydrogen bonds play a key role in
causing peptide chains to self-assemble into nanostructures, such as fibers, nanotubes, or
ribbons, in aqueous environments and create a stable network. Additionally, n—= stacking in
peptide chains containing aromatic residues, and the hydrophobic force between two chains,
contribute to the hydrophobic core inside the structure. As a result, hydrophilic surfaces are
exposed in water, promoting the formation of peptide nanostructures. Electrostatic interactions
also play a role in the self-assembly process. For example, strong electrostatic interactions
promote the self-assembly process and form a more elastic hydrogel. On the other hand, polar
interactions in peptides can induce a relatively weak hydrogel [23]. These factors are all taken

into account when designing peptide sequences for hydrogel formation.

In this project, KFEFKFEFK and EFKFEFKFE were designed with beta-sheet structures based

on the FEFKFEFK (F8) in Saiani’s group [24]. These two sequences consist of natural amino
acids, designed by alternating hydrophobic residues and hydrophilic residues, which induce

self-assembly process through hydrophobic force. The ionic complementary amino acids in
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sequence cause electrostatic interactions that promote self-assembly into nanofiber network.
Besides, these short sequences are easy to synthesize that save time for preparation. In aqueous,
F8 would form the gel state at very acid or very basic environment which might limit the
applications into human body. KFEFKFEFK carried +1 net charge and EFKFEFKFE carried -
1 net charge at pH 7, that can form peptide hydrogels at physiological environment. This
property makes these two hydrogels more suitable for biomedical applications. In addition,
charge interactions in hydrogel enabled to control the network, which provide a smart system
to encapsulate different sizes of drugs/cells for release. The release kinetics could be controlled
through electrostatic interactions between hydrogel and drugs/cells, in the case, achieve the
long-term release profile. Therefore, this type of peptide-based hydrogel is a promising

material in drug delivery application.
1.4 Applications of self-assembled peptide hydrogels

Self-assembled peptide hydrogels are novel biological materials that have been widely applied
in the field of 3D cell culture, regenerative medicine, tissue engineering and drug delivery. The
gelation process can be controlled by chemical and physical conditions, leading to a
multifunctional hydrogel. For tissue engineering, the stiffness and stability of peptide
hydrogels can be enhanced by chemical cross-linkers [25]. Claudia Tomasini and co-workers
have employed physical self-assembled peptide-based hydrogels for 3D cell culture, which
presents a potential application in regenerative medicine according to cell seeding and cell
viability tests [26]. As peptide-based hydrogels can be designed with nanostructures, high
water content, adjustable network, non-toxicity, injectability and good biocompatibility, they
can encapsulate different sizes of drugs and achieve localized deliver. For example, RADA16
peptide self-assembled into hydrogel under physical conditions, improving the delivery of
chemotherapeutics for cancer treatment [27]. RADA16 hydrogel presented sustained release

of antitumour drugs, prolonging the retention of drug, which increased drug efficacy and
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avoided side effects. Cancer is a high mortality disease, self-assembled peptide hydrogels have
been used to deliver small molecule therapeutics (doxorubicin, curcumin, paclitaxel, bioactive
reagents) to synergic the defence against cancer recurrency. Apart from small drug molecules,
large molecule therapeutics (protein drugs, antibodies) for cancer have caused a vast of interest
in pharmaceuticals and clinical applications in recent years. Encapsulating large molecule
drugs into self-assembled peptide hydrogels has been considered for the immune related
diseases. However, some large molecule drugs for immune therapy have short half-life and are
easily degraded in vivo, which causes high-frequency dosage and may be toxic to the human
body. Therefore, in this project, we will design and explore novel peptide-based hydrogels to

control release of large molecule therapeutics for the optimisation of drug efficacy.
1.5 Aim and objectives of the PhD

The overall aim of PhD is to design and characterise novel peptide-based hydrogels to achieve
controlled release through electrostatic interactions and deliver large molecule therapeutics for
immunotherapy. There are three main objectives of the PhD as follows: (i) Design and
characterise novel positive and negative charge peptides to study their gelation pathway and
properties. (ii) Investigate the release of large molecular weight polymeric probes and study
how electrostatic interactions can be exploited for controlled release kinetics. (iii) Apply novel
peptide-based hydrogels for recombinant human interleukin 2/21(rh1L2/21) delivery in cancer

immunotherapeutic.
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Chapter 2 Literature review

Hydrogels consist of hydrophilic molecules that form a three-dimensional (3D) network. The
high water content of hydrogels makes them excellent candidates for biomedical applications
[1]. Water is a key component of the human body, and therefore, the biocompatibility and
biodegradability of hydrogels provide a suitable condition to mimic extracellular matrix (ECM)

for cell culture and can serve as a smart delivery system for controlled drug release [2][3][4].

Hydrogels can be made of natural or synthetic components, leading to further classification
based on the different formation mechanisms. The subsequent versatility of these materials has
led to extensive research regarding their design and applications. Natural components such as
proteins and peptides are common components in drug delivery systems due to their ideal
biocompatibility and low toxicity. Peptides are composed of amino acid monomers that form
different lengths of chains via peptide bonds, defined as the primary structure. This is a linear
sequence that generally starts from the N-terminal (amino group) to the C-terminal (carboxyl
group). Peptides can be designed to undergo a self-assembling process to form hydrogels with
secondary structures, under the conditions of specific pH, temperature, light, or enzyme
[5][6][7]. Several configurations of the secondary structure of peptides have currently been
identified, including alpha helix, beta sheet, beta hairpin, and random coil. The self-assembling
procedure can result in the formation of nanostructures, including nanofibers, nanotubes, and
nanoparticles; these occur through hydrogen bonding, = — = stacking, ionic strength, or
hydrophobic force [8][9][10][11]. These non-covalently bonded peptide hydrogels maintain
dynamic networks known as physical cross-linked hydrogels. Meanwhile, synthetic hydrogels
are constructed from synthetic polymers that can form a chemical cross-linked network with
relatively high mechanical properties compared to their natural counterparts. These hydrogels

have been considered for use as a scaffold in tissue engineering. However, the mechanical
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properties of physical hydrogels are more easily adjustable compared with chemical cross-
linked hydrogels, as well as having more flexible pore sizes based on the desired biomedical

application [12].

The properties and adaptability of hydrogels have led to their potential application in tissue
engineering, 3D cell culture, and drug delivery. This review focuses on the various types of
hydrogels for the development of drug delivery systems. By analysing existing literature, the
available methods to design hydrogels as part of a drug delivery system are determined and
current challenges in this field are identified. Hydrogels can be designed with different
properties based on the size, pH, charge, and hydrophobicity of drugs to stabilize the drugs and
maintain drug efficacy after encapsulation. [13][14][15]. In the case, maintain the drug efficacy
after encapsulating into hydrogels. Hydrogels can also be designed and modified as a
controllable release system, enabling sustainable release of drugs, which would enhance drug
efficiency and minimise adverse effects. In addition, injectable hydrogels are a type of smart
delivery system for localised therapy. The structure of this review is divided into sections, as

presented in Fig. 2.1.
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Figure 2.1 A schematic of the structure of literature review.

2.1 Classification of hydrogels

2.1.1 Based on origin
2.1.1.1 Natural hydrogels

Hydrogels derive from natural polymers, such as proteins, peptides, and polysaccharides [16].
This kind of hydrogels mean they are highly valuable for biomedical research, preclinical

testing, and clinical trials.

Alginate is a common polysaccharide that can be isolated from brown seaweed or bacteria. It
consists of homopolymer blocks (1 — 4 linked B — D — mannuronate, M and 1 — 4 linked o —
L —guluronate, G), which form a backbone based on varying sequences. The M region is named
M — block and the G region is named G — block, it is the ratio of these blocks that controls the
properties of alginate. In addition, alginate dissolves in water to produce a highly viscous gel,

whereby water molecules become physically trapped inside the gel providing suitable
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conditions for cell encapsulation [17]. In an aqueous solution containing bivalent counter ions
(Ca?*, Mg?*, Cu?"), alginate can form ionotropic hydrogels following the interaction between
ions and carboxylic acid residues [17][18]. Further, the mechanical properties of alginate
hydrogel are related to the affinity of bivalent ions. Spencer et al. studied the swelling state of
different M/G ratios of calcium alginate gels in potassium chloride (KCI) electrolyte. The
results of this study showed that when the M/G ratio (ratio of M-block residues to G — block
residues) in alginate was low, the swelling volume was smaller. This indicated that Ca* has a
greater binding affinity for G — block residues than M — block residues. The binding ability of
Ca" in alginate was reduced due to competition between K* in the electrolyte and Ca?*.
However, G — block residues were highly bound with Ca?*, leading to a more stable gel. On
the other hand, the binding ability of Ca?* to bind to M — block residues was lower, making it
easier to exchange with K, resulting in an extensive swelling of the gel. These results
suggested that calcium alginate hydrogels can be easily disrupted in salt solution without Ca?*
[19]. Alginate hydrogel can also be designed as a novel system through the use of chitosan or

a short peptide sequence in drug delivery and tissue engineering [20][21].

Hydrogels made from peptides are composed of amino acid monomers that form different chain
lengths via peptide bonds. This primary structure is a linear sequence and starts from the N-
terminal (amino group) to the C-terminal (carboxyl group) (Fig. 2.2). Polypeptide hydrogels
are extracted from natural protein sources and are commonly used in the pharmaceutical and
food industries. A well-known example is gelatin, which derives from animal collagen under
acidic or basic conditions. Gelatin can form a thermos-physical gel when the concentration is
higher than the critical gelation concentration [22]. Furthermore, this gel is reversible based on
temperature control, whilst the proline, hydroxyproline, and glycine amino acids of gelatin
determine the thermal stability of the gel [23]. The acidic or basic nature of gelation also

determines the different isoelectric points (IEPs) of the gelatin hydrogels; consequently, gelatin
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carries different charges, which makes it valuable in drug transport and drug release studies.
Ikada et al. studied the release kinetics of basic fibroblast growth factor (bFGF) in acidic gelatin
with 5.0 IEP and basic gelatin with 9.0 IEP [24]. bFGF performed a fast release kinetics from
basic gelatin in the initial, however, it remained a large amount of bFGF in acidic gelatin which
is significant due to the positive effect on neovascularisation. These findings could be a result
of the ionic complexation between bFGF and gelatin. The basic growth factor interacts
ionically with acidic gelatin, and the subsequent release is proceeded by the degradation of
gelatin. The initial small amount of bFGF would have diffused out in the acidic gelatin due to
the uncomplexed bFGF in the hydrogel system. In this in vitro setting, the release kinetics of

bFGF were controlled by charge interactions.
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Figure 2.2 The primary structure of peptides shows a linear sequence from N terminal to C

terminal linked with peptide bonds.
2.1.1.2 Synthetic hydrogels

Synthetic polymers can also be used to produce synthetic hydrogels, synthesised by chemical
reactions. The mechanical properties of these synthetic hydrogels are stronger than their natural
counterparts; therefore, they are regarded as promising scaffold biomaterials in the repair and

regeneration of tissues [25][26].

40



Polyethylene glycol (PEG), also known as polyethylene oxide (PEO) and polyoxyethylene
(POE) dependent on molecular weight, can be used to make a synthetic hydrogel. The
molecular weight of PEG is generally less than 100,000. PEGs are amphiphilic and are soluble
in water and organic solvents (benzene, chloroform, ethanol, acetone). Moreover, they are
deemed ideal for hydrogel synthesis due to properties such as non-toxicity, high solubility, and
biocompatibility. Following specific chemical reactions, PEG hydrogels form a network of

crosslink fibres, which can be used as stable scaffolding in tissue engineering and drug delivery.

The properties of PEG-based hydrogels can be adjusted to form different structures of
hydrogels. Marra et al. designed injectable PEG-based hydrogels for tissue engineering by
adjusting the number of arms at the amino terminus [27]. The researchers then crosslinked
these PEG hydrogels with varying concentrations of genipin, a natural crosslinking agent (Fig.
2.3). The resultant structures of four-arm amino-terminated PEG hydrogels and eight-arm
amino-terminated PEG hydrogels were characterised by scanning electron microscopy (SEM),
whereby porous structures were identified in the four-arm PEG hydrogels, compared with a
compact structure in eight-arm PEG hydrogels. Under the lower concentration of an eight-arm
PEG hydrogel, a layered structure was observed, which could be due to the lesser crosslinking
with genipin. Additionally, human adipose-derived stem cells (human ASCs) were
encapsulated in 35.2 mM of PEG hydrogels and the subsequent analysis found that cell
adhesivity was higher in the four-arm PEG hydrogel after 6h incubation; this can be explained
by the morphologies of hydrogel. In particular, the porous structure of four-arm PEG hydrogel
deems it more suitable for cell attachment, which means it could serve as a potential carrier for

cell therapy.
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Figure 2.3 Scheme of chemical reaction process of PEG — genipin hydrogel [27].

Poly(2-hydroxyethyl methacrylate) ()0HEMA) hydrogels are another commonly used type of
synthetic hydrogel, first introduced by Wichterle and Lim in 1960 [28]. As smart materials,
pHEMA hydrogels are used in medical and biological contexts due to their excellent
biocompatibility and high water absorption. The swelling property of pHEMA hydrogel also
makes it a viable tool in drug delivery systems, as the swelling ratio is proportional to the

efficiency of drug delivery [25].

Gil et al. assessed the effects of pH on the properties of pHEMA crosslinked with
tripropyleneglycol diacrylate (TPGDA) hydrogel, in order to determine its potential as a
controlled release drug delivery system [29]. Different concentrations of TPGDA were
crosslinked with pHEMA and tested with different pH values to evaluate the resultant swelling
behaviour. It was found that the equilibrium swelling degree and dynamic swelling degree were

related to the concentration of TPGDA and pH values. Further, the crosslinked TPGDA
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influenced the mechanical properties of the pHEMA hydrogel, as a higher concentration of
TPGDA induced an increased density of crosslinking. Meanwhile, pH was found to be an
external factor affecting swelling behaviour; as the pH value increased, so did the swelling
degree. A lower swelling degree results in a more stable hydrogel system. In another study,
salicylic acid (SA) was loaded into the hydrogel and release kinetics were performed to
compare the diffusion coefficients of SA under different conditions. SA was encapsulated into
hydrogel and the loading capacity was dependent on the pH of the hydrogel - a higher pH
induced a larger loading capacity. However, the study found that release of SA was slower in
an acidic or neutral pHEMA hydrogel. Therefore, pHEMA-based hydrogel can be viewed as
an ideal material for a controlled release drug delivery system by changing the pH and density

of crosslinking of the hydrogel.

2.1.2 Based on cross — linking

2.1.2.1 Chemical cross — linking hydrogels

Chemical crosslinked hydrogels form as a result of covalent bonding between polymer chains;
this results in stronger linkage, and thus, a permanent or irreversible gel is produced [30][31].
Chemical crosslinking occurs with a crosslinker that binds with the functional group (- NH>, -
COOH, - OH, - NCO) of polymers. Some common crosslinkers are formaldehyde, N, N-(3-
dimethylaminopropyl)-N-ethyl carbodiimide (EDC) and epoxy compounds. Several methods
can be used for this reaction to induce a gel state, including an enzymatic reaction, radical
reaction (gamma, UV, electron beam), and photopolymerisation. In comparison to physical
crosslinked hydrogels, chemical crosslinked hydrogels possess superior mechanical properties,

have better durability for application purposes, and are more stable [32].

Enzymatic crosslinked hydrogels form a stable network that can be used for 3D cell seeding.

For example, Griffith and Sperinde synthesised a PEG-based hydrogel through an enzymatic
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reaction, which resulted in a feasible cell-laden hydrogel that could potentially be useful in
tissue engineering [33]. The authors used transglutaminase (TG) as a crosslinker between PEG
and polypeptide containing lysine (poly (KF)) to form a network. The mechanism of such
reactions is based on the specific substrate used, as shown in Fig. 2.4. The study results found
that TG activity was unaffected by the incorporation of long chain PEG, and therefore, the
increased half-life of the enzyme deemed it suitable for therapy in vivo [34]. In addition,
swelling and gelation behaviours were examined when hydrogels were made with different
ratios of PEG-Qa/poly (KF)-HBr. It was established that the ratio of gel composition influenced
the appearance, mechanical properties, and swelling ratio of the hydrogel. Therefore, the ratio

could be manipulated to produce an optimal condition for cell scaffolding.
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Figure 2.4 Chemical cross — linking process based on transglutaminase reaction [33].

Photo crosslinking hydrogels can also be functionalised under light, causing

photopolymerisation. This form of hydrogel is popular in biomedical applications [35]. For
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example, gelatin methacryloyl (GelMA) hydrogels are used in tissue engineering, drug delivery
systems, and bio-sensing due to their biocompatibility, biodegradability, and bioactivity
[36][37][38][39]. Tezcaner et al. prepared a photo crosslinked pectin/gelatin hydrogel for
curcumin release as part of a wound dressing [40]. Different ratios of methacrylated pectin
(PeMA) and methacrylated gelatin (GelMA) were exposed to UV light to form the photo
crosslinked hydrogels. SEM was used to determine the pore size of the resultant hydrogels,
whereby it was found that a higher concentration of PeMA induced a larger pore size (43.58 +
5.60 um). In contrast, a higher concentration of GelMA resulted in a decreased pore size (26.78
+ 4.80 um), which facilitated photo crosslinking. Overall, it was established that the network
density of photo crosslinked hydrogels depends on the ratio of PeMA/GelMA. The study also
found that the release kinetics of curcumin and the swelling ratio of the hydrogels were reliant
on the pH value, thereby illustrating the potential of this hydrogel as a wound healing material
for chronic wounds on basic skin [41], as curcumin release was highest at pH 7.4 after 14 days.
In addition, this type of photo crosslinked hydrogel demonstrates strong compatibility,
antibacterial activities, micron pore size, and pH sensitivity release kinetics, deeming it a smart

biomaterial for wound dressing.

Bertassoni et al. prepared photopolymerised GelMA hydrogels under two conditions: dental
curing light (DL) and UV light [37]. The polymerisation time of GelMA by DL was faster than
UV (20 seconds vs. 50 seconds), but resulted in a larger pore size than UV photopolymerisation
following SEM analysis. It was also demonstrated that the exposure time of DL could influence
the porosity, degradability, cell viability, and elasticity of GeIMA hydrogel. Compared with
the more familiar UV method, a DL method for the polymerisation of hydrogel showed
impressive bioactivities and mechanical properties, thus implying its potential use in dental

care.
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2.1.2.2 Physical cross — linking hydrogels

Physical crosslinked hydrogels form through molecular entanglements, hydrogen bonding,
hydrophobic interactions, charge interactions, and supramolecular chemistry (intermolecular
forces) [30]. These hydrogels mimic natural soft tissue due to their high water content and are
insoluble due to their 3D network structure. They are also highly biocompatible as there are no
chemical reactions that result in toxicity. However, the hydrogels are reversible as the
crosslinking occurs under pure physical conditions [42]. Moreover, they are flexible due to the

easy transition between gel and solution, thus supporting their use in injectable pharmaceuticals.

Charge interaction is the most common method of hydrogel formation. For example, physical
crosslinking occurs through a positively charged polymer with a negatively charged molecule
or polymer [43]. Langer et al. designed an injectable polymer-nanoparticle (PNP) hydrogel
based on electrostatic interaction, whereby PEG-b-PLA was prepared as the nanoparticles (NPs)
and negatively charged biopolymers, carboxymethylcellulose (CBMC) and hyaluronic acid
(HA), were used for hydrogel formation [44]. A cationic molecule, cetyltrimethylammonium
bromide (CTAB), was applied as a surfactant to ascertain the effect of electrostatic interaction
on the mechanical properties of the hydrogel. According to the oscillatory shear modulus G’,
a higher concentration of CTAB (0.5%) with CBMC-NPs produced a more robust hydrogel.
However, the shear modulus G” of HA-NPs was not dependent on the concentration of CTAB.
Meanwhile, the HA-NPs formed a gel state. These results occurred due to the charges of CBMC
and HA, as HA has a lower negative charge (-7.8 + 1.2 mV) compared with CBMC (-29.7 +
2.0 mV). Thus, a stronger charge interaction resulted between CMBC and CTAB, and induced
a higher G’. The recovery properties of the hydrogels were also contingent on the charge
interaction. A higher concentration of CTAB (0.5%) resulted in a more rapid recovery rate of
the CBMC-NPs hydrogel. The variable mechanical properties of PNP hydrogels make them
universally applicable for a range of pharmaceutical purposes.
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As mentioned, hydrogen bonding also contributes to the creation of hydrogels. Wang et al.
studied the mechanical properties of physical crosslinked hydrogel that had been formed by
hydrogen bonding and entanglements of polymer chains [45][46]. Specifically, cooperative
hydrogen bonding occurred between poly (N — vinylpyrrolidone) (PVP) and aqueous
acrylamide (AAm), as well as non-cooperative hydrogen bonding between PAAm chains,
resulting in PVP—in situ—PAAmM hydrogel (Fig. 2.5). To study the effects of hydrogen bonding
on the mechanical properties of hydrogels, different monomer ratios of AAm and PVP
(Caam/Cvp) were used at a moderate temperature. Rheology testing measured the viscoelastic
behaviour of the resultant PVP—in situ—PAAm hydrogels, the results of which showed that the
storage modulus G’ was mainly dependent on the ratio of Caam/Cvp. When the Caam/Cvp ration
increased, a solid elastic-like material was produced. The excess PAAm chains that involved
non-cooperative hydrogen bonding underwent entanglement together to increase the G’ of the

hydrogel.
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Figure 2.5 A schematic of PVP — in situ — PAAm hydrogel formed through cooperative hy-
drogen bonding between PVP and PAAm, and non-cooperative hydrogen bonding between

PAAmM chains [45].

The study further explored the effect of hydrogen bonding on hydrogel behaviour by
implementing urea to compete at the hydrogen bonding site in PVP—in situ—PAAm hydrogel.
This gel presented a relatively low G’ compared with the control gel; this likely occurred due
to the NH. groups in urea molecules replacing the hydrogen bonds between PVP and PAAm.
Thus, urea is able to influence the effectivity of the cross—linking network by disrupting the
formation of hydrogen bonds. The authors concluded that the concentration of hydrogen
bonding is a driving force of the mechanical properties of hydrogel. A higher Caam/Cvp ratio
contained more hydrogen bonding and polymer entanglements, and therefore, contributed to a
higher G’. However, under the condition of greater stress than the strength of the hydrogen
bonding, this hydrogel can undergo deformation to become a viscous liquid. This physical
crosslinked hydrogel was also found to be reversible, with the recovery rate relying on its
composition (Caam/Cvp), temperature, and strain [45].
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Polymers that contain hydrophobic segments can be crosslinked through hydrophobic
interactions at a specific temperature. Fig. 2.6. illustrates the mechanism of gelation [47]. The
hydrophobic segments couple with hydrophilic segments to create an amphiphilic polymer that
is soluble in water at a low temperature. However, at higher temperatures, the hydrophobic
domains aggregate internally to prevent the hydrophobic surface from reaching bulk water.
Hence, the ordered water molecules are reduced and the entropy of the solvent is increased.
The gelation process is intricately linked to temperature, length of the hydrophobic segment,

and the concentration and chemical structure of the polymers [43].
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Figure 2.6 A schematic of the mechanism of physical cross — linking network through hydro-

hydrophobic
domains

phobic interactions [47].

Hennink et al. worked to characterise the mechanical properties of thermosensitive triblock
copolymer hydrogels under different conditions [48]. The triblock copolymer (ABA) consisted
of poly (N-(2-hydroxypropyl) methacrylamide lactate), referred to as A-block (pHPMAmM —
lactate), hydrophilic poly (ethylene glycol), referred to as B—block, and another A-block. The
rheological properties of the hydrogel varied with the concentration of the polymers, the
temperature, and the length of the A-block. In particular, an increase in the temperature and
concentration of the polymers resulted in a higher G’. However, as the length of the A-block

chains increased, the gel became weaker. Thus, the shorter the chains of the polymers, the
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greater the density of the physical crosslinked network. The optimal temperature of gelation
for this thermosensitive hydrogel was 37°C, thus demonstrating its potential as an injectable

formulation for drug delivery applications.

2.1.3 Based on self-assembling peptides

2.1.3.1 Beta sheet peptide hydrogels

Beta sheets are a typical structure of proteins and peptides and can include parallel and anti-
parallel configurations, as identified by Pauling and Corey in the 1950s [49]. The beta sheet
structure is based on hydrogen bonding between the carbonyl oxygen of one peptide chain and
the amide hydrogen of another peptide chain. When adjacent peptide chains present the same
orientation, a parallel beta sheet is produced via hydrogen bonds. Fig. 2.7A shows the parallel
orientation of the beta sheet when all the chains start from the N terminus to the C terminus,
whilst Fig. 2.7B displays the orientation of the beta sheet when the N terminus and C terminus

run in opposing directions, subsequently referred to as an anti-parallel beta sheet.
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Figure 2.7 A diagram that demonstrate the formation of parallel beta sheet and anti-parallel

beta sheet ( http://slideplayer.com/slide/4918741/ ).

The beta sheet structure can additionally be formed through the actions of hydrophobic and
hydrophilic residues in peptide chains. These residues establish a hydrophobic face and a
hydrophilic face during the process of self-assembly of the beta sheet configurations. The
hydrophobic faces can potentially overlap inside the structure, which accounts for the
hydrophilic property of peptides (Fig. 2.8). Peptides self-assemble into different hierarchical
structures based on the number of folded beta sheets; such structures include tapes, tubes,
ribbons, spheres, fibrils, and fibres. Then, further adjustments can be made to the structure by
altering the amino acids, peptide concentration, or ionic environment, thereby enabling the

generation of a range of peptide materials for biomedical applications [50].
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Figure 2. 8 The formation of antiparallel beta sheet structure, the peptide illustrated here is
KFEFKFEFK. The hydrophobic faces formed by the benzene rings of phenylalanine that bur-

ied inside the structure.

Self-assembled peptides are created by alternating the charge residues of amino acids (+ —) or
by interchanging the hydrophobic and hydrophilic residues of the amino acids. Zhang et al.
identified a representative peptide which was subsequently known as the EAK16 family, also
known as an ionic complementary peptide [51]. This peptide has a hydrophilic surface based
on the alternating positively charged amino acid residue K (lysine) and the negatively charged
amino acid residue E (glutamic acid). The sequence can be transformed by changing the charge
modulus. For example, EAK16-1 consists of the following charge arrangement:
AEAKAEAKAEAKAEAK ( -+ —+—+ —+); meanwhile, EAK16-Il1 has the charge

arrangement of AEAEAKAKAEAEAKAK (- — + + — — + +). Overall, this peptide forms a
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self-assembled beta sheet for a hydrogel that can be employed for 3D cell culture, tissue

engineering, and drug delivery [52].

EAK16-1I was initially identified in zuotin, a Z-DNA binding protein, and was shown to be
able to self-assemble into a maintained stable beta sheet structure at a lower concentration in
water. Zhang et al. also demonstrated the relation between the stability of the beta sheet
structure and the chirality of the amino acids of EAK16 peptides. Furthermore, adjusting the
pH value or increasing the temperature did not disrupt D-EAK16 hydrogel [53][54]. Therefore,
this hydrogel is well-structured and consequently provides a solid 3D environment for cell

scaffolds [55].

Zheng et al. compared the structures, morphologies, mechanical properties, and biological
activities of D-EAK16-I1 hydrogel and I-EAK16-I1 hydrogel [56]. The results highlighted the
greater sensitivity of the secondary structure of D-EAK16-II in phosphate-buffered saline
(PBS), whereby stronger variation was observed according to the circular dichroism spectra.
The study incubated the two hydrogels with Na* and K* and subsequently measured their
mechanical properties. At a concentration of 1 mg/mL, the G’ of D-EAK16-11 hydrogel showed
an increase in salt solution (0.01 M PBS, Na*/K"). However, at a higher concentration (20
mg/mL), the D-EAK16-11 hydrogel in salt solution presented similar mechanical properties to
that of the lower concentration hydrogel. The process of self-assembly was controlled by the
ions in salt, which affected the rigidity of the hydrogels; this is an important factor for 3D cell
culture. The study also found that the D-EAK16-11 hydrogel could resist protease digestion
based on its morphology, as shown under atomic force microscopy (AFM). In the context of
the 3D cell culture SMMC7721, EAK16-I hydrogel presented good biocompatibility. However,
the D-EAK16-11 hydrogel had higher cell viability, less cell apoptosis, and faster haemostasis,
thus providing an ideal microenvironment for the design of advanced biomaterials for wound
healing.
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The study of the EAK16-11 hydrogel also identified its ability to self-assemble into a network
of nanofibrils when a pH of 11 is reached from pH 4. Another member of the EAK16 family
that can self-assemble into various nanostructures is EAK16-1V (AEAEAEAEAKAKAKAK)
[57]. A change of configuration was observed when the pH of EAK16-1V became ~ 6.71 [58].
At a neutral pH, EAK16-1V presented a globular structure, whilst a fibrillar structure was
distinguished when the pH was lower than 6.5 or higher than 7.5. An explanation of this is the
charge distribution of EAK16-1V, as at ~ pH 7, there would be a strong electrostatic attraction
between negatively charged glutamine (E) and positively charged lysine (K), thereby causing
a bending of the molecules. Resultantly, the intramolecular charge attraction of the hydrophilic
E and K amino acid produces a hydrophilic core, whilst the hydrophobic alanine (A) remains
exposed externally, establishing the overall globular structure. Additionally, when the pH is
above or below 7, the charge of E or K is neutralised, which diminishes the electrostatic
attraction. As this force is not strong enough to bend the molecules, EAK16-1V assembles as a
straight fibrillar structure. Thus, the design of self-assembled peptide hydrogels can be

regulated by altering the amino acid composition and the pH value.

Another common self-assembled beta sheet peptide hydrogel is FEFKFEFK (F8), which
involves alternating hydrophobic and hydrophilic amino acids. The critical gelation
concentration of F8 is ~ 5 mg/mL at pH 4, at which point it self-assembles into a transparent
hydrogel that can be used as an injectable formulation for tissue engineering [59]. As found by
Wychowaniec, F8 maintains a clear gel state in an acidic (~ pH 4) or basic (~ pH 9)
environment [9]. In another study, Ligorio prepared F8 hydrogels at pH 4 and pH 9 to
encapsulate nucleus pulposus (NP) cells. At both pH values, the hydrogels produced a similar
level of cell viability and gene expression. Therefore, F8 in an acidic or basic environment

shows potential as a platform for cell screening and survival [60].
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2.1.3.2 Beta hairpin peptide hydrogels

The beta hairpin is another key structure with similarities to beta sheets, comprising two beta
strands linked by a loop sequence. These two strands are stabilised through hydrogen bonds to
maintain the folded structure. Schneider et al. designed the first MAX peptide, MAX1 (H2N-
VKVKVKVK-VPPPT-KVKVKVKV-NH), consisting of a basic beta hairpin structure, to
investigate intramolecular folding [61][62]. MAX1 contains 20 amino acids and is made up of
two beta sheet strands with alternating hydrophobic valine (V) and hydrophilic lysine (K)
residues. These amphiphilic strands are linked by a type II' B-turn sequence -VPPPT-, resulting
in a tight hairpin motif following hydrogen bonding between residues (Fig. 2.9). However, the
peptide can fold in different conditions (Fig. 2.10) [63]. In an acidic environment or lower ionic
strength, K is protonated, leading to disorder of the MAX1 peptide or a monomeric state due
to electrostatic repulsion in K residues. However, when the pH increases to ~ 9 or a higher
ionic state, the peptide folds into a hairpin structure and then self-assembles into beta sheet
fibrils. The hairpin arrangement occurs as a result of intramolecular folding via van der Waals
forces and hydrogen bonding, whilst the subsequent beta sheet layer formation occurs through
hydrophobic interaction, hydrogen bonding, and van der Waals forces. Specifically, the
hydrophobic faces of amino acid V collapse together to form a beta sheet bilayer. Therefore,
MAX1 peptide self-assembles into a hydrogel with nano fibrils (3 nm) through non-covalent

bonds, which makes it viable for tissue engineering and drug delivery systems [64][65][66].
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Figure 2. 9 Characterization of MAX1 peptide with beta — hairpin structure, Valine amino acid
residues are labelled with green colour, Lysine amino acid residues are labelled with red colour,
the dash lines present the formation of hydrogel bonding between two strands. These two

strands are linked by a type II' B-turn sequence [63].
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Figure 2.10 Model of beta — hairpin peptide undergoes folding and self — assembling process

through intramolecular and intermolecular factors [63].

The mechanical properties of self-assembled MAX1 hydrogel vary based on pH, ionic strength,
and temperature [67][68]. However, its rigidity and cytocompatibility have led to its
application in tissue scaffolding, whereby the folding and assembly of MAX1 into a hydrogel
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is stimulated by the addition of Dulbecco’'s Modified Eagle's Medium (DMEM) containing a
high salt content and pH 7.4. DMEM can also screen the charge of each lysine residue, thereby
facilitating the beta hairpin folding, self-assembly, and hydrogel formation [69]. It has been
found that MAX1 hydrogel possesses antibacterial properties based on the inhibition of both
Gram-negative and Gram-—positive bacteria. Research has also indicated that MAX1 is
nonhaemolytic as the surface of the hydrogel did not result in the lysis of human red blood cells
(hRBC’s) according to the haemoglobin measurements. Nonetheless, it has been established as
a multi-functional hydrogel that can inhibit bacterial growth and induce cell adhesion and cell

proliferation [70].

Several derivatives of MAX1 have been modified for specific applications. For example, the
fifteenth amino acid K was replaced by the negative residue glutamic acid (E) to produce
MAX8 (H2N-VKVKVKVK-VPPPT-KVKEKVKV-NH,). As the overall positive charges had
been altered by this replacement, charge screening would take longer. In a comparison of
MAX8 and MAX1, MAX8 performed a more rapid gelation Kinetic at pH 7.4, and also had a
more homogenous network after self-assembly into a hydrogel. As a result, MAX8 presented
a stiffer gel state even at a low concentration (0.5 wt%). It was concluded that MAX8 is more
suitable for cell encapsulation due to the greater homogenous distribution [71]. However, both
MAX1 and MAX8 would be useful materials for injection therapy based on their shear
thinning/recovery properties. In an in vitro study, neither hydrogel caused inflammation, as
depicted by macrophage viability. Therefore, MAX1 and MAX8 could potentially prevent or
limit the inflammatory immune response in an in vivo implant, which could advance

regenerative tissue engineering [72].
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2.1.3.3 a — helix and coiled — coil peptide hydrogels

Peptides that self-assemble into coiled-coils consist of several o — helices. These a — helical
structures are found in parallel or antiparallel orientation to form super helical bundles under

specific conditions, as initially determined by Pauling, Corey, and Crick [50].

Heptad repeats are a typical motif of the coiled-coil structure and are presented as a helical
wheel containing seven amino acids, denoted as a to g in Fig. 2.10. The coiled-coil structure is
stable as a result of the hydrophobic interactions between the first residue “a” and the fourth
residue “d”, as well as electrostatic attraction between the fifth residue “e” and the seventh
residue “g”. The hydrophobic residues unite to form a hydrophobic core, contributing to the
stable interface. Additionally, the coiled-coil orientation can be controlled based on the specific
charge pattern: charge attraction contributes to a parallel orientation, whilst charge repulsion
contributes to an antiparallel orientation that destabilises the coiled-coil formation. Further, the

“b”, “c”, and “f” residues should be hydrophilic amino acids so as to induce a helical structure

when exposed to solvent [73][74].
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Figure 2.11 A) A representation of heptad wheels as parallel orientation and antiparallel ori-

entation. B) The diagram of coiled coil chains [75].

Dexter et al. designed a coiled-coil peptide hydrogel based on the classic heptad structure
(abcdefg) [76]. This 21 residue peptide was named AFD19 (Ac-LKELAKV LHELAKL
VSEALHA-CONH2, FW 2354); it could form a single helical peptide and could self-assemble
into long fibres depending on the pH value. Leucine (L), valine (V), and alanine (A) are
hydrophobic residues that are located at positions “a” and “d”. However, Dexter et al. expanded
the hydrophobic core to position “e” and “g”, which resulted in increased oligomerisation of
the coiled-coil structure and subsequently formed a thermally stable, self-assembled peptide
hydrogel. The charged residues were now located at positions “b”, “c”, and “f”. It was also
found that the distribution of variously charged residues controlled the molecular charge of the

peptide, which then determined the gelation pH. According to the phase diagram of AFD19, a
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clear gel state occurs at pH 6 and pH 10.7, which corresponds to a molecular charge of +1 and
-1, respectively. The ability of a coiled-coil peptide to self-assemble into a hydrogel depends
on the pH, and therefore there has been an interest in the potential biological applications of

such a hydrogel.

Conventionally, the coiled-coil structure was designed based on the creation of specific charge
interactions between positions “b” and “c”, resulting in fibres with a highly ordered thickness
[77]. However, Woolfson et al. altered the specific interactions between “b”, “c”, and “f”, to
create a flexible network with comparatively thinner fibres. From their study, the authors had
constructed a biocompatible peptide suitable for cell culture [8]. This hydrogel self-assembled
into an a—helical structure that was referred to as hydrogelating self-assembling fibres (hSAFs).
Positions “b”, “c”, and “f” consisted of glutamine (Q) or alanine (A) residues. The role of Q
residues was to induce the formation of hydrogen bonds, whilst the A residues were used to
induce hydrophobic interactions. The hSAFaaa peptide with A residues at positions “b”, “c”,
and “f” produced a weak gel at lower temperatures, but heating was found to increase the gel
strength. Whilst this gel could not be melted at 95 °C, the hSAFqqq peptide with Q residues at
positions “b”, “c”, and “f” did show a gel-liquid transition based on temperature. Specifically,
it formed a gel state at low temperatures, but a liquid-like state at ~ 16 to 19 °C, before returning
to a gel state at a higher temperature. Both of these hSAF peptide hydrogels contained an a-
helical structure that was characterised by circular dichroism (CD) and X-ray fibre diffraction
(XRD). However, X-ray results illustrated a cross-p structure also in the hSAFqqq hydrogel,
thus indicating that a high content of glutamine residues promotes assembly into the -sheet

structure.

In addition, the hSAFaaa hydrogel was shown to be stable in PBS and cell culture media during
the cell culture process. To further increase the stability of the hydrogel for cell culture, the A
residue was replaced with tryptophan (W) due to its greater hydrophobicity; the subsequent
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product was named hSAFaaa-w. Further testing showed that this hydrogel supported cell
growth and cell differentiation, suggesting its viability as a scaffold for cell culture and tissue

engineering.

The outer surface distribution of the coiled-coil structure determines the properties of peptide
hydrogels. For example, the glutamine residues at the outer surface (“b” “c” “f’) induced the
creation of a hydrogen bonding crosslinked network that was easily breakable by warming. It
has also been found that the alanine residues at the outer surface contribute to a hydrophobic
crosslinked network, which forms a comparatively stronger gel that maintains stability at 95
°C. Yet, the structure is unable to form a gel state when the chemical uniformity at the outer

surface is disrupted at the outer surface.

2.1.3.4 Amphiphilic peptide hydrogels

Peptide amphiphiles (PA) are a class of peptides composed of alternating hydrophobic and
hydrophilic residues to form self-assembled nanostructures [78]. Normally, the structure begins
with a hydrophobic chain containing 12 to 16 carbons, referred to as the alkyl tail, followed by
a sequence that can form a beta sheet with other peptide fragments, a charge sequence, and
then finally a hydrophilic sequence. For example, a bioactive peptide sequence may be at the
end of the chain, resulting in a PA that has functional therapeutic use (Fig. 2.12). This type of
peptide has the potential to self-assemble into nanofibers when in a suitable environment. The
typical geometry of this structure is a cylinder with a hydrophobic core and an alkyl tail,
whereby the peptide is embedded into the core and can subsequently form the beta sheet
structure (Fig. 2.12). The diameter of the nanofibers can be adjusted by altering the length of
the alkyl tail, whilst the solubility of PAs can be increased through the charged amino acids

[79].
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Figure 2.12 A typical scheme for the interpretation of the structure of amphiphilic peptides

and the formation of cylindrical micelle [80][81].

The modifiable properties of PAs deem them promising candidates for drug delivery systems
as they could facilitate the encapsulation of drugs and control drug release at the target site. Jo
et al. studied a peptide containing a cell-adhesive sequence GTAGLIGQRGDS (MMP-2) and
synthesised a PA (CH3(CH2)14CONH-GTAGLIGQRGDS-COOH) with the intention of
developing a bio-responsive cisplatin (cis-diamminedichlo-platinum, CDDP) delivery system
[82]. This CDDP-PA self-assembled into a hydrogel through the formation of a physical
crosslinked network with nanofibers, as observed by transmission electron microscopy. The

hydrophobic alkyl tail in the PA promoted the self-assembly process, whilst hydrogen bonding
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of the G, A, and L residues stabilised the cylindrical nanofibers, thus forming the nanofiber
network. CDDP was subsequently complexed with the carboxylic groups of PA, creating a
nanofiber hydrogel. Relative to a calcium induced PA gel, the storage modulus G’ of the
CDDP-PA hydrogel was greater, thereby demonstrating that the interaction between CDDP

and carboxylic groups contributed to a more stable network [83].

A major finding of the study was that the release of the CDDP-peptide complex was achieved
by the MMP-2 sequence. The proteolysis of MMP-2 triggered the degradation of the nanofiber
network, resulting in the CDDP-PA complexes diffusing out; as they contained integrin-
binding RGDS, they were recognised by cancer cells. An advantage of CDDP-PA is its lower
cytotoxicity compared with other current therapies in clinical trials. Therefore, PA should be

viewed as a prospective biomimetic material to develop the anticancer drug delivery system.

RADAL16 ([COCHs]-RADARADARADARADA-[CONHz2]) is another common PA that can
self-assemble into beta sheet hydrogels for controlled release drug delivery or to be used as
scaffolds for tissue engineering [52][84]. This PA comprises 16 amino acids with alternating
hydrophobic and hydrophilic residues. The dye-binding assays of Congo red and thioflavin T
were used to study the self-assembly process, and consequently elucidated the beta sheet
structure of the peptide [85]. The helical structure in RADA16 decreased in environments of
pH 3 and pH4 in a solution state. At pH 5, the structure remained stable for 120 days. At pH 7
or less, the physiological salt self-assembled into the beta sheet structure with a pore size
network of 5 — 200 nm, and presented in a gel state. The stability of the secondary structure of

RADA16 was found to be dependent on the pH and temperature [86].

Muraoka et al. studied the effect of glycine substitution on the mechanical properties and cell
adhesivity of RADA16 PA hydrogels [87]. In particular, glycine replacement of alanine (A) at

positions 4, 8, 12, and 16 was performed to generate four distinct gels: A4G, A8G, Al2G,
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andA16G, respectively. Compared with RADALG, the position of substitution was shown to
affect the gelation properties. When glycine was added at the acentric (A4G) or end position
(A16G), a weaker gel was formed, whilst glycine at position 12 (A12G) inhibited gel formation.
In contrast, glycine added at the centre of the peptide sequence (A8G) resulted in the creation
of a stiffer gel. The A8G gel depicted a twisted beta sheet structure and was shown to form
bundles of nanofibers under the CD, ATR-IR spectra, and TEM observations. Moreover, the
A8G hydrogel had strong cell adhesivity and was a thermally reversible hydrogel. Overall, the
structures, mechanical properties, and gelation properties of PA hydrogels can be altered by
the substitution of a single amino acid. This should be considered a novel method in the

construction of diverse materials for future biological applications [88].
2.2 Drug delivery applications

Drugs administrated without carriers can cause adverse effects in patients due to issues such as
incorrect dosage, short half-life, narrow therapy window or drug accumulation due to repeated
administration. In the case, resulting in relatively low drug efficacy. Hydrogels, as an
alternative method, form a 3D network with high water content (70% - 99%) which can
encapsulate drug molecules to ensure sustained drug release or localised delivery. This can

prolong the half-life of drugs and improve drug efficiency [3].

The mesh size of the hydrogel network can be amended to correspond with the size of the target
drug, meaning the desired controlled release kinetics can be achieved. For example, the
concentration of hydrogels can be increased to reduce the mesh size, leading to a greater density
network. This is important as different sizes of drugs have different rates of diffusion [14].
Moreover, hydrogels can be designed with good biocompatibility and biodegradability, which
enables them to avoid the toxicity in the human body. Hydrogels that have been formed in an

aqueous environment prevent drug denaturation and aggregation in organic solvents. The
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crosslinked networks of hydrogels can also restrict the early degradation of bioactive molecules
by enzymes, thereby stabilising drug activity and achieving the target therapy [89]. This is

especially so for macromolecule drugs, such as antibodies, proteins, and cytokines.

The changeable structures, pore sizes, and mechanical properties of hydrogels make them ideal
for use in drug delivery systems, especially as they can be designed to suit various routes of
drug administration. Some of the more common hydrogel drug delivery systems will be
discussed in the following section, along with an overview of the advantages of hydrogels for

this therapeutic purpose.

2.2.1 Hydrogels for controlled drug delivery

A controlled release delivery system can be designed based on different mechanisms, including
diffusion controlled, swelling controlled, and chemically controlled [90]. Diffusion controlled
involves the most common form of drug release Kinetics in the hydrogel drug delivery system.
Zhang et al. focused on the controlled release of model drug molecules in ionic complementary
peptide hydrogel [91]. The authors calculated the diffusion coefficients of the drug molecules
using Fick’s second law. Their protocol involved adding a drug-loading gel into a cylinder vial
to form a thin film, described as thickness H (Fig. 2.13). The diffusion coefficient De can be

obtained as shown in Eq. 2.1:

M _ (16DEt)0'5 (2.1)

My TH?

where t is the release time, and M, and M., are the mass of fraction drug release. Specifically,
M, refers to the molecular mass at a specific time point, while M, is the saturated molecular
mass diffused out of the hydrogels. Eq. 2.1 was used for the early time release of mass < 60%,
i.e. 0 <M,/M, < 0.6 [92][93]. Meanwhile, Eq. 2.2 was used for the late time release of mass,

i.e. M;/M,, > 0.6.
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Figure 2. 13 A model of release experiment performed in 5 days, the pictures were the fluo-
rescein — dextran in peptide hydrogel. The diffusion coefficient was calculated at 30 min and

day 5 based on the definition sketch on the left picture [91].

Mathematical models have also been employed to analyse the transport mechanisms of drugs
to be able to predict release kinetics and formulate an optimal drug delivery system. Such

models include Higuchi, Ritger—Peppas, Peppas—Sahlin, and zero-order kinetics.

The Higuchi model can be used to predict drug release kinetics from semisolid and solid matrix

systems. The corresponding equation is based on Fickian diffusion, and is shown in Eq. 2.3:

M
Mo

= kH X tO'S (23)

where ky is the release constant of Higuchi [94]. and the cumulative mass of drug is
proportional to the square root of time, t. The following hypotheses apply when this model is
used: 1) The loading drug concentration is higher than the drug solubility; 2) The diffusion
coefficient of drugs should be calculated in one direction, for example, from matrix to
supernatant; 3) Diffusivity remains constant without consideration of the swelling of polymers

in water; 4) The dissolution of matrix and edge effects should be neglected; and 5) The systems
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should maintain an optimal sink condition during the release process [95]. The Higuchi model
is especially important as it can be expanded into other mathematical models to classify release

profiles.

Ritger-Peppas models can also be used to describe the drug release from a polymeric system,

as shown in Eq. 2.4:

2L = ey t" (2.4)

0

where ki is the rate constant, t is the release time, and n is the release exponent. This is a useful
model due to the release exponent being variable, thereby enabling the model’s use to interpret
a mass transport mechanism. When n=0.5, a thin hydrogel film follows the Fickian diffusion
mechanism, whereby the release kinetics can be described by the diffusion coefficient.
However, when n=1, Case Il transport occurs, subsequently resulting in zero-order release
Kinetics, caused by swelling of the system or the relaxation of the polymeric chains. When 0.5
< n< 1, non-Fickian diffusion is followed, whereby release occurs through diffusion and

swelling factors. Of note, the model is only applicable when mass < 60% [96][97].

Peppas—Sahlin model of drug release is also valuable to explain diffusion and relaxation in a

polymeric system [98]. The model equation is presented in Eq. 2.5:

T = eyt 4 eyt (2.5)

(o]

where k,, k,, and m are constant; k,t™ represents the mechanism of Fickian diffusion, k,t?™
represents the Case Il transport related to the relaxation of the polymer chains. m is the Fickian
exponent used to describe the release kinetics in controlled release systems, including thin film,

cylinder, and sphere [94].

In regard to zero—order Kkinetics, drug concentration is independent of the release rate. The

equation is depicted in Eq. 2.6:
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Ct = CO + Kot (2.6)

where C, is the initial concentration of drug released from the system, whereby C, normally
equals 0. C; is the concentration of drugs released as a function of time, t. K, is the zero-order
constant. This mechanism can be applied to drug release systems that prolong the drug release

profile [94].

Additionally, zero-order kinetics can outline controlled drug release from a hydrogel system.
Ratner et al. explored the sustained release of norfloxacin from pHEMA gels on the basis of a
zero-order release mechanism over a 72h period [99]. This was achieved by adding
hydrophobic octadecyl isocyanate to the pHEMA gel. Consequently, the hydrophobic residues
prevented an initial burst release of hydrophilic norfloxacin from the hydrogel. Although
hydrogel has received validation as a mediator of the zero-order release of drugs, it remains
critical to further explore methods to prolong the time of zero-order kinetics in a hydrogel

system [100].

Swelling control refers to the swelling rate of the hydrogel being lower than the drug diffusion,
thereby enabling the controlled release of trapped drugs. Swelling control release kinetics can
be achieved in hydrogel by adjusting the density of the crosslinked network. Muhamad and
Hezaveh modified the structure of a carrageenan-based hydrogel through the addition of
varying concentrations of genipin [101]. Genipin was selected as it serves as a natural
crosslinker to develop hydrogel as a controlled release drug delivery system. The swelling
behaviours were then observed in different pH buffer solutions. The swelling experiment was

continued until the hydrogel reached equilibrium. The swelling ratio is depicted in Eq. 2.7:

Swelling ratio (%) = [Wt_w"] x 100 (2.7)

Wo

where W; is the weight of the swelling hydrogel at time t, and W, is the initial weight of the

hydrogel.
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Following the addition of different concentrations of genipin to the hydrogel, a higher swelling
ratio was found as the concentration increased in neutral buffer. Yet in basic buffer, the
swelling ratio of the hydrogel decreased as the concentration of genipin increased. Hence, the
genipin-modified hydrogel was a pH-sensitive system suitable for drug release. Furthermore,
the addition of genipin caused relaxation of the hydrogel polymer chains, as shown by the
results of the swelling kinetics study. In light of this, the release of B-carotene could be

controlled by altering the concentration of genipin and the pH of buffer.

In another study, Sakurai et al. determined the swelling control mechanism in thermo-—
responsive poly(N-isopropylacrylamide—co—butyl methacrylate) hydrogel (poly(IPAAmM — co
— BMA) [102]. The swelling-deswelling transition of the poly(IPAAm — co — BMA) gel
indicated that the lower critical solution temperature (LCST) was 25 °C. The authors discovered
that the swelling behaviour of the hydrogel was guided by the diffusion of water molecules
when the temperature exceeded the LCST. However, when the temperature was less than the
LCST, the swelling ratio increased as the temperature decreased, due to the relaxation of the
polymer chains. Hence, it was established that the swelling mechanism was dependent on
temperature changes. Based on this finding, adjustments can be made to the release of
indomethacin from hydrogel to suit specific therapeutic purposes, such as by introducing a

crosslinker or modifying the temperature to manipulate swelling control of the hydrogel.

Chemically controlled drug release occurs through chemical reactions in the hydrogel system,
such as cleavage of polymer chains under hydrolytic or enzymatic degradation. Moreover, such
reactions can ensue between the drug and the network of the hydrogel, causing the release of
the drug from the hydrogel. Mooney et al. studied the release of anticancer drugs from hydrogel
through different mechanisms [103]. Their results highlighted that the release kinetics of
doxorubicin were controlled by the concentration of the crosslinker adipic dihydrazide, which
was responsible for covalent bonding between doxorubicin and the hydrogel [104]. It was
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found that the release profile could be extended by using a higher concentration of adipic
dihydrazide (150 mM). Additionally, poly(aldehyde guluronate) hydrogel was used to control
the release of daunomycin via the hydrolytic reaction of linkage between the drug and polymer.

This biodegradable hydrogel presented sustained release of the drug in vivo [104].

2.2.2 Hydrogels for targeted drug delivery

The ability of hydrogels to control the release of drugs enables them to increase the efficacy of
drugs. Furthermore, sustained release of drugs by hydrogels over longer periods of time means
repeated administration can be avoided, thus limiting the likelihood of adverse effects. Another
advantage is that hydrogels can be modified to establish the target drug delivery system.
Specifically, drug molecules can be released at a distinct site to improve the therapeutic
effectiveness in the treatment of many diseases, whilst also reducing the toxicity of drugs in

the surrounding environment.

The high water content and adjustable pore size of hydrogels mean they have the ability to
encapsulate different sizes of hydrophobic drugs and achieve the targeted therapy. Zhang et al.
designed a negatively charged hydrogel to encapsulate hydrophobic anti-inflammatory drugs,
and then performed targeted release on the positively charged surface of an inflamed colon
[105]. This was established to be a promising system for the treatment of chronic diseases, such
as inflammatory bowel disease. Dexamethasone was one of the anti-inflammatory drugs that
were loaded into an ascorbyl palmitate (AP) amphiphilic hydrogel, whereby it was found that
the drug was released from the AP hydrogel through enzymatic digestion. This negatively
charged hydrogel preferred to bind to the inflamed surface of the colon through charge
attraction, and therefore the target drug delivery was achieved. Further testing was conducted

on a murine model through enema administration, by which it was found that the AP hydrogel
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provided less drug exposure to the untargeted position compared with free drug control. Thus,

the AP hydrogel system would avoid toxicity at other sites.

DNA-hydrogel is another system involving complementary strands of DNA. The strands can
hybridise to form a crosslinked network and demonstrate swelling behaviour in aqueous
conditions [106]. The DNA-hydrogel can also bind to a fluorophore so as to trace the target
delivery in vivo. Zhang et al. designed a self-assembling quantum dot DNA hydrogel (QDH)
to deliver doxorubicin (Dox), an anticancer drug that targets DNA, to cancer cells [107]. The
mechanical properties of QDH were measured through rheological characterisation, whereby
it was found that the diameter and swelling ratio of QDHSs could be modulated based on the
concentration of DNA-functionalised QD. This hydrogel could also be modified to localise
drug release at target cells, whilst smaller QDHs resulted in a higher cellular uptake of drug.
Additionally, the QDH was employed for gene or siRNA delivery to target intracellular nucleic
acids to modulate or include new proteins, making it valuable for cancer therapies. QDHs with
Dox presented a controlled release mechanism, which resulted in increased target cellular
uptake. This has been applied to an animal model to further study drug efficacy in QDHs; the
results indicated biocompatible QDHSs as being a promising drug carrier for targeted cancer

therapy.

The biocompatibility, biodegradability, and ability to immunomodulate make DNA-based
hydrogels highly suitable for cancer immunotherapy. For instance, cytosine-phosphate-guanine
(CPG)-DNA hydrogel can stimulate innate immunity through the CpG-DNA receptor (Toll-
like receptor 9), thereby deeming this DNA hydrogel an efficient system for antigen delivery
[108]. Takakura et al. assessed the immune activity of ovalbumin (OVA) using CpG-DNA
hydrogel. OVA is a model antigen, and was loaded into the hydrogel, which subsequently
demonstrated sustained release and was found to promote an OVA-specific immune response.
Compared with OVA with alum or other adjuvants, the OVA-loaded CpG-DNA hydrogel
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showed a decrease in adverse effects [106]. Thus, DNA hydrogels should be regarded as

versatile systems that can be modified with different oligodeoxynucleotides to create specific

immunomodulatory antigen delivery systems.

Overall, the literature shows that hydrogels can efficiently perform targeted drug delivery due
to their adjustable properties, such as charge, hydrophobicity, and mechanical properties.
Furthermore, hydrogels can be used with a crosslinker or can be modified by a specific DNA
sequence for localised therapy [109]. These characteristics constitute these hydrogels as being

a smart platform for the treatment of a wide range of human diseases.

2.2.3 Hydrogels for injectable drug delivery

In accordance with the desired form of drug administration, hydrogel has the potential to be
formulated into various delivery systems. Injectable hydrogels have caught the attention of
numerous researchers for biomedical applications, as this administration minimises invasive
delivery, reduces recovery time and wound area, and prevents inflammation of the skin and
subsequent infections [110]. Injectable hydrogels have been favoured as a drug delivery system
due to their sustainable release profile and localised injection site. This results in drug release

of the required concentration at the target site whilst reducing the risk of adverse effects.

As noted, hydrogels form a 3D network through physical or chemical crosslinking, but in order
to become injectable, processes involving the temperature, pH, ionic strength, enzymes, or
photoirradiation must be applied. Hartgerink et al. used an injectable self-assembled
MultiDomain Peptide (MDP) hydrogel to control the release of cyclic dinucleotides (CDNSs)
for immune cancer therapy [111]. CDNSs trigger the stimulation of interferon genes (STING)
and have been validated as small molecule immunotherapy drugs in clinic trials [112].
Hartgerink et al. used hydrogel as a vehicle with the aim of improving the efficacy of CDNs.

The MDP was a positive hydrogel comprising a K»>(SL)eK2 sequence, which is able to self-
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assemble into an antiparallel beta sheet through ionic strength; as a result, a robust hydrogel
with a nanofibrous network was constructed. The electrostatic interaction between positively
charged lysine residues of the MDP and negatively charged thiophosphate linkages of CDNs
meant that this hydrogel presented a viable potential to control the release of the
immunotherapy drug. Following injection of the MDP + CDNs in in vivo murine animal models,
it was found that 60% of the mice survived. Moreover, the single injection of MDP + CDNs
achieved successful anti-tumour activity and immune responses in the mice. Therefore, the
authors concluded that the injectable hydrogel had localised CDNs at the target site in the in
vivo animal model and had prolonged the effective concentration of CDNSs through controllable
drug release. The injection process is highly valuable as it can prevent repeated drug

administration, thereby decreasing toxicity and drug resistance.

In a study by Burdick et al., hyaluronic acid (HA) hydrogel was modified to sustain the release
of doxorubicin and doxycycline, both small drug molecules [113]. The addition of f —
cyclodextrin (CD) to the HA led to the formation of a tuneable hydrogel (HA-CD) that could
enhance the affinity between drugs and hydrogel. This produced an ideal system for loading
different drugs and variable release Kinetics. According to the results of the shear
thinning/recovery assay by rheometer, the injectability of the modified hydrogel was not
affected by drug loading. Furthermore, the HA-CD hydrogel recovered to a gel-like state after
receiving a high strain (500%). These findings indicated the potential of the HA-CD system as
a modifiable hydrogen through host-guest chemistry, which could be made to suit various
forms of drug delivery. In particular, it was deemed viable as an injectable formulation for

many diseases based on its shear thinning and self-healing potential.

In addition, modified hydrogels can encapsulate macromolecule drugs for targeted cancer
therapy. For example, Ding et al. used injectable hydrogel to control the release of human
epidermal growth factor receptor 2 (HER2)-targeted antibody following surgical intervention
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for breast cancer, as this treatment prevents the local recurrency of HER2+ breast cancer [114].
In the study, the hydrogel was created with different proportions of PEG/PLGA over increasing
temperature. It then encapsulated the antibody (Herceptin) and performed sustained release
following hypodermal injection in the in vivo murine animal model. It was found that the
release kinetics of Herceptin could be adjusted by mixing differing proportions of PEG/PLGA,;
this also meant the release time could be regulated to extend drug activity. At the tumour site,
the sustained release of Herceptin resulted in a higher concentration, which subsequently
enhanced the antitumour activity. Moreover, the sustainable properties of the hydrogel meant

there was lower risk of cardiotoxicity induced by repeated dosage.
2.3 The structure of the PhD project

Existing literature shows that distinct types of hydrogels have been considered for tissue
engineering and drug delivery. However, chemical crosslinked hydrogels contain organic
components that could affect the intracellular environment [12]. Therefore, to avoid toxicity in
vivo, physical crosslinked hydrogels have been the main focus of research for clinical

applications.

Self-assembled peptide hydrogels offer a modifiable network and suitable mechanical
properties under various conditions, and therefore, have been regarded as a smart biomaterial
for drug delivery systems. Based on the biocompatibility and reversible gel state of physical
crosslinked hydrogels, two ionic complementary peptide hydrogels were designed with
opposite charges to test the controlled release of model drug molecules (macromolecules) and
protein drugs. This aligns with the hypothesis of this research that the release kinetics of
macromolecules can be controlled in a peptide hydrogel through electrostatic interactions and
the density of the network, whereby the shear thinning/recovery properties of the hydrogel will

support its potential to deliver protein drugs for cancer immunotherapy.
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In this PhD project, Chapter 4 described two peptide hydrogels, EFKFEFKFE and
KFEFKFEFK. At pH 7, the hydrogels presented a clear gel state, with EFKFEFKFE carrying
-1 charge and KFEFKFEFK carrying +1 charge from the theoretical curves. The secondary
structures of these hydrogels were characterised by CD, ThT binding assay, and attenuated
total reflectance Fourier transform infrared spectroscopy (ATR-FTIR). A transmission electron
microscope (TEM) was used to determine the morphology of the hydrogels, whilst the fibre
size was measured by ImageJ software and subsequently confirmed by small-angle X-ray
scattering (SAXS). The gel stiffness was ascertained through dynamic strain sweeps using a
rheometer, which confirmed the optimal hydrogel concentration according to the initial storage
modulus G’. In addition, the shear thinning/recovery properties were obtained from a
rheometer for the injectable assessment of hydrogels. The biocompatibility of the hydrogels
was determined by measuring their stability in cell culture media through a rheometer; these
measurements were repeated on days 3, 7, and 14. Mesenchymal stem cells (MSCs) and 3T3
fibroblast cells were then used for 3D seeding to evaluate the biocompatibility and capability
for 3D scaffolding. Cell viability was determined through LIVE/DEAD assays and PicoGreen

staining.

In Chapter 5, the potential role of the EFKFEFKFE and KFEFKFEFK hydrogels as a drug
delivery system to encapsulate macromolecules was explored. Fluorescein—dextran with
different negative charges and FITC-Poly—L-Lysine (positively charged) were selected as the
protein drug models to study the release kinetics in different hydrogels. The value of zeta
potential was used to determine the charges of these macromolecules. The hydrodynamic
radius of the macromolecules and the diffusion coefficient Do in water were determined
through fluorescence correlational spectroscopy (FCS). The study protocol involved mixing
0.8 mg/mL of macromolecule with 12 mg/mL of hydrogel. To determine whether the

encapsulation of differently charged macromolecules affected the hydrogel system, the results
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of ATR-FTIR, TEM, SAXS, and rheology were analysed to characterise the structure of the
macromolecule-loaded hydrogels. Swelling experiments were also conducted to assess the
tunability of the crosslinked network. Different charges and sizes of the macromolecules were
mixed with each of the hydrogels, followed by measurement of the release mass from a UV-
Vis spectrophotometer. This was repeated five days subsequently. The diffusion coefficients

De and D were calculated based on Fick’s second law, and were then compared with Do.

Chapter 6 focused on the encapsulation of recombinant human interleukin-2 (rhiL-2) and
interleukin-21 (rh1L-21) in differently charged hydrogels. These two proteins derive from the
same family, whilst their short half-life limits their drug efficacy and increases the risk of
toxicity. Therefore, an injectable peptide hydrogel could be an ideal delivery system to
overcome these issues. The proteins were reconstituted according to the protocol provided by
R&D Systems (Bio—Techne). Protein activity in the hydrogels was measured by enzyme-linked
immunosorbent assay (ELISA). A range of concentrations of bovine serum album (BSA) were
used as the supernatants to determine the optimal concentration for this release study. Human
peripheral blood mononuclear cells (PBMCs) were used to assess the activity of rhlL-21, whilst

fluorescence-activated cell sorting (FACS) was used to evaluate cell marker expression.

Chapter 7 presented the results of this study, whereby the physical crosslinked peptide hydrogel
appears as a promising material for controlled release drug delivery. However, restrictions
caused by the COVID-19 pandemic from 2020 to 2021 meant that measuring cell marker
expression after loading the hydrogels could not be completed in this study. Nonetheless, the
potential of these hydrogels to sustainably release protein drugs, such as antibodies and
cytokines, and achieve localised therapy should be recognised, especially through injectable
administration. This could advance immunotherapy and achieve the ultimate goal of improving
treatment efficiency and efficacy of a wide range of human diseases; therefore, this is an
important area of research that should be developed further.
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Chapter 3 Principles of techniques

3.1 Introduction

In this chapter, the principles of techniques used in the PhD project will be concluded. The
techniques include Reverse Phase High Performance Liquid Chromatography (RP-HPLC),
Attenuated Total Reflectance Fourier Transform Infrared Spectroscopy (ATR-FTIR),
Transmission Electron Microscope (TEM), Small-Angle X-ray Scattering (SAXS), Zeta
potential, UV-Vis Spectrophotometer, Enzyme-linked Immunosorbent Assay (ELISA),
LIVE/DEAD Cell Viability Assay, Confocal Laser Scanning Microscopy (CLSM) and Pico-
Green Assay. The fundamental theory and reaction mechanisms of each technique are

described in the corresponding section.
3.2 Reverse Phase High Performance Liquid Chromatography (RP-HPLC)

Reverse-phase high-performance liquid chromatography (RP-HPLC) is a common variant of
chromatography used for purification, separation and quantification of proteins and peptides.
It is also widely used in analytical chemistry to identify compounds in a mixture. The technique
requires a non-polar stationary phase and a polar mobile phase. A common choice of stationary
phase is a modified silica surface covalently bonded to an octadecyl hydrocarbon group (C18).
This forms a bonded-phase column, and changing the length of the bonded alkyl chain both
modulates the hydrophobicity of the sorbent phase and controls the retention time [1]. The
mobile phase is one or more solvents that carry eluents through the column; common choices

include acetonitrile (ACN), isopropanol (IPA) or tetrahydrofuran (THF) mixed with water.

Components of the RP-HPLC instrument include solvent reservoirs, a solvent degasser, the
pump, the column and a UV detector. The stationary phase used for this experiment was a C12

column, with a mixture of ACN + 0.1% trifluoroacetic acid (TFA) and HPLC water + 0.1%
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TFA. When samples are injected into a chromatography column, polar molecules are typically
quickly eluted because they have stronger interactions with the polar mobile phase. In contrast,
non-polar molecules interact with the hydrocarbon chains (C12 column) via hydrophobic force
in the stationary phase. They also have poor solubility in the polar mobile phase, as they cannot
form dipole-dipole interactions or hydrogen bonds like the solvent molecules form with each
other. Therefore, they move slowly through the column and have a large retention time. The

most-polar molecules are the first to elute, followed by less-polar and non-polar molecules [2].

Elution time also depends on the choice of solvents. A solvent’s acidity or basicity influences
the ionization state of compounds, which changes their interaction with the column and
therefore affects their retention time. Furthermore, it is possible to alter the solvent/water ratio
for method optimization. For example, increasing the amount of water in the mobile phase can
increase the affinity of hydrophobic eluents to the hydrophobic alkyl chain in the stationary
phase, increasing the retention time of non-polar compounds. Similarly, retention time could

be decreased by adding more organic solvents for elution.

3.3 Attenuated Total Reflectance Fourier Transform Infrared Spectros-

copy (ATR-FTIR)

Fourier transform infrared spectroscopy (FTIR) is an analytical technique employed to
characterise protein structure, and elucidate the results of reactions by analysing their products.
It is commonly-used in biomedical research, including for cancer diagnoses, microorganism

differentiation and investigation of cellular composition [3][4][5].

Radiation in the infra-red (IR) region of the electromagnetic spectrum has wavelengths of 0.78-
1000 pm, divided into three ranges: near-IR (0.78-2.5 pm), mid-IR (2.5-25 pm) and far-IR (25-
1000 pm). In this study, samples were irradiated by mid-IR radiation with wavelengths from

2.5-25 pm (4000-400 cm™). The mechanism of FTIR is displayed in Fig. 3.1. It uses an
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interferometer, consisting of a fixed mirror and a movable mirror, to split an incident IR light
source. Around 50% of the incident light is reflected toward the fixed mirror and back to the
beam splitter, where it is transmitted to samples. The remaining light intensity is transmitted to
the movable mirror and reflected to the samples via the beam splitter; giving rise to an optical
path difference (OPD) d between the two split beams, which depends on the position of the
movable mirror. This path difference allows the waves to interfere either constructively or
destructively upon recombination at the beam splitter, generating an interferogram with
movement of the mirror. This interferogram is Fourier transformed and deconvoluted to yield

the sample’s infra-red spectrum.

Moving mirror
—

Detector

)

Fixed mirror

Figure 3. 1 The scheme of interferometer in FTIR.

Attenuated total reflectance (ATR) is a modification applied to the method of FTIR

spectroscopy to directly test solid and liquid samples. The incident IR light passes through the
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ATR crystal, which is in contact with the sample. This IR light reflects off the interface between
the crystal and the sample, generating an evanescent wave that penetrates into the sample itself.
At this interface, the sample absorbs specific regions of the incident IR radiation, attenuating
the reflected light which is collected by the detector (Fig. 3.2), allowing the absorbed radiation
to be measured. The penetration depth of light into the sample depends on multiple factors,
including the incident radiation wavelength, the indices of refraction of the ATR crystal and
the sample, and the radiation’s angle of incidence. ATR-FTIR is widely employed since it only
requires a small amount of sample on the crystal’s surface, and can be used to investigate

samples that otherwise would absorb IR too strongly to be measured [5][6].

Evanescent Wave

-

p—

Sample =——p —_— = [
ATR Crystal —> /\/\/\
IR Source Detector

Figure 3. 2 The scheme of ATR-FTIR.

A spectrum can be obtained by means of absorbance or transmittance. For a homogeneous
sample, the Beer-Lambert law can be used to describe the relationship between absorbance and

sample concentration Eq. 3.1:

A =log (I,/I) = ecl (3.1)
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where A is the absorbance, lo is the incident intensity (W m), | is the transmitted intensity (W
m?), e is the molar absorptivity of sample (L mol™* cm™), ¢ is the molar concentration of sample

(mol L), and | is the path length of the light passing through the sample (cm).

The transmittance can correspondingly be obtained via Eq. 3.2:

T =i = eecl 3.2)

3.4 Transmission Electron Microscope (TEM)

Transmission electron microscopy (TEM) is an advanced microscopy technique used to
examine the internal structure of samples in an ultra-thin film. An electron beam is passed
through and scatters off the specimen, and the amount of scattering by a sample region reduces
the amount of electrons collected, leading to contrasts of dark areas (high-density regions with
large scattering angles) and bright areas (low-density, narrow scattering angle) where more
electrons have been collected. The sample can then be imaged two-dimensionally, allowing the
collection of sample information such as structure, shape, and diameter [7]. TEM has a higher
magnification and resolution than a conventional optical microscope, which allows researchers
to resolve structures on the nanoscale, including atomic alignment within samples, which is

impossible with a light microscope.

A schematic of a TEM microscope is illustrated in Fig. 3.3. Its key components include an
electron gun at the top, which emits an electron beam via a tungsten filament or a lanthanum
hexaboride (LaBe) crystal. The electrons are accelerated by a high voltage (80-300 kV) from a
cathode to an anode, emitting a beam into a vacuum tube at a constant voltage. The beam then
is focused by the condenser lenses, forming a fine beam through the condenser aperture which

is then transmitted into the specimen. After passing through the specimen, the objective lenses,
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intermediate lenses and projector lenses are used to focus the beam on to a fluorescent screen,

which generates a 2D image captured by a digital camera [8].

Image resolution can be modified by adjusting the accelerating voltage of the electrons, which
alters their wavelength. A higher accelerating voltage leads to a faster beam velocity and
shorter wavelength, which affords a better resolution. However, the choice of voltage used for
TEM must also take into account the specimen composition. High voltage (e.g. 200-300 kV)
might destroy or damage the specimen, particularly if it includes light elements (such as
hydrogen, carbon, nitrogen, oxygen, fluorine, sodium). Additionally, an increased beam
velocity can lead to wider scattering angles upon specimen interaction, which could lower
image quality; therefore it is vital to adjust the accelerating voltage according to the needs of

the specimen.
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Figure 3. 3 A simplified diagram of the mechanism of TEM.
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As the specimens examined with TEM in this study are polymer and peptide hydrogels
consisting of light elements (C, H, N), the accelerating voltage of the electrons should be kept
below 100 kV to minimise specimen damage [8]. The samples were dispersed on copper grids
(400 mesh) with a supporting carbon film to allow for imaging. Heavy metal salt (eg. uranyl
acetate) used as a stain to improve image contrast. The heavy metal stains the copper grids,
increasing the scattering of incident electrons and producing relatively dark areas, in contrast
to the bright areas of the specimen, which are caused by low scattering off the lighter
constituent elements. This technique is termed heavy metal negative staining, and it has been
commonly employed to investigate polymer and peptide materials via TEM [9]. The increased

contrast produced by this technique in turn increases image clarity.
3.5 Small-Angle X-ray Scattering (SAXS)

SAXS technique has been widely used for analysing the structure of polymers and peptides.
Compared with the microscopes, SAXS will give more specific information of fibre size, shape,
distribution and aggregation. For example, self-assembled peptide hydrogels need to be
prepared by diluting, staining or drying before microscope study, which might influence their
structural characterizations. However, SAXS can directly measure peptide hydrogels, making
it a useful tool to complement the results obtained from other characterisation techniques such

as microscopy [10].

In a SAXS experiment, the X-ray wavelength used is around 0.07-0.2 nm, and the angle of
scattering is typically from 0.1 to 10< As shown in Fig. 3.4, an incident X-ray beam scatters at
an angle of 26. As the scattering process is elastic, the incident |ki| and scattered |Ks|
wavevectors have the same magnitude, therefore |ki| = |ks| = 2z /A. The momentum transfer

vector q is given in Eq. 3.3:

__4msin6

q =" (3:3)
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Figure 3. 4 A diagram of SAXS experiment. q is the definition of momentum transfer vector,

— is the incident waves vector, e is the scattered waves vector, 20 is the scattering angle.

i S

In self-assembled peptide hydrogels with a complex 3D network, the fibres distribute randomly,
forming an inhomogeneous system. In SAXS patterns, the peaks come out when the X-ray
beam scatters on different phases of hydrogel. Therefore, the scattering intensity depends on
both the structure and the phase composition of the hydrogel [10][11]. Bragg’s law can be

combined with Eq. 3.3 to predict the pore size, d, as in Eq. 3.4:
d= = (3.4)

In this isotropic system, the scattering intensity from a peptide hydrogel contains contributions
from coherent and incoherent scattering, which can be explained by Eq. 3.5:

I1(q) = BTs65[S°"(q) + S™€] (3.5)

where B is a constant, T is the transmission of sample, & is the thickness of sample, S¢°" is
the coherent scattering and $™¢ is the incoherent scattering. S does not contain information

about the structure of sample, therefore, it needs to be subtracted from the total scattering
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intensity in order to obtain the accurate scattering intensity of the sample. The coherent

scattering contains all the structure information of sample that can be explained by Eq. 3.6:

§¢°"(q) = P(q) +Q(q) (3.6)

where P(q) represents intra-scattering events, i.e., between the same scattering objects in the
hydrogel, and Q(q) represents inter-scattering events — between different scattering objects in

the hydrogel.

Here, the P(q) term describes the size and shape of the fibres, and the Q(qg) term reveals the
interaction between different scattering objects, so here yields information on the self-
assembling state. P(q) is linked to the concentration, so a series of dilutions could be performed
to examine how hydrogel concentration affects scattering. The coherent normalized scattering

intensity from a peptide hydrogel, In(q), can be written as in Eq. 3.7 [12]:

[Ia (@) — (1 — Cp)Is(q) — 1] (3.7)

x|

Iy(q) =

where la (q) is the normalised peptide scattering intensity, Is (q) is the normalised scattering
intensity from the solvent (in this study we used HPLC water), Cp is the peptide concentration
in g cm™3, Iy is the incoherent scattering intensity, and K is a contrast factor, given by Eq. 3.8

[10][23]:

K = Na (A _ B)2 (3.8)

Vs

where Na is Avogadro’s number, A and B are the scattering amplitudes of the peptide and

water, v, and v are the molar volumes of the peptide and water, and 71, is the molecular

weight of the peptide.

With increasing g range, a power law was used to describe the shape of the sample, as given

by Eq. 3.9 [10]:
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Iy(q) x g% (3.9)

This equation can be manipulated into logly(q) vs logg=® form to plot a slope. At
intermediate values of g, the value of the exponent a represents the sample shape: when a =
—1, the sample is thin and rod-like, when @ = —2, it has a thin disk-like shape, and when a =

—4, it is spherical.

For thin rod-like structures such as peptide hydrogels, the Guinier law was employed to

estimating the fibre diameters, given in Eq. 3.10:
1
In(@) = Iy exp (—5 q*R}) (3.10)

where lo is the absolute intensity, linked to the molecular weight of the peptide, and Rq is the

radius of gyration, which defines the overall size of the peptide hydrogel at a small q range.

A Guinier plot ( 1,qIy(q) vs.q?) can be obtained from Eg. 3.10. In monodisperse systems,
the slope of a line of best fit can be calculated, which corresponds to the radius of gyration, Rg.
However, without monodispersity, the sample structure cannot be considered as a thin rod-like

shape. For the long thin fibres, a modified Guinier law can be used by Eqg. 3.11:
1
qly (@) = KCLy exp(— q*Ryc™) (3.11)

where L, is the fibres/cylinder mass per unit length, and R is the cross-sectional radius of
gyration of the fibres/cylinder. If the observed scattering is of the form given by Eq. 3.11, then
at low g, a line of best fit should be calculated for a plot of Iy [q Iy(q)] vs ¢*. Ry, can then

be determined, and related to the fibre diameter d by Eq. 3.12 [14]:

dfz
Rgc == ? (3.12)
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3.6 Oscillatory Rheology

Rheology is the study of the behaviour of liquids, solids and soft solid matters under an applied
force, deflection or velocity, leading to their flow (for liquids) or deformation (solids). It is also
possible to analyse the behaviour of viscoelastic materials in the same manner, demonstrating

that they behave both as a liquid and a solid.

The two-plate model (Fig. 3.6) is used to illustrate the process of oscillatory tests in rheometers
[15]. The upper plate is acted on by a shear force to give it a velocity v, and the lower plate
remains stationary. A sample is loaded on the lower plate, with a gap, h, to the upper plate. The
sample is sheared in this gap and will undergo flow or deformation behaviour, depending on
the shear force. A range of parameters can be used to describe rheological properties of
materials. Shear stress T arises from a shear force F, in the case the rectangle changes the shape

into parallelogram (Fig. 3.5), and is given by Eq. 3.13:

__ F (Force)

A (Area) (3.13)

v b - /

v=0

Figure 3. 5 A diagram of Two-Plates-Model illustrates the oscillatory test in rheometer.
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For soft materials, the shear causes a related strain, which can be used to describe
viscoelasticity and fracture properties. The shear stress is related to pure shear strain by Eq

3.14:
T=yG (3.14)
where y is the shear strain and G is the shear modulus.

The shear rate is linked to the velocity of rotation of the upper plate. If a fluid is considered to

exist between the plates, with the material deforming according to the shear rate, as in Eq. 3.15:
. 14
Y= (3.15)

where y is the shear rate, v is the velocity (m/s) and h is the gap between the two plates.

In materials that flow, the molecules undergo relative motion between each other due to the
shear force, and this produces internal friction, acting against the flow to deform the materials.
Materials have the flow property that is so called fluids. The flow resistance in material
deformation can be described by viscosity, which is measured under the ideal temperature and
a reasonable shear rate. In most fluids, the relationship between shear rate and shear strain is

linear and obeys Newton’s law, as in Eq. 3.16:

T=ny (3.16)

where 7 is the viscosity. These fluids are termed “Newtonian fluids”.

Oscillatory rheology is used to investigate viscous liquids, polymers, gels, dispersions,
elastomers, melts and rigid solids. In a dynamic oscillatory test, a stress or strain is applied to
the sample at a fixed frequency, and the quantity varies with the harmonic waveforms of stress
and strain as a function of time. A viscoelastic sample possesses a linear viscoelastic region

(LVR), where the sinusoidal strain waveform is delayed behind the sinusoidal stress waveform
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A)

at a specific angular frequency, as shown in Fig. 3.6A. The phase of the delay is the phase shift

angle 6. The angular frequency is given in Eq. 3.17:
w = 2nf (3.17)
where w is the angular frequency in rad/s or in s, and f is the frequency in Hz.

If the sample is a pure viscous liquid, it is unable to return to its original shape following a
stress or strain. The stress and strain waveforms therefore display a phase shift angle 6 equal
to /2 (Fig. 3.6B). However, if the sample is a pure elastic material, the stress and strain

waveforms have the same phase, i.e., the phase shift angle 6 is equal to 0 rad/s (Fig. 3.6C).

B) C)
Output Stress
Input Strain Input Strain

Output Stress

Output Stress
Input Strain

M " W B \\\ ; "

Viscoelastic (0 < & < 90°) Viscous (6 = 90°) Elastic (6 = 0)

Figure 3. 6 The relationships between stress and strain waves. A) represents the viscoelastic

material B) represents the viscous material C) represents the elastic material.

Amplitude oscillatory shear measurements are commonly used to investigate viscoelastic
hydrogels [16]. It involves the use of a rotational rheometer to test a loaded hydrogel in an
equilibrium state (ideal gap and temperature). The amplitude of oscillation is equal to the
maximum stress or strain, and the angular frequency is the number of oscillations per second.

The hydrogel is loaded on the stationary plate and the upper plate is lowered to a gap, h. The
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upper plate then rotates to produce an oscillatory stress or strain relative to the stationary plate

(Fig. 3.7).

1
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Figure 3. 7 A schematic diagram of oscillatory rheometer.

The rheometer motor controls the angular displacement and angular speed, so stress can be
calculated from the torque of upper plate of the motor, as shown in Fig. 3.8 and given by Eq.

3.18:

c=MxK,=Mx — (3.18)

rs

where M is the torque in N/m or gm™™, K, is a stress constant representing the geometry-

dependent factor, and r is the plate radius.

The strain is given in Eq. 3.19:

r
y =K, x 0=2>x6 (3.19)
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where @ is the angular motor deflection, K,, is strain constant representing the geometry-

dependent factor, and h is the gap between the plates.

The shear rate can be written as in Eq. 3.20:

y=Q x % (3.20)

Where ) is the motor angular velocity in rad/s.

The oscillation of the upper plate varies as a function of time, and is related to the stress or
strain. The relationship between the applied stress/strain and corresponding measured

strain/stress is given by Hooke’s law, as in Eq. 3.21:

O

= 3.21
y(t) (321)

where G* is the complex modulus, representing material stiffness (i.e. resistance to

deformation), and ¢t is time. The sinusoidal shear strain can be written as in Eq. 3.22:
y(t) =y X sin(wt + 9§) (3.22)

The vector diagram in Fig. 3.8 illustrates the relationships between G* and ((’;—, and

demonstrates how it is possible to use trigonometry to investigate material behaviour:

Figure 3. 8 A vector diagram to show the relationships between G* and (;—,
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n
where G' = G*cos 8, G = G*sind,sotand = (;—, represents the loss factor.

The rheometer measures a storage modulus G’ and a loss modulus G’ at a given oscillatory
amplitude or frequency. In a hydrogel, G’ represents the energy remaining within the gel after
shear, and G”’ represents the energy lost during shear. This means that G’ is the stiffness of the
gel, and G’ is the viscosity of gel. If tan 6 > 1 (i.e., G" > G’), the gel behaves like a viscous

liquid, while if tan 6 < 1 (G’ > G"), the gel is in an elastic solid-like state.
The storage modulus G’ and loss modulus G’ can be written as sine and cosine functions:

r = ZETesS) o os (wt + 8) (3.23)

- y(strain)

= ZBIeSS) o sin (wt +9) (3.24)

- y(strain)

The measurements require determination of the linear viscoelastic region (LVR) of the
examined materials, in which stress is proportional to strain. In LVR, the G’ should be parallel
with G, If G’ > G”, this means the sample is in the viscoelastic state. Within the LVR, the
applied stress is insufficient to break down the samples, so they retain their structure, and
various material properties such as shear thinning and recovery can be examined. The shear
stress/strain is maintained in the LVR for a set time period, then a strong stress/strain is briefly
applied to temporarily destroy the material’s structure, before another stress/strain
measurement is repeated in the LVR, allowing the injectability of a hydrogel to be confirmed.

The range of the LVR can be determined by a stress or strain sweep experiment.

3.7 Zeta Potential

The zeta potential represents the electric potential in a material’s slipping plane, and indicates

the stability of a colloidal dispersion. It has been widely used in formulation research, allowing
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insights into a material’s dispersion, aggregation and flocculation, which can be used to

improve pharmaceutical formulations and benefit patients.

In a colloidal system, the dispersed particles have a charged surface (-) which attracts counter
ions (+), to form an electrical double layer (Fig. 3.9). The first layer is called the Stern layer,
and features counter ions (+) that are strongly-bound to the surface; the second layer is named
the diffuse layer, and has ions (+) more weakly-bound to the surface. This difference arises
because the force between the ions is dependent on both charge and distance. Fig. 3.9 shows
how some anions in the diffuse layer are repelled by the negatively-charged particles, but are
simultaneously attracted by the cations in the Stern layer. The particles and ions therefore form
a stable diffuse layer with a boundary called the slipping plane (shear plane) [17]. When the
particle moves, ions within the slipping plane follow it due to electrical attraction, but ions
outside the slipping plane do not move. Therefore, the zeta potential of the particle is measured

as the voltage (V or mV) at this plane.
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Figure 3. 9 A schematic diagram of double layer and zeta potential in a colloidal system.

The zeta potential represents the magnitude of the interactions between particles. For a small
dispersed particle, a higher absolute value of the zeta potential represents a more stable
colloidal system. The stability of particles in a system depends on electrostatic repulsion
between them. Strong repulsion forces the particles to distribute individually, preventing
aggregation or flocculation. This is known as the DLVO theory (Derjaguin-Landau-Berwey-
Overbeek theory) that describes the stability of suspensions in terms of the balance of attractive
and repulsive forces between particles. However, low zeta potential values indicate that the
system is unstable, as the magnitude of the attractive forces between particles increase which
induce them to come together to aggregate or flocculate. The relationship between zeta

potential and colloidal stability is displayed in Table 3.1.
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Table 3. 1 The relationships between zeta potential and stability of colloid [18].

Magnitude of zeta potential (mV) Colloidal stability
0-5 Flocculates/coagulates rapidly
10-30 Becomes unstable
30-40 General stability
40-60 Better stability
> 61 Extremely stable state

Methods of measuring the zeta potential of a colloid include electrophoresis, electro-osmosis,
steaming potential and ultrasound. In the method of electrophoresis, particles move under an
applied electric field, with a velocity defined as the electrophoretic mobility. The Henry

equation illustrates the relationship between zeta potential and electrophoretic mobility:

U = 2elf(ka)

o (3.25)

where U is the electrophoretic mobility (m? st &/1), ¢ is the dielectric constant (kg mV2 s2),
{ is the zeta potential (mV), 1) is the viscosity (kg-m™ s2), and f(xa) is Henry’s function. The
parameter x is the Debye length, and its reciprocal = is defined as the thickness of the
electrical double layer; a is the particle radius, so xa represents the ratio of particle radius to
double layer thickness. The value of fka is linked to the medium, e.g., for smaller particles in
a non-polar medium, fka = 1, and the Huckel approximation is used to measure the zeta
potential. For a measurement in polar media, fxa = 1.5 and the Smoluchowski approximation

will be applied into calculation.

In this study, Malvern’s Zetasizer Nano was used to measure electrophoretic mobility to obtain

the zeta potential and the surface charge of macromolecules and peptides. The instrument is
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based on the mechanism of Doppler electrophoresis, or electrophoretic light scattering, and
consists of a laser, a beam splitter, an attenuator, a capillary, a set of compensation optics, a set
of combining optics, a detector and a digital signal processor (correlator) (Fig. 3.10). The laser
emits a light source that is subsequently split into two to yield an incident beam and a reference
beam. The incident beam is passed through the centre of the sample to be investigated, which
is loaded into a capillary with electrodes attached. The sample particles move under an applied
electric field, with positively charged ions moving towards the negative electrode and vice
versa. The speed at which the particles move causes changes in the amount of light scattering,
resulting in a variation of light intensity proportional to the particle speed. The digital signal
processor is used to collect these signals and display them on a computer. In this process,
scattered light after passing through the sample should be in a specific range to confirm the
detection. Therefore, an attenuator is used to modulate the intensity of the incident light and
allow the measurement of scattered intensity. The thickness of the capillary can vary with the

type of sample being measured, so a set of optics is required to correct for these variations.
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Figure 3. 10 A schematic representation of Malvern’s Zetasizer Nano.
3.8 UV-Vis Spectrophotometer

Ultraviolet-visible spectroscopy (UV-vis) is a simple technique that allows accurate
measurement of chemical structure. It uses light radiation in the ultraviolet (100-400 nm

wavelength) and visible (400-800 nm wavelength) ranges of the electromagnetic spectrum.

These wavelengths are able to cause electronic transitions within atoms or molecules after
absorption of the incident radiation, and measurement of when these transitions occur allows
determination of the nature of the electronic energy levels present. These electronic transitions
could take the form of bonding and non-bonding electrons being excited to a antibonding
orbital that is higher in energy. Three types of orbitals contribute to the transitions seen on a
UV-vis spectrum: o orbitals, which form single covalent bonds, w orbitals, which form double
bonds, and non-bonding orbitals, represented by n. Electrons in these orbitals can absorb

energy from an incident photon and transition from their ground state to an excited state.
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There are four main types of transitions observed in UV-vis: 6—c¢*, n—o¢*, n—n* and n—n*,
where the * represents an antibonding orbital. The energies of the transitions follow the order
o—0c* > n—oc* > n—n* > n—n*. The energy of a photon is inversely proportional to its
wavelength, i.e., a shorter wavelength corresponds to a higher energy. For example, the C-H
bonds in methane display a c—c* transition with Amax = 125 nm. This transition requires a
larger amount of energy, so the wavelength of the incident photon is in the far-UV region with
A < 200 nm. However, the energy of an n—c* transition is lower and could occur at a
wavelength of Amax = 200 nm, as is often seen in saturated alcohols, ethers or amines. Most
compounds that display n—n* and n—sn* transitions can be measured via UV-Vis
spectroscopy as their absorbance peaks are in the range of 200-700 nm. These compounds

include unsaturated hydrocarbons and saturated ketones.

This study used a Jenway temperature controlled 6715 UV/Vis spectrophotometer for
measurements. It functions across wavelengths of 190 to 1100 nm, with an ultra-narrow
bandwidth of 1.5 nm. Fig, 3.11 is a schematic of the machine’s operation. A pulsed xenon laser
was used as a light source, which passes through a monochromator to obtain the desired
wavelength of light, before passing through the sample in a cuvette. A reference sample (e.g
HPLC water) was first collected as a background. After the sample, a detector is used to convert
the light into an electric signal and record a spectrum as a plot of absorbance/transmittance
against wavelength. The intensity of a peak on the spectrum is related to its corresponding

electronic transition and can be used to determine the nature of the sample.
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Figure 3. 11 A simplified scheme of UV/Vis spectrophotometer.
3.9 Enzyme-linked Immunosorbent Assay (ELISA)

The enzyme-linked immunosorbent assay (ELISA) is commonly employed to test antigens,
antibodies, and proteins in serums, liquid samples and cell lysates. The principle of ELISA is
that the enzyme-linked antibody specifically binds to the antigen on the surface of the solid
phase, allowing the enzyme to oxidise the substrate and cause a colour change via the redox
reaction of a hydrogen donor. It is a useful tool for analyte quantification, for diagnosing

diseases in medical research and for quality control of drugs prior to marketing [19].

ELISA is commonly broken down into different types: direct, indirect, sandwich and

competitive. The mechanisms of these types are shown in Fig. 3.12.
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(D) Competitive ELISA
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Figure 3. 12 The scheme of different types of ELISA. A) Direct ELISA B) Indirect ELISA

C) Sandwich ELISA D) Competitive ELISA.

In direct ELISA, the antigen is directly coated on to the solid phase support (a polystyrene
microtiter plate), and the primary antibody is able to specifically bind to the antigen.
Horseradish peroxidase (HPR) or alkaline phosphatase (PA) is added to conjugate to the
primary antibody bound to the antigen. After the addition of the substrate, a reaction will
proceed with a colour change dependent on analyte concentration. Analyte quantity can
therefore be determined from a standard curve of known concentrations (Fig. 3.12A) [20].

Direct ELISA is often used to investigate the affinity and specificity of a given antibody.

Indirect ELISA differs in that there are two processes for detection. The antigen is coated onto
the microtiter plate and first bound to the antigen-specific antibody. After the non-binding
complex is removed by washing with a buffer, an enzyme-linked secondary antibody binds to
the primary antibody [21]. Analyte concentration can again be obtained from a standard curve

(Fig. 3.12B). Indirect ELISA is used to measure endogenous antibodies.
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The sandwich variant of ELISA uses two antibodies to form matched antibody pairs that are
specific to a target antigen in the analyte. A primary antibody, dubbed a ‘capture antibody’, is
coated onto the microtiter plate. The analyte is added to the plate surface, allowing the target
antigen to bind to the capture antibody. Following this, an enzyme-linked antibody can bind to
the antigen, creating a sandwich form (see Fig. 3.12C). A substrate is then added, fluorescence
occurs upon reaction and the target antigen concentration can be calculated from a standard
curve. The sandwich ELISA technique is therefore commonly used to measure analyte

concentration [22][23].

In competitive ELISA, a specific antibody called a capture antibody is precoated onto the
microtiter plate. A biotin-labelled antigen is added as a reference, to compete with the target
antigen in the analyte to bind with the capture antibody. HPR-streptavidin is then added, to
bind with the biotin-labelled antigen-antibody complex via a non-covalent interaction to form
an avidin-biotin complex. Following the addition of a substrate, fluorescence intensity is
negatively correlated to target antigen concentration (Fig. 3.12D); i.e., a weaker signal occurs
if the target analyte concentration is higher than the reference antigen concentration. Also
known as inhibition ELISA, the competitive ELISA technique is often used for small molecule

antigens, haptens and viruses [24].
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Table 3. 2 The advantages and disadvantages of these four types of ELISA are in detail.

Advantages

Disadvantages

Direct ELISA

Quick test with short proto-
cols

Saves on reagents

No cross-reaction with a sec-

ondary antibody.

The coated antigen is non-spe-
cific and causes a high back-
ground

Labelling a primary antibody is
expensive and time-consuming
Less flexible as the primary an-
tibody must be conjugated

No signal amplification.

Indirect ELISA

Many commercially-availa-
ble secondary antibodies for
labelling

Cheaper as less labelled pri-
mary antibody is required
Highly sensitive, as many
primary epitopes can be
bound by the secondary anti-
body

Flexible, as one secondary
antibody can be used to test

many primary antibodies.

Takes much longer than direct
ELISA

Secondary antibody cross-re-
actions may occur, leading to a

non-specific signal.

Sandwich ELISA

More sensitive than direct

e Difficult to find matched
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and indirect ELISA

Flexible, as direct and indi-
rect sandwiches can be used

Highly specific, as two anti-
bodies detect epitopes on the
same antigen

More suitable for complex
analytes

No sample purification

needed.

antibody pairs that can both

bind to a target antigen.

Competitive ELISA

Suitable for small molecule
antigens, haptens and viruses

No purification required.

Lower specificity and sen-

sitivity

To validate ELISA results and ensure precision, control groups are required. These can be

classified into two groups: negative and positive controls. For the sandwich ELISA in our study,

a standard curve was used as a positive control group. A series of titrations can be performed

to obtain the standard curve, reference to which allows determination of unknown analyte

concentrations. Furthermore, the standard curve can be used to test equipment functionality. A

negative control group is required to exclude any non-specific binding or false positive results.

The most common negative control group is a “blank control”, but this is sometimes

uncertainly defined. Here, “blank” means empty wells that contain no reagents or only the

ELISA buffer. This control is used to exclude any effects on the signal from the plastic plate

and buffer. A chromogen blank can also be used, which adds substrate and stop solution into a
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well to examine the influence of substrate on the results, but this blank is only needed for old

substrates.

A wavelength correction can be used as a control in many forms of ELISA to correct the signal.
The signals are first read at a specific wavelength, and then again off-wavelength, to remove
any undesirable background effects, such as those from a plastic well, dust or bubbles. The

signals are subtracted from one another to obtain results with reduced errors.

The SO control contains zero standard, leading to a minimum colour background in the absence

of analytes. This can be used to correct all the signals in a plate.
3.10 LIVE/DEAD Cell Viability Assay

The LIVE/DEAD cell viability assay uses a mixture of two fluorescent dyes to stain cells,
allowing recognition and differentiation of live and dead cells from their binding to different

fluorophores.

The technique is based on using a calcein-AM probe to permeate into the live cell membrane.
Calcein-AM is not a fluorophore, and the attached acetoxymethyl ester (AM) group increases
its hydrophobicity, to allow simple insertion into cells. This attached group can be subsequently
removed via hydrolysis to yield the green fluorophore calcein within an intact cell membrane.
This process requires intracellular esterase to function (Fig. 3.13), and dead cells do not have
active intracellular esterase enzymes, therefore they cannot absorb calcein and fluoresce green.
In comparison to other probes, calcein-AM is an ideal dye, as it has low cytotoxicity and is not
very sensitive to pH. The excitation and emission wavelengths of calcein-AM are around 494

nm and 517 nm respectively.
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Figure 3. 13 A schematic representations of live cell staining. Calcein-AM inserts into the cells

and hydrolysed to green fluorescence calcein by the activity of esterase.

Ethidium homodimer | is commonly used to stain dead cells, as it has a high binding affinity
for ssDNA, dsDNA, RNA and oligonucleotide molecules (Fig. 3.14). Its binding to DNA
enhances the intensity of its fluorescence, producing a bright red colour. The maximum
excitation and emission wavelengths are around 528 nm and 617 nm respectively. As the
molecule has a strong positive charge, it is unable to permeate into an intact plasma membrane
and is thus a good probe for the evaluation of cell viability. Used in conjunction with calcein-
AM, the two molecules together form a prevalent kit to test viability or cytotoxicity in

mammalian cells, via study of intracellular esterase activity and plasma membrane integrity.
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Figure 3. 14 A schematic representations of dead cell staining. Ethidium homodimer | enters

into the damage cell membrane and binds to dsSDNA.
3.11 Confocal Laser Scanning Microscopy (CLSM)

Confocal laser scanning microscopy (CLSM) is an advanced imaging technique used in
biomedical research. In contrast to conventional microscopy techniques, CLSM uses a laser
scanning device to focus a light source on a specimen, exciting fluorophores that are present to
display an image. The technique yields a high resolution and degree of contrast, with high
sensitivity and optical sectioning, allowing for the digital visualisation and construction of

three-dimensional structures via the variation of specimen depth.

CLSM uses a laser as a beam source for scanning, as shown in Fig. 3.15. The experimental
setup consists of a laser, an illumination pinhole (light source aperture), a beam splitter
(dichroic mirror), a scanner, an objective lens, a confocal pinhole and a photomultiplier

detector. The laser light first passes through the illumination pinhole into the beam splitter,
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where it is reflected. The light then passes through the scanner, which has sets of mirrors
aligned in X and Y directions to facilitate quick and precise scanning, before it travels through
the objective lens and is focused on the specimen. The laser light induces fluorescence in the
sample, and the emitted photons travel back to the beam splitter and are focused on the confocal
pinhole aperture, where they are transmitted to the photomultiplier. The photomultiplier

detector captures and amplifies the signals, which are converted by a computer into an image.

Photomultiplier

Confocal pinhole

Emission light filter

S Focal plane heam
[llumination pinhole P

Defocus plane beam

Z control «— I

Figure 3. 15 A simplified scheme of Confocal Laser Scanning Microscopy.

In the CLSM microscope, the illumination pinhole and the confocal pinhole lie in the focal

plane of the objective lens, so only light in the focal plane can pass through the pinhole and be
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detected. Out-of-focus light does not arrive at the photomultiplier, presenting dark areas on the
image and yielding a high amount of image contrast [25]. A z-stepper is also used to vary
sample depth in the observation of 3D specimens, for example in the study of cell encapsulation
in peptide hydrogels. This variation allows the total amount of cells in the hydrogel to be
measured as a function of depth. Overall, CLSM is a high-resolution technique that produces

a large amount of image contrast, which are essential attributes for an imaging technique.

CLSM is therefore an ideal technique to analyse cells, as it is non-destructive and easily allows
the study of cellular structure and activity, especially in combination with immunofluorescence
labelling or ion fluorescence labelling. CLSM was therefore employed in this study to

investigate the results of LIVE/DEAD cell staining.
3.12 Pico-Green Assay

Pico-Green is a highly sensitive fluorescence probe used to quantify amounts of dsDNA, as it
binds to the dsDNA to yield a luminescent complex. The intensity of the fluorescence is
dependent on dsDNA concentration in the sample. Pico-Green can be used to rapidly and
specifically detect dsDNA in the presence of ssSDNA, RNA and monomeric nucleotides, even

if the concentration of dsDNA is as low as 25 pg/mL.

In this study, a Pico-Green dsDNA kit was used to count the number of cells in a peptide
hydrogel. The enzymatic mixture Pronase E was used to digest the peptide hydrogel for this
purpose. Pronase E is isolated from the extracellular fluid of Streptomyces griseus, which
contains proteases and peptidases for the hydrolysis of proteins and peptides into individual
amino acids [26][27]. Pronase E can cleave peptide bonds at either the C-terminus or N-
terminus, as displayed in Fig. 3.16, and the hydrolysis procedure is dependent on conditions

such as time, temperature, concentration, and the ratio of volumes of Pronase E and the sample.
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For a Pico-Green assay to be performed, the peptide hydrogel must be degraded into solution

to allow the constituent cells to be exposed for detection, hence the necessity of Pronase E.
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Figure 3. 16 A scheme illustrates the cleavage of peptide bond by pronase E.

In comparison to traditional methods, a Pico-Green dsDNA assay has many advantages. For
example, it is orders of magnitude more sensitive than UV absorbance, which allows the use
of much lower amounts of sample; the assay is specific to dsDNA even in the presence of the
RNA molecules at similar concentrations; it is simple to run the assay on fluorescence-based
microplate readers with EX/Em = 480/520nm; and it can be applied to many different studies,
including in PCR analysis, the study of chip samples, DNA damage analysis, analysis of
enzymatic activity, quantification of genomic DNA and viral DNA, and identification of

dsDNA in a complex.
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Chapter 4 Determination of beta-sheet self-assembling peptide

hydrogel and the properties assessment

4.1 Introduction

Self-assembled peptides that form hydrogels are excellent candidates for a range of biomedical
applications due to their biocompatibility, biodegradability and injectability. For example, they
are able to mimic the extracellular matrix (ECM) for applications in tissue engineering, drug

screening and drug delivery [1][2][3][4][5].

Peptide self-assembly is driven by specific physical or chemical conditions, and results in
formation of hydrogels with complex network structures [5][6]. One of the classic types of self-
assembling peptides was devised by Zhang’s group, and consists of patterned hydrophilic and
hydrophobic amino acids in sequences that are typically 8-20 amino acids long. These peptides
can form antiparallel beta sheet structures through the ionic forces of complementarily charged
amino acids in water, and thus, they convert to nanofibrillar hydrogels in solution [6][7][8]. In
this case, the charged residues are displayed on the outside whereas the hydrophobic side chains
overlap together inside the structure (Fig. 4.1C). This kind of peptide hydrogel consists only of
natural amino acids, without any chemical cross linkers, to minimise their toxicity in a
biological environment. Furthermore, their stable B-sheet structures and high water content
allow for applications to be developed in cell culture, drug delivery and tissue regeneration,

among others [9][10][11].

Peptide self-assembly process can be initiated by a variety of triggers including temperature,
UV light, time, pH, concentration or enzymes [2][12][13]. Above the critical gelation
concentration (CGC), this results in formation of hydrogels, with the fibres entangled or

bundled randomly to produce a 3D network structure (Fig. 4.1). These materials are adjustable
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by molecular design, since the mechanical properties are tuneable according to the desired

applications [4][14][15].
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Figure 4. 1 A schematic illustrating the process of peptide self-assembly into beta sheet struc-
ture [16]. A) Chemical structure of EFKFEFKFE at pH 7. B) Chemical structure of KFEFK-
FEFK at pH 7. { represented zeta potential, Z represented the charge of peptide at pH 7. C)

The formation of antiparallel beta sheet structure. The peptide illustrated here is KFEFKFEFK.
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Here, peptide sequences were designed based on the primary peptide, F8 (FEFKFEFK),
studied in our group [16][17]. Phenylalanine (F) is a hydrophobic amino acid that is exposed
at the fibre edge in aqueous solution. These hydrophobic contacts accelerate fibre—fibre
associations to drive formation of fibre bundles, inducing a thick, fibrillose network. Previous
research has shown that F8 self-assembles into a gel state at pH 3.5, with a high shear storage

modulus (G') [16]. Here, we added a hydrophilic amino acid, lysine (K), to the N-terminus to

cover the hydrophobic edge (KFEFKFEFK), making the peptide more soluble and leading to
a cross-linked network at higher pH values. Meanwhile, EFKFEFKFE was designed by charge
switching of the polar residues in the preceding peptide. These sequences will subsequently be
referred to as E(FKFE)2 and K(FEFK)2, respectively. The theoretical relationship between pH
and charge for these peptides is presented in Fig. 4.3. At pH 7, E(FKFE)2 will carry -1 net
charge and K(FEFK)2 will carry +1 net charge. It is known from Aline Miller’s work that the
stability of a hydrogel depends on the charge modulus of the peptide [18]. Based on this, it
was assumed that E(FKFE)2 and K(FEFK)2 would both enter the gel state at pH 7, permitting
comparison of the charge effects on formation of the fibrillar network, mechanical properties,

biocompatibility and injectability for drug delivery application.
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4.2 Experimental methods

4.2.1 Reverse Phase High Performance Liquid Chromatography (RP-HPLC)

The purity of the E(FKFE). and K(FEFK). peptides was analysed by RP-HPLC, employing a
C12 column (Jupiter 4 pm Proteo 90 A, 250 x4.6 mm) for this purpose. Solvent A was HPLC
grade water with 0.1% TFA, and Solvent B was ACN with 0.1% TFA. Before starting the
experiment, the column was washed with solvent B until the baseline was stable. For analysis,
a 2 mg/mL solution of each peptide was prepared in HPLC grade water and filtered through a
0.2 pm pore size device (Whatman Puradisc 13). Then, 50uL of peptide solution was aspirated
by RP-HPLC needle, injected and analysed using UV detection at a wavelength of 214 + 16
nm. After finishing the first run, the needle was washed by HPLC grade water to avoid cross-

contamination between samples.
4.2.2 Peptide titration

To study the dependence of peptide charge on pH value, a 2 mg/mL solution of each peptide
was prepared in HPLC grade water. Also, NaOH solutions were made up at 0.5 M and 0.1 M
to adjust the pH value during titration. The initial pH of the peptide solution was recorded using
a pH meter (Fisherbrand Hydrus 300), then the titration was started. The pH was recorded
together with the addition volume of NaOH, then a curve of pH as a function of molar ratio of
NaOH and peptide (Mnaor/Mpeptice) Was plotted, which was used to evaluate the overall charge

of the peptides at different pH values.
4.2.3 Peptide phase diagram

Under suitable conditions, the peptides are able to self-assemble to form a clear gel state. To
find the ideal pH value and concentration for gel formation, a peptide phase diagram was

constructed. Peptide solutions were prepared in HPLC grade water at a series of concentrations
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of 4, 8, 12 and 16 mg/mL. Also, 0.1 M and 0.5 M NaOH solutions were made for pH
adjustment. With the addition of NaOH, the peptides either precipitated, or self-assembled into

different states including liquid/viscous liquid state, cloudy gel state or clear gel state.

4.2.4 Preparation of peptide hydrogel

Peptide powders were dissolved in 70% of the intended final volume of HPLC grade water,
then 0.5 M NaOH was added to adjust the solution to pH 7. After this, HPLC grade water was
added to the final volume to achieve the target concentration, and samples were placed in the

fridge at 4 <C for formation of the gel state.

4.2.5 Dynamic oscillatory rheology

The mechanical properties of peptide hydrogels were assessed using a rheometer (Discovery
HR-2, TA Instruments) equipped with a 20 mm diameter parallel plate. The gap size was set
as 45,000 nm between the upper plate and sample stage at the beginning of experiment, and
when the parallel plate was lowered for making measurements, the geometry gap was 500 nm.
For analysis, 180 pL of sample was loaded onto the stage and equilibrated at 37 <C for 180 s
before starting the run. Dynamic strain sweep was assessed by measuring the strain-dependent

evolution of storage modulus (G') and loss modulus (G") at a fixed frequency of 1 Hz. For the

shear thinning/recovery assay, samples were measured based on a dynamic time sweep at 0.2%
strain for 5 min, immediately followed by 1,000% strain for 60 s, to mimic the process of
administering an injection. This was followed by another 5 min dynamic time sweep to test the
recovery properties at 0.2% strain. All steps were performed at a frequency of 1 Hz following

equilibration for 180 s at 37 <C.
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4.2.6 CD spectrum for analysing beta sheet structure

For CD analysis, peptide hydrogels at 12 mg/mL were diluted to 1.0, 0.8, 0.6, 0.4 and 0.2
mg/mL using HPLC grade water. A 40 L aliquot of each sample was carefully dropped onto
a quartz slide cell with 0.1 mm path length, avoiding bubble formation. Spectra were measured
using a ChiraScan instrument (Applied Photophysics, UK). Data were collected from 260 nm
- 190 nm with 3 seconds per point and 1 nm bandwidth. A background spectrum acquired using
HPLC grade water, before running the samples, was subtracted from the sample spectra. The
measured ellipticity values were converted to millidegrees (mdeg) and visualised in the Pro-

Data Viewer software.

4.2.7 Thioflavin T (ThT) spectroscopic assay

Thioflavin T (ThT) is a dye which is commonly used to detect the 3-sheet structure of amyloid
fibres. Therefore, it was employed here to monitor different concentrations of peptide
hydrogels [19]. A 1 mM ThT stock solution was prepared in HPLC grade water and filtered by
0.2 pm syringe filter. Then, E(FKFE)2 and K(FEFK)2 hydrogels were diluted from 12 mg/mL
to 5.0, 2.0, 1.0, 0.5 and 0.2 mg/mL for the experiment. ThT solution (50 L) was mixed with
1,950 L of each diluted hydrogel sample to achieve a final volume of 2,000 i in each case.
Samples were gently vortexed and centrifuged to ensure even mixing, then transferred into a
cuvette and analysed using a Fluorescence Spectrophotometer (Varian Cray Eclipse). The
excitation was set at 440 nm wavelength (10 nm slit width), and data was acquired from 450—

550 nm at room temperature [20].

4.2.8 Attenuated Total Reflectance Fourier Transform Infrared Spectroscopy (ATR-

FTIR)

For characterisation of the secondary structure of peptide hydrogels, a Brucker Alpha-P FT-IR

Spectrometer was used. The peptide hydrogel was pipetted to cover the crystal surface of the
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spectrometer, and absorbance spectra were acquired from 1400-1800 cm™2. For each sample,
256 scans were performed with a resolution of 4 cm™, and HPLC grade water was used to

record a background spectrum prior to sample analysis.
4.2.9 Transmission Electron Microscope (TEM)

The peptide hydrogel was diluted 20-fold with HPLC grade water then vortexed to mix the
sample evenly. A carbon-coated copper grid (400 mesh, Electron Microscopy Sciences, UK)
was placed on the sample droplet for 1 min, moved to the water droplets to wash three times,
then transferred to the 1% uranyl acetate droplet for 30 s (Fig. 4.1). Excess liquid on the grid
was removed with a 70 mm filter paper (Whatman), then the grid was dried for TEM imaging.
Images were acquired using an FEI Tecnail2 BioTwin at 100 keV, with a Gatan Orius
SC1000A CCD camera. The fibre width of peptides was measured manually 800 times from

TEM images, using the ImageJ software, and analysed by log-normal distribution.
4.2.10 Small-Angle X-ray Scattering (SAXS)

To characterise the structure of peptide hydrogels, SAXS measurements were performed at the
Diamond Light Source, beamline 122 [21]. The sample—detector distance was fixed at 5.772 m

4T sin(g)

resulting in a momentum transfer vector, g, in the range 0.1 < q (hm ™) < 3, where g = P

A is the wavelength and 6 is the scattering angle. Silver behenate powder was employed for
calibration, and sample data were collected as 10 %100 ms frames. Data reduction was done
using the DAWN software [22]. The 2D isotropic scattering data were collected and corrected
for detector response, dark current background and sample transmission, then radially averaged

to obtain 1D scattering patterns.
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4.2.11 2D cell culture

For 2D culture, 3T3 mouse embryonic fibroblast cells and mesenchymal stem cells (MSCs)
were used, and these were also applied in 3D cell culture (as described below). The 3T3 cells
were cultured in Dulbecco’s Modified Eagle’s Medium (Hibco) supplemented with 1%
penicillin—streptomycin (Sigma—Aldrich, P0781) and 10% foetal bovine serum (Sigma—
Aldrich, F9665). The MSCs were cultured in Eagle’s Minimum Essential Medium (Sigma-
Aldrich, M4526) containing 10% foetal calf serum (Sigma-Aldrich), 1%
antibiotic/antimycotic solution (Sigma—Aldrich, A5955), 1% GlutaMAX (Life Technologies,
35050038) and 0.01% L-ascorbic acid 2-phosphate sesquimagnesium salt hydrate (Sigma—

Aldrich, A8960). Growth media were warmed to 37 <C in a water bath before use.

Cells were removed from liquid nitrogen storage and transferred into a box with dry ice. Vials
were then thawed in a 37 <C water bath with gentle agitation, until a small amount of ice
remained floating in the middle of the vial. In order to avoid any contamination, 70-80%
ethanol was used to sterilise the exterior of the vial. The vial contents were then transferred to
a 75 cm? culture flask containing 10 mL of growth medium, and the flask was incubated at
37 T in a 5% CO-, atmosphere. The medium was changed the next day, and thereafter, every
two days. When the cells reached 70-80% confluency and were ready to passage, the medium
was removed from the flask and discarded. The cells were washed with pre-warmed
Dulbecco’s Phosphate Buffered Saline (DPBS; Sigma—Aldrich, D8537; 5 mL), and this wash
step was repeated twice with gentle rotation of the flask. After the wash solution was aspirated
out from the flask, 1> trypsin/EDTA solution (Gibco; 5 mL) was added and the flask gently
rotated to ensure the solution covered the cells evenly. The flask was then incubated at 37 <C
and 5% CO> for 5-10 min. After this step, cell detachment was confirmed under the microscope
by checking that they were round and moving in suspension. Then, 10 mL of complete growth
medium was added into the flask to neutralise the trypsin/EDTA, and the cells were
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resuspended by pipetting up and down five times. The 15 mL of cell suspension was transferred
to a 15 mL falcon tube and centrifuged at 125 x g for 5 min (3T3 fibroblasts) or 400 xg for 5
min (MSCs). The supernatant was discarded and the cell pellet was resuspended in 10 mL of

fresh medium by gentle pipetting.

For cell counting, 0.4% trypan blue (Bio-Rad) was mixed 1:1 with an aliquot of the cell
suspension, and 20 pL of the sample was quickly loaded into each side of the sample chamber
of an automated cell counter (Cellometer Auto 1000, Nexcelom). Cell viability and
concentration were measured, and after the cell viability reached over 80—90%, this indicated

that they were ready for 3D culture.
4.2.12 Assessment of peptide hydrogel in 3D environment

To study the compatibility of the peptide hydrogels with the intended 3D cell culture conditions,
their stability in the culture medium was assessed using a rheometer (Discovery HR-2, TA
Instruments). First, peptide hydrogel (100 L) was loaded into ThinCert inserts (Greiner Bio-
One) in 24-well plates, and DMEM and MEME were selected to incubate with the hydrogel.
The appropriate medium (250 L) was added on the top of the hydrogel surface, and a further
750 pL was added into the well (Fig. 4.2). The cell culture plate was incubated at 37 °C in a 5%
CO: incubator. This setup was the same as described below (Section 4.2.13), to mimic the 3D
cell culture conditions. At days 3, 7 and 14, dynamic strain sweep was set up to measure the
stiffness of the hydrogel. The medium was removed and the hydrogel transferred onto the
rheometer stage (200 L sample), then data acquisition was carried out using the parameters

specified in Section 4.2.5.
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100uL Gel <t

1mL Cell culture media: 750ulL
in transwell + 250ul in insert

Figure 4. 2 A scheme showed the method to assess the ability of peptide hydrogel for the 3D

cell culture.
4.2.13 3D cell culture in peptide hydrogel

Hydrogel samples were removed from the fridge (4 <C) and pre-warmed to 37 °C. Cells were
encapsulated into the hydrogel by gentle pipetting to ensure an evenly mixed sample, at a final
density of 2 x<10° cells/mL. Then, 100 piL of cell-laden hydrogel was dispensed into ThinCert
inserts (Greiner Bio-One) in 24-well plates, followed by addition of cell culture medium (1 mL)
into each well. Of this, 250 L was added to the top of the hydrogel surface in the insert, and
750 uL was added to the well, as above. Cell culture plates were then incubated at 37 °C with
5% CO2. Growth medium was changed every 20 min during the first hour of the experiment,

and every two days for subsequent cell culture [23].
4.2.14 LIVE/DEAD staining

To assess cell viability in the hydrogels, the LIVE/DEAD assay (Thermo Fisher Scientific) was
used. This protocol is based on the evaluation of cell membrane integrity to differentiate
between live and dead cells. Cell culture medium was removed and the samples were washed

1-3 times with DPBS. A working solution of staining reagent was prepared in DPBS (2 mL
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DPBS, 4 i ethidium homodimer I, and 1 L calcein-AM). An aliquot of this staining solution
(100 i) was added to the top of the hydrogel surface in the insert, and a further 600 L was
added into the well. The plate was incubated at 37 °C in 5% CO2 for 1 h, then the staining
reagent was removed and the sample washed 1-3 times with DPBS. The cell-laden hydrogel
was then transferred onto a microscope glass slide for imaging. Samples prepared at days 0, 3,
7 and 14 were imaged by confocal laser scanning microscopy (Leica TCS SP8) with the
following wavelength settings: green channel excitation/emission 494/517 nm, red channel

excitation/emission 528/617 nm.
4.2.15 Pico-Green

In order to quantify the concentration of dsDNA in hydrogel, Pico-Green assay (Invitrogen,
Thermo Fisher Scientific) was used. 2X Tris — EDTA buffer (TE) containing 1% Triton X —
100 and 10 mg/mL of pronase E were prepared in ultrapure water. The growth medium was
discarded from each cell-laden hydrogel sample, which was transferred into a microcentrifuge
tube by removing the membrane from the insert. This was done to collect all the cells which
were attached to the membrane. The tube was tapped until the hydrogel sample was at the
bottom of tube, then pronase E solution (400 L) was added and the sample was mixed by
vortexing. The tube was placed in a 37 <C water bath for several minutes, with agitation every
1-3 min, until the gel was hydrolysed evenly. Then, 500 pL of 2x TE buffer containing 1%
Triton X-100 was added into the tube to lyse the cells. The tube was incubated at room
temperature for 30 min and the membrane was taken out before freezing the sample at —20 T

[23].

For DNA quantification, a standard curve was first constructed using samples prepared with a
series of cell concentrations in hydrogels. Hydrogel samples (100 L) were prepared in

microcentrifuge tubes at final cell concentrations of 1 <107, 8 x10°, 4 x10°, 2 x10%and 1 %
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108 cells/mL, respectively. A blank hydrogel sample was also prepared as a zero reference
point. For analysis, the samples were removed from the —20 <C freezer and thawed at room
temperature, then agitated until homogenous. The PicoGreen reagent was diluted 200-fold in
1xTE buffer, then samples (100 uL) were added into a black 96 well plate (F-bottom) with an
equal volume of diluted PicoGreen reagent. As a background control, 1< TE buffer (100 L)
was mixed with an equivalent volume of the PicoGreen solution. The assay plate was incubated
at room temperature in the dark for 5 min then measured using a plate reader (CLARIOstar),

using fluorescence detection with excitation at 480-512 nm and emission at 520 nm.
4.2.16 Statistical data analysis

All experiments were repeated at least three times to obtain an average value, expressed as
mean =standard deviation. The rheological results were analysed in GraphPad Prism 8 using
one-way ANOVA and Student’s t-test to assess the statistical significance of comparisons via
P value [24]. Significance levels are represented as follows: * (P <0.05), ** (P <0.01), *** (P
<0.001), **** (P <0.0001), and “ns” indicates there was no significant difference between the

two groups.
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4.3 Results

4.3.1 Calculation the purities of peptide

It is important to evaluate the chemical purity of peptides, as impurities might influence the
experimental results. The purities of E(FKFE). and K(FEFK)2, as peptide powders, were
therefore calculated based on RP-HPLC and elemental analysis results. The RP-HPLC results
revealed the purity of the intact peptide sequences, referred to as P1, as shown in Fig. 4.2. The
solvent peak can be seen in the first 10 min retention time, and the black arrow indicates the
peak for the intact peptide sequence. Some other small peaks were observed, which based on
the elution times, were presumably due to some short chains, small fractions or impurities that

existed in the peptide samples.

For each powder sample, 25 mg of the peptide was taken to the Chemistry Department for
elemental analysis of C, H, N and CI content. The apparent molecular mass of peptides, referred
to as M1, was calculated according to the percentage of N in the sample, as N was assumed to

be only present in peptides. Thus, M1 was calculated according to Eq. 4.1:

_ Ny XN,
=

M1 (4.1)

Where, N1 is the atomic weight of N (14.0067 u), N2 is the number of N atoms in the chemical
formula of the peptide, and N3 is the percentage of N in the peptide powder sample. The purity

of the peptide as a powder, referred to as P2, was then calculated using Eq. 4.2:
M1
- 0
P2 X 100% 4.2)

Where, M1 is the experimentally observed molecular mass of the peptide, and M2 is the
theoretical molecular mass of the peptide. Therefore, the purity of intact peptide sequence in

powders, referred to as P3, could then be obtained as per Eq. 4.3:
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P3 = (P1 x P2) /100 (4.3)

Different batches of peptides could have different purities, so it was important to analyse every
batch before experiments. Table 4.1 presents the purities of E(FKFE). and K(FEFK)2, and it

was found that the different peptide batches had similar purities according to the calculations.

Table 4. 1 The purities of E(FKFE). and K(FEFK), peptide.

P1 p2 P3
E(FKFE):2 84% 90.4% 76%
K(FEFK), 80% 94% 75.2%
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Figure 4. 3 RP-HPLC analysis of E(FKFE)2 and K(FEFK)2, the black arrows represented the

intact peptide sequence in peptides.

4.3.2 Peptide gelation and the mechanical properties of peptide hydrogel

4.3.2.1 The relationships between charge and pH of peptide

To clearly reveal the relationship between pH value and charge, the theoretical values could be

calculated using Eq. 4.4:
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10pKai 10PH

Z= Zi i JopHyjopKai Zj J 1oPH{10PKa] (4.4)

Where, Z is defined as the net charge of a peptide at a certain pH, N; represents the number of
amino-groups (one at the N-terminus plus the number of lysine residues in the sequence), N;
represents the number of carboxylate groups (one at the C-terminus plus the number of
glutamic acid residues in the sequence), and pKai and pKaj are the pKa values of different
amino acids. Using this equation, theoretical curves for pH—charge relationship were obtained

(Fig. 4.4A & Fig. 4.4C).

In Fig. 4.1, the chemical structures of E(FKFE). and K(FEFK)2 are presented to explain the
charge distribution. The ionic groups in these structures can be protonated or deprotonated
according to variations in pH, and therefore, the charge carried by the peptides can be predicted.
The ionic groups of E(FKFE)2are: carboxylic acid (COOH/COQ") at the C-terminus, with pKa
2.19; glutamic acid side chains (COOH/COQ"), with pKa 4.25; and amino-groups (NHs"/NH>)
at the N-terminus and in lysine side chains, with pKa values of 9.67 and 10.53, respectively.
The ionic groups of K(FEFK)2are: carboxylic acid (COOH/COQ") at the C-terminus, with pKa
2.18; glutamic acid side chains (COOH/COQ"), with pKa 4.25; and amino-groups (NHs"/NH>)
at the N-terminus and in lysine side chains, with pKa values of 8.95 and 10.53, respectively. If
the pH is higher than the pKa values, ionic groups will be in their deprotonated forms; i.e.,
COOH will be deprotonated to COO™, and NHs* to NH.. These transformations determine the

charge modulus of peptides.

The charge of peptides and the pKa of different ionic groups on the peptide structures are
indicated in Fig. 4.4 A & Fig. 4.4 C. As these are calculated pH—charge profiles based on
theoretical pKa values, peptide titrations were carried out to confirm the predictions (Fig. 4.4B
& Fig. 4.4D). For this purpose, 2 mg/mL peptide solutions were prepared. For E(FKFE)>, the

initial pH was 3.22, so based on the pKa stated above, it was assumed that the C-terminal
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carboxylic acid was already deprotonated (Fig. 4.4B). Thus, this peptide should carry a net +2
charge at the initial pH, corresponding to the theoretical results in Fig. 4.4A. Upon addition of
NaOH, the first pKa-like transition was observed between pH 3.22 and 4.11, suggesting that
two carboxylic acids on the glutamic acid side chains had become deprotonated, since two
molar equivalents of NaOH were required (Fig. 4.4B). In that case, the net charge of the peptide
should be zero at this pH (Fig. 4.4A). A second transition was observed between pH 5.6 and
6.8, interpreted as deprotonation of the third glutamic acid side chain based on the requirement
for one molar equivalent of NaOH. At this point, the peptide would carry —1 net charge (Fig.
4.4A). The next transition process was observed from around pH 8.1-9.4, with the addition of
one further molar equivalent of NaOH, indicating that the N-terminal amino-group was
deprotonated and the net charge became —2. Finally, a transition was located at approximately
pH 10.5, corresponding to deprotonation of the amino-groups of the lysine side chains and in
good agreement with the theoretical pKa (Fig. 4.4A). In contrast, there was an apparent shift
of about one pH unit, towards a higher value, of pKa for one of the glutamic acid side chains
in E(FKFE).. This transition occurred at pH 5.6-6.8, and might be explained by the strongly
acidic environment around the C-terminus of the peptide where complete deprotonation

generates two negatively charged groups in close proximity.

For K(FEFK)., the initial pH was 3.4, leading to the assumption that the C-terminal carboxylic
acid was deprotonated based on the theoretical pKa (Fig. 4.4D). In this case, the peptide would
carry a net +3 charge, in good agreement with the predicted curve in Fig. 4.4C. The first pKa-
like transition was observed from pH 3.4-4.5, indicating that the two side chain carboxylic acid
groups of the glutamic acid residues were deprotonated. The NaOH added here—
approximately 2.5 molar equivalents — was consistent with this double deprotonation, but the
requirement for slightly more NaOH than expected (2.5 vs. 2.0 equivalents) might be due to

the highly basic character (NHs") of the peptide. The peptide would have a +1 overall charge
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after this transition. The next transition was observed from pH 7.69-9.0, which corresponded
to the deprotonation process of the N-terminal amino-group. For this process, 0.7 molar
equivalents of NaOH were added, which is again interpreted in terms of the basic environment.
At this point, the net charge of K(FEFK)2 would be zero. The next transition began at pH ~9.9,
regarded as deprotonation of the amino-groups of the lysine side chains. Considering the
theoretical pKa values, two shifts of pKa value were evident in the titration curve. There was
a shift of about one pH unit towards a lower value for the pKa of the N-terminal amino-group,
and also a shift of ~0.5 pH units in the pKa of the lysine side chain amino-groups, again towards
a lower value. This could be explained by the structure of the K(FEFK). peptide, with the
higher density of NH3" in the region of the N-terminus probably resulting in early deprotonation

of amino-groups [16].
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Figure 4. 4 A&C) The relationships between the pH value and the net charge of peptides (dot-

ted lines indicate the theoretical pKa of the different ionic groups present on the peptides).

B&D) Peptide titration (shadow bars were the regions indicated the deprotonation transitions

of different ionic groups).

4.3.2.2 Determination of the concentration of peptide hydrogel

To investigate the relationship between net charge and gelation behaviour, peptide phase

diagrams were constructed. The peptide powders were dissolved in HPLC grade water at a

range of concentrations: namely, 4, 8, 12 and 16 mg/mL. Then, NaOH was added to adjust the

pH of each sample. As the pH and concentration were varied, the peptides presented in various

148



states including clear gel, cloudy gel, precipitate or liquid/viscous liquid (Fig.4.5). The states

of peptide were shown in Fig. 4.5D.

For E(FKFE)2, the peptide powder dissolved in HPLC grade water to give a liquid/viscous
liquid state at strongly acidic pH (~2). This changed to a clear gel state at pH ~3. After that,
the peptide went through a cloudy state and subsequently precipitated, becoming a cloudy gel
at pH 4-6. This transition can be explained in terms of the charge modulus of the peptide.
According to the theoretical curve (Fig. 4.4A), the pH range 4-6 corresponds to a net charge
close to zero. It has been shown that the charge modulus determines the state of a peptide
hydrogel, and where the charge modulus is <1, the system enters a cloudy state [25][26].
Therefore, this change in charge modulus can promote formation of the cloudy gel state
because some of the fibres are aggregated due to the lack of electrostatic interactions. When
the peptide does not carry any charge, or has a net charge significantly below =1, aggregation
occurs leading to formation of a precipitate. In the case of E(FKFE)., it can be seen that the
precipitate occurred in the region of pH 4.1-5.8, in good agreement with the theoretical curve
(Fig. 4.4A), as well as the titration results. From pH 6.35-8.35, where the charge modulus is
stable at around —1, the clear gel state was observed at concentrations of 8, 12 and 16 mg/mL.
At higher pH, where the N-terminal amino-group is deprotonated, the charge carried by the
peptide increases (Fig. 4.4A). Strong electrostatic repulsion might disrupt the self-assembly
into fibres, and indeed, this peptide entered the viscous liquid state with increased pH [27]. As
the pH is raised further, the amino-groups of the lysine side chains will subsequently be
deprotonated, creating a higher overall negative charge (up to —4). Thus, the liquid state will

form, and consistent with the titration results (Fig. 4.4B), this was observed at pH ~10.65.

For K(FEFK)., this peptide could form a clear gel in the pH range of 6-8, where it carries a +1
charge modulus. As the N-terminal amino-group is deprotonated on reaching pH ~8.4, the
peptide would carry net zero charge and thus underwent the same phase change as E(FKFE)2
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associated with the zero-charge transition: from the cloudy gel state, to precipitate, to cloudy
gel state (Fig. 4.5B). As the pH was raised to 11.3, the deprotonation of ionic groups (lysine
side chains) induced a higher net charge, which influenced the peptide system, causing it to

present in a liquid-like state (Fig. 4.5D).

The above results demonstrate that the charge of peptides mainly controls their self-assembly
behaviour. The peptide hydrogel system can be stabilised by balancing the forces of charge
repulsion to prevent fibre aggregation, and the attractive forces that drive the self-assembly
process [28]. The main design concept behind the two peptide sequences in this study was
based on charge and pH. For E(FKFE)>, the pH range of the clear gel state increased with the
peptide concentration (from pH 6-8), whereas K(FEFK)2 could form the clear gel state at lower
pH (~ 5) when the concentration was sufficient. These results can be explained in terms of
increasing attractive forces between fibres at higher concentrations, creating a more stable
hydrogel system. The E(FKFE). and K(FEFK)2 peptides formed a clear gel state in the region
of pH 7, at concentrations of 8, 12 and 16 mg/mL; and under these conditions, the two peptides
carried a net charge of —1 and +1, respectively. The formation of both hydrogels at

physiological pH made it appropriate to further study their properties for drug delivery.
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Figure 4. 5 A&B) Peptide phase diagram of E(FKFE). and K(FEFK).. C) Symbols represented
different gelation states according to different pH values. D)The states of samples at different

pH value.

To compare the mechanical properties of the hydrogels at different concentrations, solutions
were prepared at 8, 12, 16 and 20 mg/mL for rheological experiments at pH 7. The mechanical

properties can be characterised using the shear storage modulus (G') and loss modulus (G")

parameters. The stiffness of the gel was defined using G', whereas the viscous liquid-like state
was determined by G”. If G” > G, the gel was in a viscous liquid state, but if G’ > G", the gel

was in an elastic solid-like state.
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In Fig. 4.6B, G’ is the storage modulus in the linear viscoelastic region (LVR), within which
G' and G" should be parallel with each other. If G’ > G”, this means the sample is in the gel
state. Thus, G' was measured for a range of samples, and this revealed very significant

differences in the mechanical properties of hydrogels prepared using the different peptides and
concentrations. The storage modulus G’ showed an upward trend with increasing concentration,
which was seen with hydrogels made from both peptides. Thus, G’ depended on the peptide
concentration, and a higher G’ might lead to a relatively more stable hydrogel system suitable
for drug or cell encapsulation. Furthermore, no difference was apparent between the E(FKFE)>
and K(FEFK)2 hydrogels at 12 mg/mL based on G’ values, according to the Student’s t-test; a
common statistical method to evaluate the difference between the means of two groups. Based
on these results, 12 mg/mL was considered an ideal concentration to compare the effects of
charge on hydrogel properties, including formation of B-sheet structure, morphology, fibre size

and distribution. Lower G’ indicates a softer hydrogel that may be better suited to 3D cell

culture and drug delivery applications.

N E(FKFE),
@ K(FEFK),
—— =

Figure 4. 6 A) Different concentration of peptide hydrogels at pH 7. The numbers represented

concentrations, K represented K(FEFK). hydrogel, E represented E(FKFE). hydrogel. Both of
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K(FEFK)2 and E(FKFE)2 performed relatively clear gel state at 12 mg/mL. B) Comparisons of
the initial storage modulus G’ of peptide hydrogels at various of concentrations (The graph was
analysed by student t-test which compared G’ in different charge of peptide hydrogels, p value
was indicated as *p<0.05, **p<0.01, ***p<0.001, **** p<0.0001, ns represented there was no

significant difference between two groups).

4.3.3 Characterization of peptide hydrogel

4.3.3.1 Confirmation of the secondary structure

Various methods were employed to characterise the secondary structure of peptide hydrogels;
namely, CD spectroscopy, FTIR spectroscopy, and the Thioflavin T (ThT) binding assay. The
CD spectra of both E(FKFE). and K(FEFK)2 showed a strong positive peak at around 195 nm
and a relatively weak peak at approximately 216 nm, which were assigned to the antiparallel
beta-sheet structure (Fig. 4.7A & Fig. 4.7B) [29]. Another peak was evident at about 201 nm
in both samples, characteristic of a right-hand twisted p-strand [30]. In the CD results, the
signal intensity was higher with increasing sample concentration. This might be due to the
concentration affecting the secondary structure folding and fibre—fibre aggregation of the

peptides.

Thioflavin T is a derivative of the benzothiazole fluorophore with a positive charge. It can bind
to the surface of f-sheet fibres via hydrophobic interactions, and the observed fluorescence
intensity depends on electrostatic interactions between the dye and the peptide surface [19]. In
the ThT assay (Fig. 4.7C & Fig. 4.7D), E(FKFE)2 presented a broad emission peak at around
488 nm, of higher intensity compared with K(FEFK).. The different results for E(FKFE) and
K(FEFK). can be explained by the charge properties of the two peptides. Since ThT is
positively charged, it will have greater affinity for the negatively charged peptide fibres through

electrostatic attraction, and will therefore emit more fluorescence. In contrast, charge repulsion
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between ThT and K(FEFK). will disrupt binding to the peptide fibres, resulting in a lower
fluorescence intensity. Nevertheless, the fluorescence intensity increased with concentration
for both peptides (Fig. 4.7E). This supports the assumption that concentration is one factor that

drives self-assembly of B-sheet fibrils.

One droplet of each 12 mg/mL sample was loaded onto the ATR-FTIR crystal for analysis.
The amide | band (1700-1600 cm™Y) gives information on the secondary structure of proteins
and peptides due to C=0 stretch vibrations of peptide bonds [31]. As can be seen in Fig. 4.7F,
both the E(FKFE)2 and K(FEFK), hydrogels formed 3-sheet structures with a strong absorption
band at around 1620 cm ™ and an additional, relatively weak band at around 1690 cm™ [32][33].
The amide 1l band is located in the region 1575-1480 cm™ and arises due to in-plane N-H
bending and C-N stretching. Based on literature precedent [33], the observed band at 1550
cm ! likely corresponds to antisymmetric stretching vibrations of carboxylate groups, and that
at 1520 cm™* to in-plane bending vibrations of NHz* groups (Fig. 4.7F). There was also a small
peak at around 1450 cm™* that might indicate vibrations of methylene groups [32]. The findings
from ATR-FTIR therefore revealed both an ordered -sheet structure of peptide hydrogels, as

well as disordered structures in the hydrogel systems.

Taken together, the above results indicate that the peptides had B-sheet structures, and were
able to self-assemble into hydrogels with highly ordered B-sheet structures at high

concentration.
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Figure 4. 7 Characterization of secondary structure. A&B) CD spectra from diluted hydrogels.
C&D) Fluorescence spectra of ThT with different diluted hydrogels. E) The intensity of ThT
with samples at ~ 488 nm wavelength as a function of the concentration of diluted peptide

hydrogels. F) ATR-FTIR spectra of peptide hydrogels at 12 mg/mL.

4.3.3.2 Morphology of peptide hydrogel

The 12 mg/mL peptide hydrogels were diluted 20-fold for TEM imaging. At the same
concentration, E(FKFE). and K(FEFK)2 hydrogels had similar morphology. They were able to
form complex networks with fibres of varying diameter, as shown in Fig. 4.8. The fibre widths
in these systems are presented in Fig. 4.8C, and were analysed by log-normal parameters (Table
1). Both peptides formed networks with fibres of similar width, as there were relatively high
counts at 4.2 =1 nm (~22%) for E(FKFE)2 and 4.5 =1 nm (~27%) for K(FEFK).. The fibres
were self-assembled randomly, forming bundles or entangled together, leading to some large
fibre widths as displayed in Fig. 4.8C. Furthermore, Table 4.2 shows a comparison of full width
at half maximum (FWHM) between E(FKFE). and K(FEFK)2. According to this analysis, the
two hydrogel networks were closely matched in terms of density, which might mean they have
similar mechanical properties. This assumption was subsequently tested by rheology

experiments (Fig. 4.8D).

Although both peptides formed a gel state at 12 mg/mL with similar network structure, the
storage modulus for the K(FEFK). hydrogel was higher, indicating that it was stiffer (Fig.
4.8D). This result, correlated to the morphology of the peptide hydrogels, suggests that the
heterogeneous fibre distribution may disrupt the balance of the modulus of the network, in this
case forming a relatively weak gel. From the dynamic strain sweep test, it can therefore be
hypothesised that the network structure influenced the mechanical properties of the peptide

hydrogels (Fig. 4.8D).
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Figure 4. 8 A&B) TEM images of 20 x diluted hydrogel. C) Width of fibres measured for 800
times to create size distribution, the dash lines represent lognormal fits. D) Dynamic strain
sweep of peptide hydrogel at 12mg/mL, all the experiments were repeated at least 3 times at

37°C. (The solid circles represent storage modulus G’, the open circles represent loss modulus

G’ 9).
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Table 4. 2 Comparison of fibre width distribution between E(FKFE), and K(FEFK)2 hydro-
gel.

Peptide hydrogel charge Fibre width half maximum | Fibre width range
(nm)/half width half max (nm)

E(FKFE)2 (-) 3.23 2-20

K(FEFK), +) 3.11 2-20

4.3.3.3 SAXS analysis of peptide hydrogel

To complement the TEM results, SAXS measurements were used to characterise the structure
and fibre size of peptide hydrogels [21]. The results (Fig. 4.9) showed that the shape and single

fibre diameter were obtained at a low g-value range. The shape was predicted through Eq. 4.5:
In(q) < g7 (4.5)

Panels A and B of Fig. 4.9 were obtained by converting Eq. 4.5 into log [In(g)] vs log g, and it
can be seen that both hydrogels performed as a thin, rod-like fibre with a slope of around —1.
Panels C and D were generated using a modified Guinier’s law, plotting Iy [q Iy (q)] vs q2.
Therefore, the cross-sectional radius of gyration of fibres, Rqc, was obtained according to Eq.

4.6:
1
qIN (Q) = KCLM exp(—z qZRgcz) (4.6)

At a low g-values, Ry can be calculated from the slope of these plots (Fig. 4.9C & Fig. 4.9D).
This gave values for Ryc of approximately 1.36 nm for the E(FKFE). hydrogel, and 1.1 nm for
the K(FEFK). hydrogel. The relationships between Rgc and fibre diameter (dr) were then

estimated using Eq. 4.7 [27]:
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The diameter of fibres was ~3.84 nm in the E(FKFE). hydrogel, and ~3.10 nm in the K(FEFK)2

4.7

hydrogel, which are in close agreement with the TEM values shown in Fig. 4.8C. From the

TEM and SAXS analyses, it was concluded that both peptide hydrogels are able to form

networks with similar fibre sizes, and their nano units make them potential biomaterials for

biomedical applications.
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A)

Figure 4. 9 The scattering intensity as a function of q. K(FEFK). and E(FKFE)2 hydrogels
were prepared at 6 mg/mL. A&B) log [In(q)] vs log g plots to estimate the structure of hydro-
gels. C&D) In[qIn(g)] vs g plots, the modified Guinier plot used to calculate the cross-sectional

radius of gyration of fibres R..

4.3.3.4 Injectability of peptide hydrogel

Peptide hydrogels have been used as vehicles to encapsulate drugs or cells for biomedical
therapy. Among the available methods of clinical administration, injection is an efficient choice.
Thus, injectability is a key factor when evaluating the specific mechanical properties of novel
peptide hydrogel materials. This was assessed using a shear thinning/recovery assay, performed
by rheometer. When a high shear strain of 1,000% was applied, the gel transitioned to a liquid-

like state (G’ < G"), but recovered to a gel-like state (G’ > G") at a lower shear strain of 0.2%

(Fig. 4.10C). Both the E(FKFE). and K(FEFK). hydrogels were deformed at high strain but
recovered immediately. This process mimics administration of an injection, and as is shown
(Fig. 4.9A, B), both materials maintained the gel state after injection through a 21g needle.
This ‘self-healing’ ability confirmed the present peptide hydrogels as smart injectable

candidates for potential application in drug delivery, tissue engineering and 3D printing.
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Figure 4. 10 Shear thinning/recovery assay revealed the injectability of peptide hydrogel. The
hydrogels were prepared at 12 mg/mL. All the experiments were repeated at least 3 times at

37°C. (The solid circles represent storage modulus G’, the open circles represent loss modulus

G, ’).

4.3.4 3D cell culture and biocompatibility

4.3.4.1 Stability of peptide hydrogel in cell culture medium

Encapsulating cells into a hydrogel is a good method to assess the compatibility of the material
with 3D cell culture, and its biocompatibility in general. However, it was essential to first
evaluate the behaviour of the hydrogels under the intended 3D culture conditions, before
seeding them with cells. This experiment was therefore carried out under identical conditions
to subsequent 3D cell culture. Hydrogels were prepared from both peptides at 12 mg/mL and
20 mg/mL. The 12 mg/mL samples of E(FKFE). and K(FEFK). were named as 12E GEL and
12K GEL, respectively. Similarly, the hydrogels made using 20 mg/mL E(FKFE)2 and
K(FEFK)2 were named as 20E GEL and 20K GEL, respectively. Hydrogel samples (100 i)
were dropped into well inserts and incubated with either DMEM or MEME at 37 °C in a 5%
CO:- incubator. Dynamic strain sweep measurements were made to assess the stiffness of the

peptide hydrogels at days 3, 7 and 14.

The initial storage modulus (G') of the different hydrogels was used as a baseline for this

analysis (Fig. 4.11). As can be seen, the hydrogels became stiffer after incubating in cell culture
medium, compared with the fresh hydrogel (no incubation). One possible explanation is the
presence of salt components in the growth media. It has been reported that ions have an effect
on the mechanical properties of hydrogels, due to the influence of ion valency [34]. Based on

these results, it was assumed that the ions present in the cell culture media caused the observed
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increase in G’ of the hydrogels, which provided more stable 3D culture conditions. Both the

12E GEL and 12K GEL became relatively weak in DMEM by day 14, so it might be difficult
to culture cells with these hydrogels for a long period. The shape of the 12E GEL collapsed by
day 14, and it could not retain the same shape as on day 3. In an attempt to improve stability,
20 mg/mL hydrogels were monitored in DMEM. Compared with the 12 mg/mL hydrogels, the

initial G' values were significantly higher. In addition, G' was more than 2,000 Pa for the 20E

GEL, and over 6,000 Pa for the 20K GEL after 14 days, which displayed the higher stiffness.
This indicated that increasing the concentration of hydrogel might produce a stronger material
for 3D cell culture. In contrast, the 20E GEL was more stable as the initial G’ did not change
significantly over 14 days, and it maintained its shape well. Actually, the decreased G’ of this

material at day 14 might be due to gradual degradation in DMEM over a long period.

As DMEM was specific to the 3T3 cells, MEME was also used for incubation to investigate

whether the hydrogels were suitable for culture of MSCs. The initial G’ values of the different

samples are summarised in Table 4.3. Compared with DMEM, the 20 mg/mL hydrogels
displayed relatively low stiffness in MEME. At day 14, the G’ of these gels in MEME was
about half of that in DMEM. Thus, different types of cell culture medium variably affected the

stability of the peptide hydrogels.
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Figure 4. 11 Comparisons of initial storage modulus G’ of peptide hydrogels after cell culture

media incubation on day 3, 7 and 14. A-D) were the peptide hydrogels in DMEM media. E-F)
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were the peptide hydrogels in MEME media. On the right side, the pictures were the gel state

after incubation in 3, 7, 14 days. The black bar represented 0.5 cm scale.

Table 4. 3 Comparison of initial storage modulus G’ of different peptide hydrogels in differ-

ent cell culture medium.

G’ in Day 3/Pa G’ in Day 7/Pa | G’ in Day 14/Pa
12E GEL in DMEM | 1451 1062 326
12K GEL in DMEM | 3832 1569 1119
20E GEL in DMEM | 2803 2640 2304
20K GEL in DMEM | 12150 8076 6626
20E GEL in MEME | 1995 1831 982
20K GEL in MEME | 9033 5298 3098

4.3.4.2 Biocompatibility of peptide hydrogel

Separately, 3T3 cells and MSCs were encapsulated in peptide hydrogels for 14 days and the
LIVE/DEAD assay was used to assess cell viability. As shown in Fig. 4.12A, a large number
of cells were viable in both the E and K hydrogels, as visualised via the green fluorescence.
For 3T3 cells, a higher density of live cells was seen in the K GEL samples compared with the
E GELs. Furthermore, at the higher hydrogel concentration, a greater cell density was observed.
In both peptide hydrogels, the cells were distributed as single cells on day 0, but had formed
clusters with a large circular shape after 3 days [22]. However, the cell number had decreased
by day 14 in the 12E GEL, due to the lower stability causing collapse of the hydrogel upon
prolonged exposure to DMEM. At relatively high concentration, the hydrogels maintained
good cell viability, which suggests they are useful to improve a 3D cell culture environment.

Since LIVE/DEAD staining is a quick method to differentiate between live and dead cells, the
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PicoGreen assay was used to confirm the above results. This method quantifies cell numbers
according to the concentration of dsSDNA. The results showed that cell numbers followed an
increasing trend over the 14 days of the experiment (Fig. 4.12B). In addition, the cells
proliferated more rapidly in the 20K GEL but relatively slowly in the 12K GEL and E GELSs.
Thus, it appeared that the density of the hydrogel network influenced cell distribution and
proliferation, with a higher density network providing a more ideal environment for
aggregation of cells.
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Figure 4. 12 Viability of 3T3 cells encapsulated in different peptide hydrogels. A)
LIVE/DAED staining of 3T3 cells in peptide hydrogels at Day 0, 3, 7, and 14 (12E GEL means
12 mg/mL of E(FKFE), hydrogel, 12K GEL means 12 mg/mL K(FEFK), hydrogel, 20E GEL
means 20 mg/mL E(FKFE)2 hydrogel, 20K GEL means 20 mg/mL K(FEFK)2 hydrogel). B)
Quantity analysis of cell numbers in different peptide hydrogels using PicoGreen. All the ex-

periments were repeated triplicate and data were presented as mean £SD.

The MSCs encapsulated in different types of peptide hydrogel presented apparently different
cell viabilities (Fig. 4.13A). On day 0, the cells were dispersed in E GELSs but were aggregated
in K GELSs. This could perhaps be due to the different network densities of the hydrogels, given
that the network density of the 20K GEL was much higher than that of the 20E GEL in the
rheological analysis above (Fig. 4.6B). Additionally, although cells could be observed in the K
GELs after 14 days, the E GELs had broken down and had therefore lost the 3D culture

environment by this time, even at the higher concentration. The MSCs showed decreased
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proliferation in both the E GELs and K GELSs after 14 days. Compared to LIVE/DEAD staining,
the PicoGreen analysis gave similar results (Fig. 4.13B); however, there was a significantly
increased cell number in the 20E GEL on day 14. This might be because the E GEL had
completely dissolved by day 14, and the cells were attached to the insert membrane. The cells
were subsequently collected in a microcentrifuge tube for lysis, but such an increased cell
number was not observed in the 20E GEL. Cells might have been lost during the multiple

changes of medium over the 14 days.

In summary, both the E GELs and K GELSs had good biocompatibility with 3T3 cells, and more
so than with MSCs. Thus, the degree of biocompatibility depended on the peptide sequences
and the type of cells. These hydrogels also provided an ideal 3D culture environment for
specific cell lines that may be used in 3D printing applications. This was therefore a useful
approach to designing 3D culture environments tailored to different cell types. In turn, this
could help establish different 3D models in vitro that could potentially have a strong impact on

disease diagnosis, drug screening and surgical design.

168



20K GEL 20E GEL

30E GEL

Dissolved

2 e
2 #.%
m 250

Dissolved

4

MSCs

Cell number

108

owzez»“ ozz “m

169

O 20E Gel
O 20K Gel
O 30E Gel



Figure 4. 13 Viability of 3T3 cells encapsulated in different peptide hydrogels. A)
LIVE/DAED staining of 3T3 cells in peptide hydrogels at Day 0, 3, 7, and 14 (20E GEL means
20 mg/mL of E(FKFE)2 hydrogel, 20K GEL means 20 mg/mL K(FEFK)2 hydrogel, 30E GEL
means 30 mg/mL E(FKFE). hydrogel). B) Quantity analysis of cell numbers in different pep-
tide hydrogels using PicoGreen. All the experiments were repeated in triplicate and data were

presented as mean £SD.
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4.4 Conclusion

The two peptides self-assembled into hydrogels once the concentration was higher than the
CGC, and different states were observed depending on the pH, which determined the charge
characteristics. Therefore, hydrogels were prepared by appropriately adjusting the pH and

concentration. The storage modulus (G') relied on the concentration of peptide hydrogels,

illustrating that the network structure of these materials could be controlled by concentration.
Both the E(FKFE)2 and K(FEFK)2 hydrogels were seen to contain B-sheet structures, based on
spectroscopic measurements (CD and ATR-FTIR) and ThT binding assays. They also
displayed similar morphologies under TEM, and the fibre sizes were measured by SAXS,
revealing them to be similar with a long, thin rod-like morphology. Both materials are potential

drug delivery systems, based on their injectability as tested in shear thinning/recovery assays.

In addition, the biocompatibility and 3D cell culture properties of the peptide hydrogels were
assessed using 3T3 cells and MSCs. Good biocompatibility with 3T3 cells was seen for both
hydrogel types, but they were not suitable for culturing MSCs, which showed decreased
proliferation in the peptide hydrogel systems after 14 days. However, they did provide a
suitable 3D cell culture environment for 3T3 cells, particularly by adjusting the concentration
of hydrogel to stabilise the material for prolonged use in the growth medium. The 3T3 cells
formed spherical clusters, indicating suitable growth behaviour in the peptide hydrogels.
Consistent with the results of LIVE/DEAD staining, PicoGreen analysis showed an increase or
decrease in cell number for 3T3 cells and MSCs, respectively. Compared with the E GELS, the

K GELs were more stable and thus more biocompatible with these two cell lines.

In summary, self-assembled B-sheet peptide hydrogels can be employed in biomedical
research—including tissue engineering, 3D printing and drug delivery systems—»by adjusting

sequence, pH and concentration. Their injectability might make them useful in designing novel
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drug delivery systems. Additionally, biocompatible peptide hydrogel is a promising

biomaterial applied into varies studies in future.
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Chapter 5 Control release of macromolecules in self-assembled

peptide hydrogel system
5.1 Introduction

According to the results described in Chapter 4, E(FKFE). and K(FEFK). formed hydrogels
with similar stiffness at 12 mg/mL. Both materials demonstrated good injectability and were
biocompatible with 3T3 cells, making them promising candidates for drug delivery systems
[1][2]. These systems encompass oral, ocular, intranasal, transdermal and injection routes of
administration. To optimise drug efficacy and avoid adverse effects, thereby alleviating the
suffering of patients, it is necessary to design a controlled release drug delivery system and

achieve localised therapy [3].

For example, peptide hydrogels have been used to establish smart drug delivery systems and
encapsulate hydrophobic drug molecules used in cancer therapy. Controlled release of
paclitaxel (PTX), an effective antitumour drug, was achieved using the self-assembling peptide
hydrogel RADALG to target breast cancer cells in vitro [4]. However, loading of PTX into the
RADAL6 hydrogel through magnetic stirring was slow. Another small hydrophobic drug,
curcumin, has successfully been loaded into a hydrogel (MAX8) to induce apoptosis in
medulloblastoma cells [5]. Both of these peptide hydrogel systems offered a controlled release
profile at therapeutically relevant drug concentrations, and their injectability might allow

localised treatment to be realised in vivo.

Whereas a variety of research has focused on designing peptide hydrogel systems to
encapsulate small-molecule drugs, bio-macromolecular agents such as therapeutic antibodies
have become more prevalent in cancer treatment in recent years. In this work, we designed

two self-assembling, B-sheet peptide hydrogels, E(FKFE), and K(FEFK). with a view to

178



encapsulating macromolecules. As these two peptides carry opposite net charges, it is
important to study the relationships between their electrostatic character and controlled release
kinetics. For this purpose, a variety of polymers were selected for encapsulation, as
macromolecular mimics of functional protein drugs. Negatively charged dextran (Thermo
Fisher Scientific) with different molecular weights (3, 40, and 2,000 kDa), and positively
charged poly-L-lysine (28 kDa; Sigma Aldrich), were used to investigate how electrostatic
character and mesh size would affect the release kinetics. The chosen polymers were labelled
with fluorescein to enable their detection by UV spectroscopy. To describe the release kinetics
of these polymers from peptide hydrogels, the diffusion coefficient De was used. For
comparison, Do was also measured, defined as the diffusion coefficient in water. The
hydrodynamic radius of polymers was determined by fluorescence correlation spectroscopy
(FCS) [6]. In addition, the charge of polymers and peptide hydrogels was measured by zeta

potential, to verify the theoretical assumptions.

A swelling experiment was performed to assess whether the network structure of hydrogel
systems can be controlled by the charge properties, and in addition, to study the influence of
external molecules (H20) on the hydrogel network. Oscillatory shear rheology was used to
study the effect of charge on the stiffness of peptide hydrogels. Furthermore, polymer-loaded
hydrogel systems were characterised structurally using a range of techniques including Fourier
transform infrared spectroscopy (ATR-FTIR), transmission electron microscopy (TEM) and

small-angle X-ray scattering (SAXS).
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5.2 Experimental methods

5.2.1 Zeta potential

To confirm the charge of peptide solutions and fluorescently labelled polymers at pH 7, a
Zetasizer Nano instrument (Malvern Instruments Ltd., UK) was used. Samples were dissolved
in HPLC grade water and 0.1 M NaOH was added to adjust the pH, which was measured using

a pH meter. The final sample concentration was 0.2 mg/mL.
5.2.2 Preparation of polymer-loaded hydrogel

The appropriate fluorescently labelled polymer was mixed with the relevant peptide powder,
then the mixture was dissolved in 70% of the final target volume of HPLC grade water, and
the solution adjusted to pH 7 by addition of 0.5 M NaOH. Thereafter, the remaining volume of
HPLC grade water was added to achieve a final sample with 12 mg/mL hydrogel and 0.8
mg/mL polymer. The sample was placed in the fridge at 4 <C overnight then used for

subsequent experiments as required.
523 ATR-FTIR

The secondary structure of polymer-loaded hydrogels was assessed using a Bruker Alpha-P
FT-IR Spectrometer. One droplet of the test sample was loaded onto the crystal surface of the
spectrometer, then the absorbance spectrum was recorded from 1400-1800 cm™. For each
sample, 256 scans were performed at a resolution of 4 cm™. Before running the samples, HPLC

grade water was used to record a background spectrum.
524 TEM

The polymer-loaded hydrogel sample was diluted 20-fold with HPLC grade water then
vortexed to ensure it was evenly mixed. A carbon-coated copper grid (400 mesh, Electron

Microscopy Sciences, UK) was placed on the sample droplet for 1 min, moved to the water
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droplets to wash three times, then transferred to the 1% uranyl acetate droplet for 30 s. Excess
liquid on the grid was removed with a 70 mm filter paper (Whatman), then the grid was dried
for TEM imaging. Images were acquired using an FEI Tecnail2 BioTwin at 100 KeV, with a
Gatan Orius SC1000A CCD camera. The fibre width in the peptide hydrogels was measured
700 times manually from the TEM images, using the ImageJ software, and analysed by log-

normal distribution [7].
5.2.5 SAXS

To further characterise the structure of polymer-loaded peptide hydrogels, SAXS
measurements were performed at the Diamond Light Source, beamline 122 [8]. The sample—

detector distance was fixed at 5.772 m resulting in a momentum transfer vector, g, in the range

4T sin(g)
0.1<q(nm™?) <3, where g = 2

, A is the wavelength and 6 is the scattering angle. Silver

behenate powder was used for calibration, and sample data were collected as 10 =< 100 ms
frames. Data reduction was done using the DAWN software [9]. The 2D isotropic scattering
data were collected and corrected for detector response, dark current background and sample

transmission, then radially averaged to obtain 1D scattering patterns.

5.2.6 Dynamic oscillatory rheology

The mechanical properties of polymer-loaded hydrogels were assessed using a rheometer
(Discovery HR-2, TA Instruments) equipped with a 20 mm diameter parallel plate. The gap
size was set as 45,000 nm between the upper plate and sample stage at the beginning of
procedure, and when the parallel plate was lowered to make measurements, the geometry gap
was 500 nm. For analysis, 180 uL of the test sample was loaded onto the stage and equilibrated
at 37 <C for 180 s before starting the run. Dynamic strain sweep was assessed by measuring

the strain-dependent evolution of storage modulus (G') and loss modulus (G") at a fixed
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frequency of 1 Hz. All steps were performed using the same frequency of 1 Hz, following

equilibration for 180 s at 37 <C.
5.2.7 Swelling experiment

To determine how charge affects the peptide hydrogel network, a negatively charged polymer
(dextran) and a positively charged polymer (poly-L-lysine) were selected for swelling
experiments. As described in Section 5.2.2, 0.8 mg/mL of polymer was mixed with the relevant
peptide to form a polymer-loaded 12 mg/mL hydrogel. Then, 1 mL of this sample was
transferred to a cylindrical glass tube and a marker pen was used to label the position of the gel
surface on the tube. Subsequently, HPLC grade water (3 mL) was added on top of the gel. All
experiments were performed in triplicate, and samples were maintained at 37 <C for 10 days.
The actual volume of gels was calculated using the measured surface position and dimensions
of the cylindrical tube, both before swelling (V1) and after swelling (V2) [10][11][12]. The
swelling ratio (Q) was defined as (V2>—V1)/V1 and the results are expressed as mean *standard

deviation. A 12mg/mL peptide hydrogel with no polymer loading acted as the control.
5.2.8 FCS

The FCS technique was used to investigate the hydrodynamic radius and diffusion coefficient
(Do) of fluorescently labelled polymers in aqueous solution. The experimental approach has
been previously described elsewhere [13]. Measurements were made using a Zeiss Confocor2
LSM 510 META (Zeiss, Germany) equipped with an Argon laser and a 40> 1.2 NA water
immersion objective. The system was calibrated with 100 nM Rhodamine 6G (experimental
diffusion time, 7p, 24 0.5 s; and published Do, 4.14 %1075 cm?/s) to assess the laser beam

waist, wo [14], which was estimated using the following equation 5.1:

w3 = 4Dt (5.1)
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Where, p is the diffusion time, wo is the laser beam waist and D is the diffusion coefficient.
The diffusion coefficient in water was measured for fluorescein-labelled dextrans with
molecular weights of 3 kDa, 40 kDa and 2,000 kDa, and likewise for labelled 28.7 kDa poly-
L-lysine. Diffusion of 3 kDa and 40 kDa dextrans was measured at 100 nM, whereas a 10 nM
solution was used for 2,000 kDa dextran. All samples were analysed in eight-well Nunc Lab-
Tek chamber slides (Fisher Scientific, UK). Each measurement consisted of 20 runs of 10 s
each, and each sample was measured three times. Autocorrelation curves were calculated from
the raw data in QuickFit 3.0, using models employing the Levenberg—Marquardt algorithm. A
3D diffusion model consisting of one fluorescent component and a non-fluorescent triplet state
fraction was used, and the autocorrelation curve (G(z)) was fitted using a single-exponential

model according to Eq. 5.2 below:

: )_1/2 (5.2)

SZ'TD

G(r) =1 +%(1+%)_1 (1+

Where, N is the number of particles and S is the structure parameter. The hydrodynamic radius,

rh, was determined for the dextran and peptide samples using the Stokes—Einstein equation:

_ kpT

= eDum (5.3)

Th
Where, k,; is the Boltzmann constant, T is the temperature in Kelvin, D is the diffusion
coefficient and u is the viscosity.
5.2.9 Release study using UV/vis spectroscopy

Fluorescein-labelled dextran (3 kDa, 40 kDa, 2,000 kDa) and poly-L-lysine (28kDa) were
selected as probes for the release study, as mentioned above. Solutions were first diluted to a
series of concentrations (1.0, 0.8, 0.6, 0.4 and 0.2 mg/mL) that were measured at a wavelength

of 492 nm using a Jenway 6715 temperature-controlled UV/vis spectrophotometer [15], to
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determine the optimum concentration. For the polymers, 0.8 mg/mL was selected as the ideal
concentration for the experiment, due to the optimal absorbance within the linear region that
was observed for the fluorescein dye at this concentration [15]. The E(FKFE)2 and K(FEFK):
peptides were dissolved in HPLC grade water and mixed with labelled polymers to form
polymer-loaded hydrogels, as outlined in Section 5.2.2, with final concentrations of peptide
hydrogel and polymer of 12 mg/mL and 0.8 mg/mL, respectively. Then, 1 mL of each sample
was transferred to a cylindrical glass tube and HPLC grade water (3 mL) was added slowly to
the top of the hydrogel, to prevent disruption to the gel structure. Release experiments were
performed for 5 days with incubation at 37 <C to mimic the environment of the human body.
A 1mL aliquot of supernatant was collected for measurement with the UV/vis
spectrophotometer at 15 min, 45 min, 75 min, 2 h, 4 h, 6 h, 8 h, 12 h, and every 12 h thereafter

[16].

5.2.10 Statistical data analysis

All experiments were repeated at least three times to obtain an average value, expressed as
mean =standard deviation. The rheological results were analysed in GraphPad Prism 8 using
one-way ANOVA and Student’s t-test to assess the statistical significance of comparisons via
P value [17]. Significance levels are represented as follows: * (P <0.05), ** (p <0.01), ***
(P <0.001), **** (P <0.0001), and “ns” indicates there was no significant difference between
the two groups. Release graphs were made using Origin 2020b and the error bars represent

standard deviations.

184



5.3 Results

5.3.1 Definition the charge of polymers and peptides

To study electrostatic interactions in the polymer-loaded hydrogel systems, zeta potential
measurements were used to characterise the charge of polymers and peptides. The peptide and
polymer samples were dissolved in HPLC grade water at 0.2 mg/mL concentration then
measured at pH 7. The results, presented in Fig. 5.1, showed that the samples were in a stable
state according to Table 3.1 (Chapter 3), since the zeta potential was in the range of 40-60 mV
in all cases. The stability of the hydrogel networks depends on electrostatic repulsion between
fibres. Strong repulsive forces cause the fibres to distribute individually in the system, thereby
preventing aggregation or flocculation. However, if the attractive forces in the system outweigh
the repulsive forces, the fibres will come together and the system would present in an

aggregated state.

The zeta potential can be related to electrophoretic mobility, as explained by the Henry

equation Eq. 5.4:

UE= 2e(f(ka)

- (5.4)

Where, Uk is the electrophoretic mobility (m? st V1), e is the dielectric constant (kg mV 2 s72),

is the zeta potential (mV), # is the viscosity (kg m™ s?) and f{xa) is Henry’s function.

In Fig. 5.1, it can be seen that E(FKFE). carried negative charge and K(FEFK)2 carried positive
charge at pH 7, which is consistent with the theoretical curves in Chapter 4.3.2.1. As expected,
dextran was negatively charged and poly-L-lysine was positively charged. The polymers were
then loaded into differently charged peptide hydrogels to study the effect of electrostatic
interactions on the structure, network and mechanical properties of the hydrogels, and to

compare the release kinetics.
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Figure 5. 1 Zeta potential of diluted peptide and polymer solutions at pH 7.
5.3.2 Characterization of polymer-loaded hydrogel
5.3.2.1 Secondary structure and morphology of polymer-loaded hydrogel

Negatively charged dextran (40 kDa) and positively charged poly-L-lysine (28 kDa) were
loaded into differently charged peptide hydrogels to form 12 mg/mL hydrogels with 0.8 mg/mL
of polymer. A droplet of each sample was analysed by ATR-FTIR, and the results are shown
in Fig. 5.2. The B-sheet structure of the hydrogels was evidently not disrupted by polymer
encapsulation, since the absorption bands at ~1620 cm™ and ~1690 cm™ were still present,

corresponding to parallel and antiparallel B-sheet structures, respectively.
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Figure 5. 2 FTIR spectroscopy of polymer-loaded hydrogels. A) 40kDa dextran-loaded pep-

tide hydrogel. B) 28kDa Poly-L-Lysine-loaded peptide hydrogel. (The blue lines represent K

hydrogel with polymers, the red lines represent E hydrogel with polymers).

At pH 7, FITC-Poly-L-Lysine (28kPLys) carried positive charge, whereas the fluorescein -

dextran carried negative charge. As a result, the polymer-loaded hydrogel systems presented

different morphologies under TEM (Fig. 5.3C & Fig. 5.3D). Individual fibres were clearly

visible in E(FKFE)>—40kDex and K(FEFK)>—28kPLys, whereas the fibres were tangled

together in bundles and were observed as a thick, fibrillar network in E(FKFE),—28kPLys and

K(FEFK)>—40kDex. It can reasonably be assumed that in the former samples, fibre aggregation

was prevented via electrostatic repulsion such that individual fibres could be observed.

Conversely, in the latter cases, electrostatic attraction caused the fibres to come together,

driving aggregation into bundles and formation of the fibrillary network structure as described.

In addition, fibre size distribution was analysed using a log-normal model, as shown in Fig.

5.3A,B. In E(FKFE).—40kDex, measured fibre sizes ranged from 2—-16 nm, with an estimated

28.2% having a width of ~3.2 &1 nm. This is similar to the result for the unloaded E(FKFE):



hydrogel (21.6%). In contrast, K(FEFK).—40kDex formed a more thickness network, and there
was some bimodal character to the fibre size distribution (Fig. 5.3A). The individual fibres
were generally more homogenous, with many in the range of 2-8 nm, and a high count (46.5%)
with widths of ~3.05 1 nm. However, there was another maximum (7%) in the size
distribution that represented bundles of fibres (Fig. 5.3A, inset). Moreover, dextran loading of
oppositely charged hydrogels induced apparently different size distributions, suggesting that
the density of these peptide hydrogel networks depended on the charge interactions. This
hypothesis was also applied to the 28kPLys gels. Compared with Fig. 5.3C, the network of
E(FKFE)>—28kPLys became more complex with entangled fibres resulting in formation of a
dense, fibrillar network (Fig. 5.3D). However, K(FEFK). loaded with poly-L-lysine showed a
thinner network, and individual fibres were observed. An estimated 43.6% of fibres had a size
of 3.0 £0.5 nm in E(FKFE)—28kPLys, and there were 21.6% of fibres with a size of 3.5 0.5
nm in K(FEFK)>—28kPLys. In Fig. 5.3B (inset), another maximum is evident (10%) for

bundled fibres in E(FKFE)—28kPLys, corresponding to the TEM images.

Table 5.1 shows a comparison of single fibre width distributions between the peptide hydrogels
and polymer-loaded hydrogels. The FWHM of E(FKFE).—40kDex (2.76 nm) was close to that
of the unloaded E(FKFE)2 hydrogel (3.23 nm), indicating that these peptide hydrogel systems
were formed in a similar state. However, E(FKFE)>—28kPLys had a smaller FWHM (1.26 nm),
suggesting the differently charged E(FKFE). hydrogel system had altered properties upon
loading with positively charged poly-L-lysine. The FWHM of K(FEFK),—28kPLys was 3.76
nm, which is similar to the value for the K(FKFE)2 hydrogel (3.11 nm), but an FWHM of only
1.99 nm was seen for K(FEFK)>—40kDex. Thus, differently charged polymers affect the
network structure of peptide hydrogels. From the above results, it can be assumed that
electrostatic interactions existed in the polymer-loaded peptide hydrogels and influenced the

network of these systems. In turn, this may affect the mechanical properties of these materials.
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Figure 5. 3 A & B) Width of fibres measured randomly for 700 times to create single fibre size
distribution, the dash lines represent lognormal fits. (insets in A & B are the bundles size dis-
tribution, the dash lines represent lognormal fits). C&D) TEM images of 20 x diluted hydrogel

with polymers, 40kDex means 40kDa dextran, 28kPLys means 28kDa Poly-L-Lysine.
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Table 5. 1 Comparison of single fibre width distribution.

Peptide hydrogel charge | Fibre Fibre  width  half | Fibre width
width maximum (nm) range (nm)
(nm)
E(FKFE)2 (-) 5.2 3.23 2-20
E(FKFE), — 40kDex (--) 4.2 2.76 2-16
E(FKFE)2 — 28kPLys (-+) 3.5 1.26 2-8
K(FEFK)2 (+) 5.5 3.11 2-20
K(FEFK)2 — 28kPLys (++) 3.9 3.76 2-20
K(FEFK)2 — 40kDex (+-) 4 1.99 2-8

5.3.2.2 SAXS analysis of polymer-loaded hydrogel

To complement the TEM results, SAXS was used to investigate the variations in structure with
different charge interactions. All the samples for SAXS analysis were at 6 mg/mL, with
polymers loaded at 0.4 mg/mL. The SAXS patterns are represented by ly [q In(q)] vs g2 (Fig.
5.4). In the low q range, it can be seen that g ! is an indication of long, thin rod-like fibres in
the hydrogels. There was no obvious difference between the E(FKFE)2 gel and E(FKFE)2>—
40kDex, or between the K(FEFK). gel and K(FEFK).—28kPLys. According to the g values,
all four of these materials presented a long, thin shape, as was observed using TEM (Fig. 5.3C
& Fig. 5.3D). However, an upward trend was present in E(FKFE)>—28kPLys and K(FEFK)2—
40kDex, indicating that the structure of these peptide hydrogels had been changed by polymer
loading. The variations in the curve shown in Fig. 5.4 correspond to the fibrillar network seen
in the TEM images (Fig. 5.3C & Fig. 5.3D). Thus, increased electrostatic attraction apparently
changed the structure of peptide hydrogel systems; or in other words, electrostatic interactions
seemed to be a driving force for variations in the hydrogel network. This might influence the
mechanical properties of these gels, and could therefore play a key role in controlled release
delivery.
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Figure 5. 4 SAXS analysis of polymer-loaded hydrogels using Iy [q Iy(q)] vs q*. EGel rep-

resents 6 mg/mL E(FKFE)2 hydrogel, KGel represents 6 mg/mL K(FEFK)2 hydrogel.
5.3.2.3 Mechanical properties analysis

To assess this effect, dynamic oscillatory rheology was performed at a frequency of 1 Hz.
Unloaded E(FKFE). and K(FEFK). hydrogels at 12 mg/mL were employed as controls, and
test samples were prepared as 12 mg/mL hydrogels loaded with 0.8 mg/mL of polymers with
different sizes and charges, as described above. These measurements revealed that the
differently charged polymers significantly influenced the stiffness of hydrogels, as shown in

Fig. 5.5 and Fig. 5.6.

In terms of shear storage modulus (G'), there was no significant difference between the
E(FKFE). and E(FKFE)>-Dex hydrogels (Fig. 5.5A). However, for the E(FKFE).—Dex
samples, G’ showed a decreasing trend as the size of the encapsulated dextran increased. It can
therefore be assumed that the size of loaded polymers affects the properties of the peptide
hydrogel system. Peptide hydrogels form a porous network which is able to encapsulate
molecules of different sizes. For 3kDex and 40kDex, these materials may form short fibres that
will mostly be located within the mesh of the hydrogel network without disrupting its overall
structure (Fig. 5.5B). Hence, there was no apparent change in G'. For the larger 2000kDex,
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however, the negatively charged fibres might be longer and become intertwined with the
peptide fibres (Fig. 5.5B). The resulting repulsive electrostatic forces would disturb the
network morphology of the E(FKFE)2 hydrogel, and therefore, G’ was decreased. On the
contrary, increased attractive electrostatic forces were induced in the E(FKFE)>—28kPLys
hydrogel, resulting in a higher G’ value. According to the hydrodynamic radius of 28kPLys
from FCS results, it could be assumed that 28kPLys formed short fibres that were easily
accommodated within the mesh size of the hydrogel network. Thus, the positive charge of
28kPLys would attract the negatively charged peptide fibres, causing them to come together
and form a more dense network (Fig. 5.5B). In this case, formation of bundles would occur

leading to a thickness fibrilla network.
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Figure 5. 5 (A) Comparisons of initial storage modulus (G”) at 1Hz of between E(FKFE)2
hydrogel and polymer-loaded hydrogels. All the experiments were repeated at least 3 times at
37°C. (The graphs were analysed by One-way ANOVA, student T-test was used for the com-

parison of peptide hydrogel and polymer-loaded hydrogels, p value was indicated as *p<0.05,
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**p<0.01, ***p<0.001, **** p<0.0001, ns represented there was no significant difference be-
tween two groups.) 3kDex means 3kDa dextran, 40kDex means 40kDa dextran, 2000kDex
means 2000kDa dextran, 28kPLys means 28kDa Poly-L-Lysine. (B) A schematic showed the

assumptions of E(FKFE)2 hydrogel network with different charge of polymers.

For the K(FEFK). hydrogels, encapsulation of negatively charged dextran became a driving
force to change their mechanical properties (Fig. 5.6A). As can be seen, G’ decreased with
increasing dextran size. Since G’ was higher for the K(FEFK)2 hydrogel than for the E(FKFE):
hydrogel, the network of the former should be more dense. It can therefore be hypothesised
that 3kDex formed some short fibres within the mesh structure of the hydrogel, inducing a
higher network density via charge attraction (Fig. 5.6B). For 40kDex, the number of fibres
formed within the K(FEFK)2 network might be lower, leading to fewer attractive electrostatic
interactions (Fig. 5.6C). Compared with K(FEFK)>—3kDex, K(FEFK).—40kDex would form a
lower-density network, in which case G’ would be lower, as was observed. In the case of
2000kDex, this might form long fibres and introduce electrostatic attractive forces into the
K(FEFK)2 hydrogel system. However, since the molar concentration of 2000kDex was much
lower than for 40kDex, the number of fibres might be lower than with 40kDex (Fig. 5.6D).
Therefore, the contribution of electrostatic attractive forces would be relatively small and
manifest as a decreased value of G'. As shown in Fig. 5.6A, there was no apparent increase in
G’ for the K(FEFK)—40kDex hydrogel, consistent with the SAXS results for this material (Fig.
5.4B). In addition, loading with positively charged 28kPLys slightly reduced the stiffness of
the K(FEFK)2 hydrogel, but there was no significant difference in G’ between the K(FEFK)>

and K(FEFK)2—28kPLys samples (Fig. 5.6A).

Self-assembled peptide hydrogels form complex networks that might be adjustable by external
factors. The above results demonstrate that electrostatic interactions affect the network
structure of hydrogels, and also correspond with the TEM and SAXS results (Figs. 5.3 and 5.4).
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Thus, electrostatic interactions in the peptide hydrogel systems are a key factor in modulating

the mechanical properties of complementary ionic peptides.
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Figure 5. 6 (A) Comparisons of initial storage modulus (G”) at 1Hz of between K(FEFK):
hydrogel and polymer-loaded hydrogels. All the experiments were repeated at least 3 times at
37°C. (The graphs were analysed by One-way ANOVA, student T-test was used for the com-
parison of peptide hydrogel and polymer-loaded hydrogels, p value was indicated as *p<0.05,
**p<0.01, ***p<0.001, **** p<0.0001, ns represented there was no significant difference be-
tween two groups.) 3kDex means 3kDa dextran, 40kDex means 40kDa dextran, 2000kDex
means 2000kDa dextran, 28kPLys means 28kDa Poly-L-Lysine. (B) A schematic showed the

assumptions of K(FEFK)2 hydrogel network with different charge of polymers.
5.3.3 Swelling experiment
To further study how the molecular size and electrostatic interactions of encapsulated polymers

affect the network structure of peptide hydrogels, a swelling assay was performed. Here, 0.8
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mg/mL of polymers were again loaded into 12 mg/mL hydrogels and the swelling behaviour
of hydrogels was investigated after 10 days. The gels presented different swelling ratios in an

aqueous environment, as shown in Fig. 5.7.

The E(FEFK). hydrogel dissolved in water after 10 days (Fig. 5.7C), indicating that its network
structure was easily disrupted. As the water on the top of the hydrogels diffused into the
hydrogels, the osmotic pressure caused the network to expand which pointing toward weak
network crosslinks being present. The charge repulsion forces between the fibres promoted
expansion of the network, leading to the swelling behaviour. Loading negatively charged
dextran into the E(FEFK)2 hydrogel didn’t stabilise the network structure, due to the strong
repulsive forces between the negative charge dextran and negative charge hydrogel. In this case,
the E(FEFK)>—40kDex sample also dissolved in water. However, when adding 28kPLys a
positively charged polymer, the network structure of the E(FEFK). hydrogel was stabilised
through electrostatic attraction, and a swelling ratio of only ~2% was observed for the
E(FEFK)2>—28kPLys hydrogel. The attractive electrostatic forces led to further crosslinking of
the hydrogel through 28kPLys chains’ entanglement and crosslinking with the peptide fibres
or the 28kPLys complexed with the peptide fibres, resulting in their negative charge being
screened by the positive polymer and reducing the electrostatic repulsion between fibre and
stabilising the crosslinks. In either case, the addition of 28KPLys resulted in stabilisation of the

E(FEFK). hydrogel and an increase in its stiffness (Fig. 5.5A).

The K(FEFK), hydrogel had swelled by 31% on day 10. Since the G’ of K(FEFK). hydrogel
was higher than that of E(FKFE)., the K(FEFK)2 hydrogel formed a more stable network and
did not dissolve. The K(FEFK).—28kPLys hydrogel swelled by 51%, which was much more
than the dextran-loaded K(FEFK)2 hydrogels. Furthermore, the positively charged 28kPLys
generated an approximately 17% higher swelling ratio, suggesting that charge repulsion can
tailor the network of peptide hydrogels. However, the electrostatic repulsion caused by loading

195



positive charge 28kPLys combined with osmotic pressure in K(FEFK), hydrogel manifested
as swelling behaviour. For the K(FEFK). hydrogels containing dextran, the swelling ratios
were lower than for K(FEFK)2 alone. Thus, dextran loading did not create additional swelling
(Fig. 5.7B). It clearly explained that the addition of negatively charged dextran reinforced the
K(FEFK)2 hydrogel network through charge attraction, making it more stable as seen in the

rheological results (Fig. 5.6A).

One point of interest is that the different sizes of dextran caused various swelling levels. The
swelling ratio for the K(FEFK)>—3kDex hydrogel was larger than that for the hydrogels
containing the two larger sizes of dextran. As the molar concentration of 3kDex was higher
than for 40kDex and 2000kDex in these materials, there would be a stronger repulsive force in
the K(FEFK)2—3kDex hydrogel. The swelling behaviour thus depended on two factors: one
was the charge attraction between K(FEFK). and polymers, whilst the other was the size of the

polymers.

Taken together, the above results indicate that electrostatic interactions were the major factor
in controlling the variation of the peptide hydrogel networks. Different molecules tailored the

network properties, and the stability of hydrogels was dependent on the charge interactions.
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Figure 5. 7 Comparison of swelling ratios between hydrogel and dye-loaded hydrogels after
10 days. A) Swelling ratio of E(FEFK)2 hydrogel and dye-loaded hydrogels. B) Swelling ratio
of K(FEFK)2 hydrogel and dye-loaded hydrogels. C) Swelling experiment was performed in
10 days. The first row was the gel without any disruption, the second row was the gel in HPLC
grade water on the 1st day, the third row was the swelling state in K(FEFK)2 gel on the 10™

day, the fourth row was the swelling state in E(FKFE)2 gel on the 10" day.
5.3.4 Release Kinetics of polymers in peptide hydrogel

To investigate the release kinetics of peptide hydrogels, E(FKFE). and K(FEFK). were self-
assembled into the gel state at pH 7, at a concentration of 12 mg/mL, and polymers were
encapsulated into these networks as before. The final concentration of polymers in the
hydrogels was 0.8 mg/mL, which was chosen according to the standard curves shown in Fig.
5.8. Dextran and poly-L-lysine were diluted to 1.0, 0.8, 0.6, 0.4 and 0.2 mg/mL in HPLC grade
water and the absorbance was measured at 505 nm. The absorbance was found to be linear with
respect to the concentration of both polymers, with the 0.2 and 0.8 mg/mL concentrations being
closest to the line of best fit. Thus, 0.8 mg/mL was used as the encapsulation concentration due
to the higher absorbance signal. Also, a higher concentration of polymers in the peptide
hydrogels might improve the precision of release kinetics measurements in the early stages.
Besides this, the polymers were used at 0.8 mg/mL in the above experiments and it was

reasonable to keep the same conditions for this analysis.
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Figure 5. 8 The standard curve of different size of fluorescein dextran and FITC-Poly-L-Lysine
at 505 nm. the black square symbol represents 3kDa dextran, the red circle symbol represents
40kDa dextran, the blue regular triangle symbol represents 2000kDa dextran, the green in-

verted triangle symbol represents 28kDa Poly-L-Lysine.

In this experiment, the structure of the peptide hydrogel, concentration, charge and the size of
polymers were taken into account as relevant factors that might affect the diffusion process.
The hydrodynamic radius of each polymer was obtained using FCS, and the results are shown
in Table 5.6. The release kinetics of the various polymers from the peptide hydrogels are shown
in Fig. 5.9, plotting the mass fraction released (M¢/M..) as a function of time (t). The polymers

displayed different release rates from differently charged peptide hydrogels.

For the E(FKFE)2 hydrogel, on the one hand, negatively charged dextran was released faster
than poly-L-lysine. This might be due to electrostatic repulsion between dextran and the

E(FKFE)2 hydrogel, resulting in burst release. Furthermore, the various sizes of dextran
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showed apparently different release kinetics. According to Table 5.2, the hydrodynamic radius
increased with molecular weight. Thus, polymer size will affect the release profile, meaning
that release will be slower the larger the molecular weight of the dextran. On the other hand,
positively charged poly-L-lysine was considered to be trapped in the E(FKFE). hydrogel, as
only a very small amount of polymer was released from the gel. It can be assumed that forces

of electrostatic attraction controlled these release kinetics.

In the case of the K(FEFK). hydrogel, poly-L-lysine was released more quickly than dextran,
again suggesting that charge repulsion promotes faster release. On the contrary, dextran
polymers were more stably embedded into the hydrogel. Among above discussions, E(FKFE)2

hydrogel provided a better drug delivery system for the release of macromolecules.
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Figure 5. 9 A&B) Release kinetics of dyes from the E(FKFE). and K(FEFK)2 peptide hydro-
gels: the black square symbol represents 3kDa dextran, the red circle symbol represents 40kDa
dextran, the blue regular triangle symbol represents 2000kDa dextran, the green inverted trian-
gle symbol represents 28kDa Poly-L-Lysine. The plots show four different dyes release from

hydrogel as a function of time. (Insets) Release kinetics of dyes at the first 36h. De of dyes
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were calculated by a plot of Mt/Mwo as a function of t®°. All the experiments were performed

3 times and error bars represent £SD.

Table 5. 2 Hydrodynamic radius of polymers and comparisons of diffusion coefficients in wa-

ter.

Charge | Hydrodynamic radius Do
(nm) (m?s?)
3kDex ©) 1.29 1.66 1010
40kDex ) 6.95 3.07 x10°t
2000kDex [ () 30.48 5.41 x 1012
28kPLys (+) 3.76 5.67 x 101!

The diffusion coefficients of the polymers in water were also obtained, denoted as Do (Table
5.6). To confirm the role of electrostatic interactions in controlling the kinetics of release from
peptide hydrogels, it was necessary to determine the diffusion coefficients of the polymers in
the peptide hydrogels. For this purpose, samples were loaded into cylindrical glass vials which
served as slab-like devices for calculation. As is apparent from Fig. 5.9, the release of polymers
from the hydrogels showed non-steady state diffusion behaviour, which means the
concentration changed with respect to time. The release kinetics of polymers from the peptide
hydrogels can be defined by the diffusion coefficient D, with De and D. denoting the early-

time and late-time values, respectively, obtained using Fick’s second law [16][18][19]:

i (2|22
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Where, M and M., represent the mass of polymer released at time t and at saturation,
respectively (here, M. is 0.8 mg), and H is the thickness of peptide hydrogels in the glass vial
[20][21][22]. For early-time release (<60% of total mass), Eq. 5.5 was used; i.e., where 0 <

M¢M., < 0.6 [23][16][18]. For late-time release, Eq. 5.6 was needed; i.e., where M¢/M., >0.6.

Drug release kinetics have been described by various mathematical models in studies of the
mass transport mechanisms involved in controlled release systems. Different models are
suitable for different release systems, which is a key consideration to help establish ideal
formulations. Thus, optimisation of drug delivery systems can facilitate drug efficacy [24].
Empirical models for drug release kinetics include the Higuchi, Ritger—Peppas, Peppas—Sahlin
and zero-order kinetic models [18][25]. Here, the Ritger—Peppas model was used for analysis

(Eq. 5.7):

—t = |, t" (5.7)

Where, ki is the rate constant, t is the release time and n is the release exponent, which is used
to define the mass transport mechanism. For a thin hydrogel film, when n = 0.5, the system
follows the Fickian diffusion model. When n = 1, Case Il transport occurs, leading to zero-
order release. When 0 < n <1 or 0.5 <n < 1, the system displays non-Fickian diffusion [26].

In addition, the model is applicable when the mass fraction released is <60% [19].

The Ritger—Peppas model was applied to the data above to calculate Dg, assuming n = 0.5, to
produce the insets shown in panels A and B of Fig. 5.9 [19][20][27][28]. As the peptide
hydrogels were considered to experience no mass loss in 5 days, the time points collected from
release experiments were fitted to Eq. 5.5 and Eq. 5.6 to derive values for De and D,
respectively [18]. The results for De are presented in Table 5.3, and show that early-time
diffusion was dependent on the size of polymer and its charge interactions with the hydrogel.

Compared with Do (Table 5.2), measured in water, the De values of the polymers in peptide
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hydrogels were smaller. Therefore, electrostatic interactions in the peptide hydrogel affected
the release of polymers, leading to a controlled release system. Furthermore, when the
polymers are retained in the peptide hydrogel through charge attraction, the goodness of fit (R?)

might not be as high, as shown for E(FKFE),—28kPLys (0.647) and K(FEFK).—40kDex (0.404).

Table 5. 3 Comparison of diffusion coefficients for different dyes in E(FKFE)2 and K(FEFK)2

hydrogels after 5 days.
Probe Charge | E(FKFE)- E(FKFE),- E(FKFE), | K(FEFK)- K(FEFK)2- | K(FEFK)2
De Intercept De Intercept
(m?s?) R? (m?s?) R?

3kDex ) (4.07 x1.88 | (-4.050.23) 0.999 (7.79 £2.74 | (-14.8 £5) E-2 0.989
E-5) X 101 E-2 E-6) X104

40kDex ) (1.29 +2.76 | (-2.56 +0.32) 0.993 (1.29 £3.99 | (15.4 £9.92) 0.292
E-5) X 10 E-2 E-6) X 10 E-2

2000kDex ) (6.36 £2.25 | (-1.56 0.31) 0.942 (1.02 +£8.56 | (-0.163 +2.01) 0.977
E-5) X 1013 E-2 E-7) X 1075 E-2

28kPLys (+) (7.79+1.9 | (7.28 +3.64) 0.647 (6.35 +4.85 | (-8.99 +£2) E-1 0.993
E-6)X 10°1° E-4 E-6) X 1013

In addition, it was possible to derive D. for 3kDex and 40kDex loaded into the E(FKFE)2
hydrogel, since >60% of the mass was released in 5 days. The observed D, values were 4.24 %

107" for 3kDex (R? = 0.936) and 1.98 <10’ (R? = 0.863) for 40kDex. These D, results were

2

obtained by plotting In (1 —Af—t) (%) versus time. For these two smaller size dextran

)

polymers, the release rates were increased with respect to time, which might indicate that the

sizes were smaller than the mesh size of the peptide hydrogel.

To probe the effect of hydrogel density on the release process, different concentrations of
E(FKFE)2 hydrogel were used to measure release of 40kDex. As shown in Fig. 5.10, ~72% of

the dextran diffused out of the 12mg/mL gel, and ~69% from the 25 mg/mL gel. Thus, similar
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release kinetics were observed for 40kDex at these gel concentrations. For the 50 mg/mL gel,
the higher density of the network hindered release since only ~49% of the dextran had diffused
out after 5 days; less than for the other two peptide concentrations. The corresponding De

values were obtained from the plots in Fig. 5.10 (inset), and are included in Table 5.4.

For all of the above results, the Higuchi model was the most suitable for our peptide systems,
with R? values tending towards 1. The release profiles relied on the electrostatic interactions,
the molecular size of the polymer, and the density of the peptide hydrogel [23]. However, in
the case of E(FKFE)>—40kDex, the density of the network did not show a significant impact on

the controlled release kinetics.
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Figure 5. 10 Release kinetics of 40kDa dextran release out from different concentrations of
E(FKFE)2 hydrogel: the red circle symbol represents dextran release out from 12mg/mL of

E(FKFE)2 hydrogel, the blue rhombus symbol represents dextran release out from 25 mg/mL

of E(FKFE). hydrogel, the black pentagon symbol represents dextran release out from 50
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mg/mL of E(FKFE)2 hydrogel. The plots show dextran release from hydrogel as a function of
time. (Insets) Release kinetics of dyes at the first 36h. De of dyes were calculated by a plot of
Mt/Mww as a function of t%°. All the experiments were performed 3 times and error bars repre-

sent +1 SD.

Table 5. 4 Comparison of diffusion coefficients (m? s) for 40kDa dextran in different con-

centrations of E(FKFE). hydrogels after 5 days.

Con. De (m? s?) Intercept R?
(mg/mL)
12 (1.29 +3.99 E-6) X 101 | (-2.56 £0.32) E-2 0.993
25 (1.29 +3.24 E-5) X 101 | (-2.61E-2+0.18) E-2 | 0.989
50 (3.97 £2.93 E-5) X 1072 | (-1.84E-2 £0.27) E-2 | 0.975
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5.4 Conclusion

In conclusion, the B-sheet structure of self-assembled peptide hydrogels was not
disrupted by loading them with macromolecules. The parallel and antiparallel B-sheet
bands were still detected by ATR-FTIR for polymer-loaded hydrogels. The charge of
polymers and peptides was measured by zeta potential, and corresponded well with
theoretical values: E(FKFE), and dextran were negative, whereas K(FEFK). and poly-
L-lysine were positive. From the TEM results, it was seen that the hydrogel fibres were
distributed randomly to produce different network densities, according to the charge
interactions. A more homogenous network with smaller FWHM was seen for
E(FKFE)>—28kPLys and K(FEFK)>—40kDex. In addition, apparently upturned curves
were observed in the SAXS results for these two systems. This can be explained in

terms of charge attraction and its effect on the structure of hydrogels.

In rheology experiments, the mechanical properties could be related to other
characteristics of the various peptide hydrogel systems. For example, E(FKFE)>—
28kPLys and K(FEFK)2—Dex showed higher G, illustrating the point that the stiffness
of hydrogels depends on electrostatic interactions in these systems. There was no
significant difference between unloaded hydrogels and those with electrostatic
repulsion between the peptide and polymer, suggesting that in these cases, the network
structure was not influenced by the repulsion. This assumption was validated by SAXS,
where the curves for hydrogel systems with electrostatic repulsion displayed the same
trend as unloaded gels. Their networks consisted of long, thin rod-like fibres, which
mirrors the results reported in Chapter 4. Furthermore, the swelling assay results
showed that different molecules adjusted the network structure of hydrogels, and the
stability of the hydrogel was related to the charge of these molecules. Electrostatic

interactions were the main factor in controlling the variation of network morphology.
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The diffusion coefficient Do and hydrodynamic radius were measured experimentally
for the various polymers, as a precursor to the release study. Comparing the results for
Do and Dk revealed that the peptide hydrogel systems can achieve controlled release of
macromolecules through electrostatic interactions. Based on the hydrodynamic radii of
these macromolecules, it can also be concluded that their size determines the release
kinetics from peptide hydrogels. Thus, increasing the network density to control the
release of a smaller polymer is another feasible approach when designing drug delivery
systems based on peptide hydrogels. Both E(FKFE). and K(FEFK). hydrogels can
successfully encapsulate macromolecules with controllable release Kinetics by
adjusting their network structures. Hence, these materials could potentially be applied

to deliver peptide and protein therapeutics efficiently.
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Chapter 6 Encapsulation of recombinant human interleukin 2/21

(rhlL-2/21) cytokine in peptide hydrogel for the activity assessment

6.1 Introduction

Peptide hydrogels are able to encapsulate macromolecules without disrupting their
secondary structure. Controllable release of model macromolecules from the E(FKFE)2
and K(FEFK)2 hydrogels has been demonstrated, as reported in Chapter 5, and was

found to depend on electrostatic interactions and network density.

This chapter describes the encapsulation of two protein drugs, recombinant human
interleukin-2 and interleukin-21 (rhiL-2/21), into hydrogels for a controlled release
study. Interleukin-2 (IL-2) is a protein with a four-helix bundle. It is mainly derived
from activated T cells, and is therefore sometimes referred to as T-cell growth factor
(TCGF), but can also be secreted from natural killer (NK) cells and dendritic cells (DC).
Interleukin-2 receptors (IL2Rs) are expressed on the surface of B cells, T cells, NK
cells and other lymphocyte subsets [1]. The IL-2 cytokine binds to its receptors on these
cell types: B cells, NK cells, tumour-infiltrating lymphocytes (TILs), monocytes, and
T cells including regulatory T cells (Tregs) to mediate their activities. It should also be
noted that IL-2 modulates effector T cells and memory T cells [2]. Furthermore, there
are three known subtypes of IL2R, which are classified as either low affinity (IL2Ra,
Kd ~1078 M), intermediate affinity (IL2RB, Kg ~10~° M) or high affinity (IL2Ry, Kg
~10* M) receptors. Binding of IL-2 to these various receptor subunits induces
differential activation of specific signalling pathways (JAK/STAT, RAS/MAPK or
PI3K/AKT). Due to the importance of these pathways in tumorigenesis, IL-2 has been

successfully applied in cancer immunotherapy [1][3].
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Interleukin-21 (IL-21) was discovered more recently, in 2000, and is part of the same
type | cytokine family as IL-2. It also has a four-helix bundle structure, and is mainly
produced by activated CD4" cells and natural killer T (NKT) cells [2][4][5]. The IL-21
receptor (IL-21R) was found to form a complex with the IL2Ry chain, which is able to
signal as a heterodimeric complex, characterising IL-21 as a y-chain cytokine [6]. In
fact, since its initial discovery, IL2Ry has been identified as an essential subunit in the
receptor complexes for a number of interleukins. Therefore, it is now known as cytokine

receptor common subunit gamma.

Functionally, 1L-21 is a helper cytokine that amplifies the immune response. Binding
to the IL-21R/IL2Ry receptor complex activates pathways including JAK/STAT,
PI3K/AKT and MAPK signalling [7]. In this way, IL-21 is able to mediate the activities
of B cells, NK cells, cytotoxic CD8* T cells, activated CD4* T cells, macrophages and
dendritic cells (Fig. 6.1) [8][9][10]. In recent years, many researchers have been
interested in studying activation of these immune cell types for cancer immunotherapy
[11][12]. For example, Mazda and co- workers examined IL-21 in a mouse model of
head and neck squamous cell carcinoma (HNSCC) to evaluate immune responses and
antitumour activity [13]. After dosing with IL-21, increased production of a specific
IgG against SCCVII (the murine squamous cell carcinoma cell line used in the model)

demonstrated that IL-21 was specifically able to activate B cells without any side effects.

Although IL-2 and IL-21 have both shown potential as cancer immunotherapies, their
efficacy as drug treatments is limited by short half-life [14]. In this work, rhIL-2 and
rhlL-21 were used to evaluate the drug retention capacity of different peptide hydrogels.
Both cytokines have a similar effect on the immune system, as well as a molecular
weight of around 15 kDa, meaning they are similar in size to the model drug molecules
(dextran and poly-L-lysine) used in Chapter 5. Compared with rhIL-2, a higher amount
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of active rhIL-21 was found to remain in the gels for an extended period (3-9 days),
which indicated good drug retention capacity for the peptide hydrogels. Controlled
release kinetics of rhiL-21 from the E(FKFE)2 hydrogel over 21 days showed the
potential for this system to prolong drug exposure, promoting improved efficacy.
Similarly, the Freudenberg group has established that encapsulation of cytokines in
hydrogels increases their retention time, stability and efficacy [15]. The methods for
encapsulation and release used in this work are described in detail below. In preliminary
cellular experiments, human peripheral blood mononuclear cells (PBMCs) were used

for studying cell marker (CD4, CD8, CD56) expression after dosing with rhiL-21.
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Figure 6. 1 IL-21 has pleiotropic effects on modulating immune response. It can medi-

ate the activities of lymphocyte subsets [5].
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6.2 Experimental methods

6.2.1 Encapsulation of rhlL-2/21 in peptide hydrogel

Recombinant human IL-2/21 was purchased from Bio-Techne as a lyophilised powder.
It was reconstituted in PBS containing 0.1% bovine serum albumin (BSA) at a final
concentration of 100 pg/mL. Peptide hydrogels were prepared at 12 mg/mL
concentration and pH 7 (adjusted by addition of 0.5 M NaOH), then divided into 100
L aliquots in microcentrifuge tubes. The reconstituted rhlL-2/21 solution was mixed

into the hydrogel, then the samples were placed at 4 <T in the fridge overnight [16][17].

6.2.2 Enzyme-linked Immunosorbent Assay (ELISA) to test the activity of rhiL-

2/21

A Human IL-2/21 DuoSet ELISA Kit, based on the sandwich ELISA method, was
purchased from Bio-Techne. Capture antibody (4 g/mL) was diluted in PBS and used
to precoat a 96-well plate. The plate was sealed using an ELISA plate sealer (R&D
Systems) then incubated at room temperature overnight. The capture antibody solution
was removed from the wells, which were washed three times with 400 pL/well of wash
buffer (0.05% Tween-20 in PBS, pH 7.2-7.4). The plate was then dried completely by
blotting it against clean paper towels. Then, 300 pL/well of blocking buffer (1% BSA
in PBS, pH 7.2-7.4, 0.2 pm filtered) was added into each well, and the plate was
incubated for at least 1 h at room temperature. The liquid was aspirated from each well,

and three wash steps were performed as above.

An rhlL-2/21 standard curve was also included for reference. Standard solutions were
prepared at a series of concentrations (1000, 500, 250, 125, 62.5, 31.3 and 15.6 pg/mL)
using dilution reagent (TBS pH 7.2-7.4 with 1% BSA and 0.05% Tween-20, 0.2 pm
filtered). The TBS was prepared using 20 mM Tris base (Sigma—Aldrich) and 150 mM
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NaCl (Sigma—Aldrich). Samples and standards were added to the plate in duplicate at
100 pi/well, and dilution reagent was also used as a blank group. The aim was to obtain

a background reading from these two wells, to increase the accuracy of the results.

The plate was sealed using an adhesive strip, as above, and incubated for 2 h at room
temperature. Then, the liquid was aspirated from each well, followed by three further
wash steps. The detection antibody was made up at 100 ng/mL in dilution reagent, then
added into the assay plate at 100 pL/well. The plate was again sealed by adhesive strip,
then incubated for 2 h at room temperature. The liquid was aspirated from each well
and three further wash steps were carried out. Next, streptavidin—~HRP was diluted 40-
fold from stock solution, using dilution reagent, to form a working solution that was
added to the assay plate at 100 pL/well. The plate was incubated for 20 min at room
temperature in the dark. Once again, the liquid was removed by aspiration followed by
three additional wash steps. Substrate solution was prepared by mixing equal volumes
of stabilised hydrogen peroxide (colour reagent A) and stabilised 3,3’, 5,5’-
tetramethylbenzidine (colour reagent B). Subsequently, 100 L of substrate solution
was added into each well, and the plate was incubated for 20 min at room temperature
in the dark. Finally, 50 L of stop solution (2 N sulfuric acid) was added directly into
each well. The plate was gently shaken to ensure even mixing, then measured using a
plate reader (CLARIOstar). The absorbance wavelength was set as 450 nm, and a
background reading at 540 nm was used to correct for optical imperfections in the plate.

This protocol was carried out in accordance with the manufacturer’s instructions.

6.2.3 Stability of rh1L-2/21 in peptide hydrogel

In this experiment, rhiL-2/21 were added into different concentration of peptide

hydrogels to achieve a final concentration of 2 ug/mL to study the activity. Peptide
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hydrogels were prepared at 12 and 20 mg/mL. Samples were incubated at 25°C and 37
°C. The immunoreactivity of rhIL-2/21 was detected at days 0, 1, 3, 6, and 9 using
ELISA method. All experiments were repeated at least three times, to obtain average

values with standard deviations.

6.2.4 Stability of rhlL-21 in different concentration of BSA buffer

To find an ideal buffer composition as supernatant for rhlL-21 release from peptide
hydrogels, samples were prepared containing different concentrations of BSA in PBS.
Specifically, the 100 pg/mL stock solution of rhIL-21 was diluted to give solutions with
a final concentration of 10, 5 or 2 pg/mL of rhlL-21 in PBS containing 20%, 10%, 5%,
1% or 0.1% of BSA. These different concentrations of rhiL-21 were prepared in
combination with the specified concentrations of BSA, and the solutions were
incubated at 37 <C to mimic the environment of the human body. The immunoreactivity
of rhIL-21 was measured after 21 days, using the ELISA method described in Section
6.2.2. All experiments were repeated at least three times, to obtain average values and

standard deviations.

6.2.5 Release study of rhiL-21 in peptide hydrogel

First, 100 pL aliquots of peptide hydrogel containing rhiL-21 (20 ug/mL), prepared as
stated in Section 6.2.1, were dispensed into ThinCert cell culture inserts (Greiner Bio-
One) in 24-well plates. Next, 10% BSA buffer (1 mL) was added into each well: 250
L on top of the hydrogel surface, and the remaining 750 pL into the outer well. This
step was the same as in the 3D cell culture protocol. Then, the 1 mL of BSA buffer was
collected into a microcentrifuge tube at 15 min, 45 min, 75 min; 2, 4, 6, 8 and 12 h; and
every 12 h thereafter. At each time point, after collection of the sample, fresh BSA

buffer was added on top of the hydrogel surface and into the outer well, as before (250
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L and 750 L, respectively). Release of the encapsulated cytokine was followed for
21 days to mimic a controlled release system. Samples were stored at —20 <C in the
freezer until analysis, which was carried out using the sandwich ELISA method
specified in Section 6.2.2 [18][19]. All experiments were performed in triplicate to

obtain mean values with standard deviations.

6.2.6 2D cell culture of PBMCs and dosing with rhlL-21

Peripheral blood mononuclear cells (PBMCs), which consist of lymphocytes, were
purchased from Generon to be used for analysis of cell marker (CD56, CD8, CD4)
expression after the administration of rhiL-21. Cells were removed from the liquid
nitrogen storage dewar and transported on dry ice. The sample was then thawed at 37 <C
in a water bath, with gentle agitation, until a small amount of ice remained floating in
the middle of the vial. To avoid any potential contamination, 70-80% ethanol was used
to sterilise the outside of the vial. Then, 8 mL of RPMI 1640 medium (Gibco), pre-
warmed to 37 <C, was added into a 15 mL Falcon tube, and the cells were gently
transferred into the tube. The RPMI 1640 medium used contained D-glucose (4.5 g/L),
HEPES (2.383 g/L), L-glutamine, sodium bicarbonate (1.5 g/L) and sodium pyruvate
(110 mg/L). Another 1 mL of medium was added to the vial then transferred into the
Falcon tube, to maximise recovery of the cells. Then, the tube was centrifuged at 400 =
g for 10 min. If no cell pellet was visible at the bottom of tube, centrifugation was
continued for another 15 min. Once a cell pellet was obtained, the supernatant was
discarded and the cells were resuspended in 10 mL of fresh medium, to ensure complete
removal of the cryoprotective medium. The sample was centrifuged again at 400 %< g
for 10 min, then the supernatant was discarded and 1 mL of cell medium was added.

The cells were resuspended and counted as follows.
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An aliquot of cell suspension was mixed 1:1 (v/v) with 0.4% trypan blue solution (Bio-
Rad), then the solution was quickly loaded into the sample chamber of a Cellometer
Auto 1000 cell counter (Nexcelom Bioscience), using 20 L of the mixture for each
side of the chamber [20]. Cell viability and concentration were then measured. A
viability of around 80-90% indicated that the cells were ready for 2D culture. The
PBMCs were diluted to a final concentration of 1 %107 cells/mL, then seeded into 96-
well culture plates at 100 p/well. Since monocytes or macrophages derived from
PBMCs might adhere to the plate, U-bottom 96-well plates were used for culture. The

cells were then placed in a 5% CO; incubator at 37 °C for at least 2 h [21].

Following this step, the cells were resuspended evenly in the wells by pipetting gently.
Different concentrations of rhlL-21 were then diluted into growth medium and added
into the wells. Growth medium with no added rhiL-21 was used as a negative control.
The plate was subsequently incubated at 37 T with 5% CO- for a dosing period of 4 h

[22].

6.2.7 Cell staining

The cell staining protocol used here was described by Gareth J. Howell of the Core
Technology Facility, University of Manchester [23]. The fixation solution and FACS
buffer were prepared first. The fixation solution consisted of 2% paraformaldehyde
(PFA) in PBS, made up by adding PFA powder to 1 < PBS, stirring at 60 <T on a
hotplate, and adding 1 N NaOH slowly to raise the pH until a clear solution was
obtained. This procedure was carried out in a fume hood. The resultant PFA solution
was allowed to cool, then filtered and adjusted to pH 7 with 1 M HCI to give the final
2% PFA fixation solution. The FACS buffer was PBS containing 2.5 mM EDTA and

1% BSA.
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For the staining step, all of the antibodies (BD Pharmingen) including APC mouse anti-
human CD4, APC mouse IgG1 « isotype control, FITC mouse anti-human CD8, FITC
mouse IgG1 « isotype control, BV480 mouse anti-human CD56 and BV480 mouse
IgG2b « isotype control were diluted fivefold in FACS buffer to form a working
solution. Cells were collected from the 96-well assay plate and transferred into
microcentrifuge tubes, then pelleted by centrifugation at 6,000 rpm for 5 min. The
supernatant was carefully removed by pipette then the cells were resuspended in FACS
buffer (100 L), centrifuged at 6,000 rpm for 5 min, and the supernatant again removed
by pipette. The cells were resuspended in antibody staining solution (100 pL), with
gentle pipetting to ensure even mixing. The samples were then incubated on ice in the
dark for around 30-60 min. After this, they were centrifuged at 6,000 rpm for 5 min to
obtain cell pellets, which were each resuspended in FACS buffer (1 mL) by pipetting
gently, and centrifuged as before, then the supernatant was removed. This wash step
was repeated three times, and aimed to wash away unbound antibodies [24]. After the
last centrifugation step, the supernatant was aspirated carefully and each cell pellet was
resuspended in 2% PFA fixation solution (200 pL). Samples were incubated on ice for
15 min then centrifuged at 13,000 rpm for 5 min. The supernatant was removed gently,
and finally, each sample was resuspended in 200 i of FACS buffer. The samples were

then stored at 4 <C in the dark, prior to analysis.

6.2.8 Fluorescence — activated cell sorting (FACS) for cell markers expression

Samples were vortexed to ensure efficient mixing, then analysed using a flow cytometer
(LSRFortessa X-20 Cell Analyzer, BD Biosciences). For each sample, 50 pi of fixed
cell suspension was transferred into a FACS tube followed by addition of a moderate

amount of PBS solution. The tube was vortexed to mix the sample evenly, then placed
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on the sample holder of the instrument. Cells were then sorted according to specific

light scattering and fluorescence characteristics [25].

6.2.9 Statistical data analysis

All experiments were repeated at least three times to obtain an average value, expressed
as mean =*standard deviation. The rheological results were analysed in GraphPad Prism
8 using one-way ANOVA and Student’s t-test to assess the statistical significance of
comparisons via P value [24]. Significance levels are represented as follows: * (P
<0.05), ** (P <0.01), *** (P <0.001), **** (P <0.0001), and “ns” indicates there was

no significant difference between the two groups.

6.3 Results

6.3.1 Activity of rhIL-2/21 in peptide hydrogel

Both rhIL-2 and rhIL-21 (2 pg/mL) were encapsulated into different concentrations of
peptide hydrogel, and their immunoreactivities in the gels were evaluated by ELISA.
The results are shown in Fig. 6.2, and reveal that the two cytokines apparently displayed

different stabilities in the hydrogels.

At 25 <C, rhiL-2 retained its immunoreactivity in the K(FEFK)2 hydrogels for nine days.
However, it was not as stable in the E(FKFE)2 hydrogels. After nine days, only ~50%
of the initial amount of rhIL-2 could be detected after mixing into the 12 mg/mL
E(FKFE). hydrogel, indicating decreased stability in this hydrogel over the duration of
the experiment. However, the higher concentration of E(FKFE)2 hydrogel (20 mg/mL)
possibly showed enhanced stabilisation of rhIL-2, since ~60% rhlL-2 was detected in
this sample on day 9, which is closer to the result on day 0. Thus, rhiL-2 showed

variable stability in the peptide hydrogels, which can be explained in terms of the
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different properties of the hydrogels. In Chapter 4, the G’ of the positively charged

K(FEFK)2 hydrogel was higher than that for the negatively charged E(FKFE)2 hydrogel,

and increased concentrations also resulted in a relatively higher G'. Given this, the

stability of rhIL-2 in peptide hydrogels might rely on the network density of the gels.

Compared with rhIL-2, rhlL-21 displayed relatively greater stability in E(FKFE):
hydrogels at 25 <C. The E(FKFE)2 hydrogel evidently showed good encapsulation
ability, because a high stability was observed for rhlL-21 in both the 12 and 20 mg/mL
hydrogels over nine days. However, no immunoreactive rhlL-21 was detected in the 20
mg/mL K(FEFK). hydrogel at day 9, leading to the assumption that it had lost all

immunoreactivity.

At 37 <C, rhlL-2 quickly lost most of its activity in E(FKFE)2 hydrogels, as only ~10%
of rhlL-2 was detected on day 1. In the K(FEFK)2 hydrogels, rhIL-2 stability exhibited
a sharply decreasing trend, which means that K(FEFK). hydrogels cannot stabilise

rhlL-2 over a long period (nine days) at higher temperature.

For rhIL-21 at 37 <C, stability in the 20 mg/mL K(FEFK). hydrogel decreased
significantly over nine days. It retained ~60% of activity in the 12 mg/mL K(FEFK):
hydrogel, which was similar to the same material at 25 T (~70%). Thus, higher
concentrations of K(FEFK). hydrogel were unable to support encapsulation of rhlL-21
for a long time. On the contrary, the activity of rhIL-21 was better preserved in
E(FKFE)2 hydrogels. When it was encapsulated in the higher concentration E(FKFE)>

hydrogel, over 95% of rhlL-21 activity was detected after nine days.

The overall stability of rhIL-21 in the peptide hydrogels was found to be higher than
for rh1L-2. This may be explained by the charge of these two cytokines. The isoelectric

point (pl) of rhIL-2 is around 7, while the pl of rhIL-21 is around 9 [26][27]. Therefore,
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when rhiL-2 was encapsulated into the peptide hydrogels (at pH = 7), it would be
considered to carry no charges, leading to a loss of immunoreactivity. However, when
rhlL-21 was encapsulated into the peptide hydrogels, since it carries a negative charge,
the cytokine was not adversely affected. Apart from the charge of cytokines, higher
temperature may cause the cytokines to lose their immunoreactivities, corresponding to
the stability results shown in Fig. 6.2. Moreover, the different charges of the two peptide
hydrogels seemingly led to different encapsulation abilities. Therefore, it can be
hypothesised that the stability of cytokines in peptide hydrogels depends on the charge

characteristics, pH and temperature of the system.
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Figure 6. 2 Elisa was used for testing the stability of rhIL-2/21 in different concentra-
tion of peptide hydrogels at 25 °C and 37°C incubation. The experiment was proceeded

in 9 days.

6.3.2 Determination of the supernatant for the release of rhIL21 in peptide

hydrogel

As rhIL-21 retained relatively high immunoreactivity in both the E(FKFE). and
K(FEFK)2 hydrogels at 12 mg/mL, it was selected as a model encapsulated protein drug
for a controlled release study from the peptide hydrogels. First, it was important to
identify the ideal supernatant for the experiment. Thus, BSA solutions were prepared
at 20%, 10%, 5%, 1% and 0.1% in PBS, and rhlL-21 was diluted into each of these
solutions at final concentrations of 10, 5 and 2 pg/mL. The concentrations of rhlL-21
in the BSA solutions were measured by ELISA after incubating for 21 days at 37 C
(Fig. 6.3). Compared with the result at day 0, rhIL-21 retained good immunoreactivity
in the higher concentrations of BSA buffer at day 21. The immunoreactivity was
proportional to the concentration of rhIL-21. The higher the concentration of rhlL-21,
the more stable the ELISA reactivity that was observed in BSA (Fig. 6.3D). Therefore,
the concentrations of both rhIL-21 and BSA were important factors for the release
experiment. Furthermore, since the peptide hydrogels will release rhiL-21 continually,
it was necessary to load a higher starting concentration of rhiL-21 into the hydrogels to

ensure accurate detection of the amount released during the initial stages.
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Figure 6. 3 The immunoreactivity of rhlL-21 after 21 days under 37°C incubation. A)
10 ug/mL rhlIL-21 in different concentration of BSA. B) 5 ug/mL rhIL-21 in different
concentration of BSA. C) 2 ug/mL rhIL-21 in different concentration of BSA. D)
Comparisons of different concentration of rhlL-21 in different concentration of BSA at
day 21 (The graph was analysed by student t-test which compared activities of rhiL-21
at day 0 and day 21, p value was indicated as *p<0.05, **p<0.01, ***p<0.001, ****

p<0.0001, ns represented there was no significant difference between two groups).
6.3.3 Release kinetics of rhl1L21 in peptide hydrogel

Based on the immunoreactivity assessment above, 20 pg/mL of rhIL-21 was

encapsulated into 12 mg/mL peptide hydrogels, then release was monitored for 21 days
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with quantification by ELISA. A schematic of the setup for this experiment is shown in

Fig. 6.4A, and the results for the release Kinetics are presented in Fig. 6.4B.

Over the first 40 h, rhiL-21 showed rapid release from the K(FEFK). hydrogel, and no
active rhiL-21 was subsequently detected in the supernatants. The quantity of rhiL-21
released at each time point is shown in Fig. 6.4B (inset), indicating that no active rhiL-
21 was recovered beyond 60 h. This phenomenon corresponded to the results from the
stability test of rhIL-21 encapsulated in hydrogels (Fig. 6.2), where the K(FKFE)2
hydrogel exhibited relatively weak retention capacity. This is consistent with the fast
release kinetics observed (Fig. 6.4B). Beyond 60 h, it might be that rhiL-21 was
released into the supernatant without any drug efficacy, meaning that no signal could
be detected by the ELISA method. On the contrary, controlled release of rh1L-21 from
the E(FKFE)2 hydrogel over 21 days showed detectable protein at every time point (Fig.
6.4B, inset). As time passed, the measured activity of rhIL-21 decreased, but it can
nevertheless be assumed that active rhIL-21 remained in the E(FKFE), hydrogel for a

long time.

The released quantity of rhlL-21 might be adjustable by varying the original
concentration loaded into the hydrogel, and the observed release kinetics from the
E(FKFE)2 hydrogel suggest that this material could prolong the half-life of rhIL-21 in
vivo. In that case, the dosage time could be reduced to decrease the potential toxicity.
The E(FKFE)2 hydrogel showed better retention capacity compared with the K(FKFE):
hydrogel, according to the detectable release of rhIL-21 over an extended period,
indicating that the former is an excellent candidate drug delivery system. Additionally,
it can be assumed that both hydrogels are degradable, since they had reduced in volume

and were floating in the BSA buffer at the end of the experiment (Fig. 6.4C & Fig.
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6.4D). Therefore, these hydrogels could be applied in formulation applications for

different types of drugs.
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Figure 6. 4 Release of rhIL-21 from peptide hydrogels during 21 days. A) Method for
release experiment. B) Release kinetics of rhIL-21 in peptide hydrogels. E-IL21 with
red square represented rhiL-21 release from E(FKFE). hydrogel, K-IL21 with blue
square represented rhlL-21 release from K(FEFK). hydrogel. (Inset figure presented
the release mass of rhlL-21 at every time point). C&D) E and K gel state in BSA su-

pernatant after 21 days.
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6.3.4 Cell marker expression

Expression of cellular markers was analysed by flow cytometry. Human PBMCs were
stained using specific fluorophores and sorted based on the light scattering and
fluorescence properties of each subset of cells. The intensity of different fluorescence

signals represented the expression of cell markers [28].

As can be seen in Fig. 6.5, an initial plot was made using forward scattering area (FSC-
A) as the x-axis and side scattering area (SSC-A) as the y-axis (Fig. 6.5A). The size of
cells is described by the FSC area, and the intercellular structure is described by the
SSC area [29]. Then, gating was used to define different cell types for further
characterisation. The gating strategy was based on reviews addressing the phenotyping
of immune cell populations in flow cytometry [30][31]. On the plot of FSC-A versus
SSC-A, gated lymphocytes are shown as the purple population [32][33]. According to
the experiments from other researchers, after isolating the lymphocyte population, the
CD4 and CD8 markers were gated and differentiated with the specific fluorophores in
lymphocytes [34][35][36]. In the meantime, the total CD56 markers were differentiated
and counted using the specific fluorophores. Then the number of CD56" markers was
gated and counted. All the values obtained are detailed in the inset tables (Fig. 6.5). The
control group results, without any rhIL-21 dosing, are shown in Fig. 6.5A, whereas Fig.
6.5B shows the results for the treatment group (20 pg/mL rhIL-21). Comparing the
tables reveals an increase in the number of CD4" markers and a slight decrease in
CD56™ markers, whereas the number of CD8" markers was apparently reduced after
dosing with rhIL-21(Fig. 6.5C). This suggested that rhIL-21 can selectively stimulate
NK cells and T cells, and might potentially be able to target specific tumour cells to

suppress their growth [37][38][39].
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The above results therefore indicated that 20 g/mL rhiL-21 has the ability to mediate
cell populations in PBMCs. It was only run once as a preliminary validation experiment,
S0 it is necessary to repeat it at least two more times to obtain more accurate results.
However, it is feasible to use rhlL-21 loaded hydrogels with PBMCs and selected

cancer cell lines to study growth inhibition, cytotoxicity and apoptosis in vitro.
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Figure 6. 5 The lymphocytes and their subsets were analysed using FACS [32]. PBMCs
were stained with APC/CD4, FITC/CD8 and BV480/CD56 antibodies. The populations
of CD4, CD8 and CD56 markers were identified by gating with different colours
[34][35][36]. The CD56 markers were counted in a single channel based on the specific
fluorophore, then the CD56" markers were gated. A) Cell populations in control group
without any dosing. B) Cell populations after dosing with rhiL-21 for 4 hours. C) A

comparison of cell markers expression between control group and dosage group.
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6.4 Conclusion

Evaluation of rhlL-2 and rhIL-21 stability in E(FKFE), and K(FEFK). hydrogels
revealed that rhiL-21 retained better immunoreactivity over nine days at 37 <C.
Furthermore, retention capacity of the peptide hydrogels was found to depend on the
charge of the peptide and the particular drug. Before assessment of controlled release,
the stability of rhlL-21 was first measured over 21 days, at various concentrations, in
supernatant buffers containing different amounts of BSA. Based on the results of this
stability study, rh1L-21 was encapsulated into 12 mg/mL peptide hydrogels at 20 pg/mL,

and release kinetics were followed for 21 days.

The K(FEFK)2 hydrogel, with overall positive charge, showed a burst release of active
rhlL-21 compared with the negatively charged E(FKFE). hydrogel, where release was
slower. These observations corresponded with earlier results that showed higher
stability in the E(FKFE)2 hydrogel. The K(FEFK)2 hydrogel had lower drug retention
capacity for rhIL-21, leading to more rapid release of active protein. There might also
be some rhIL-21 fractions released from the hydrogel without any activity, and this
could be detected by RP-HPLC [40]. The release results characterise this physically
cross-linked peptide hydrogel as a distinctive material for encapsulation and targeted

delivery of protein drugs.

The effect of rhIL-21 on human PBMCs was assessed by flow cytometry. Cells were
dosed then analysed for expression of the CD4, CD8 and CD56 markers. Compared
with the control group, 20 pg/mL rhlL-21 apparently increased expression of CD4"
among PBMCs. The high populations of the lymphocyte subset suggest that an
appropriate dose of rhlL-21 would activate T cells. The upregulation of specific cell

markers induced by rhlL-21 has the potential to promote antitumour activity [6][41].
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In summary, this study has clearly demonstrated that drug retention capacity and release
kinetics depend on the peptide sequence of the hydrogel, and the specific protein drug.
Controlled release of immunoreactive rhiL-21 from peptide hydrogels, therefore
assumed to retain its bioactivity, identified these gels as candidate drug delivery
systems to prolong drug efficacy and avoid some adverse effects. For example, this
approach might decrease drug toxicity due to a smaller number of doses being required
[42]. Furthermore, the volume of the peptide hydrogels studied became smaller in BSA
buffer, indicating that they are biodegradable materials. Therefore, these peptide
hydrogels could possibly be used in injectable formulations for targeted release of rhiL-

21 in vivo, to elicit therapeutic immune responses in various cancers.
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Chapter 7. General conclusions and future work

7.1 General conclusions

Over the past years, hydrogels have been designed as controlled drug delivery systems
for therapeutics. PEG hydrogels are a classic and common material used for drug and
cell encapsulation due to their good biocompatibility under proper polymerization [1].
The chemistry properties of PEG enabled PEG-based hydrogels to encapsulate a wide
sizes of drug molecules, in the case, become a versatile drug delivery system. However,
the stability and bioavailability of drugs in PEG-based hydrogels still exist the obstacles.
For example, PEG is high solubility. It is difficult to achieve long-term controlled
release of drugs. A higher density cross-linking network of PEG-based hydrogels can
be formed through chemical reactions, which may cause cytotoxicity in the human body
[2][3]. In addition, the chemical initiators or crosslinkers used in the formation of PEG-
based hydrogels may disrupt the structures of drug molecules, affecting drug efficiency

and causing adverse effects [4][5].

This project focused on designing self-assembled physical cross-linked peptide
hydrogel to establish a controlled release system for macromolecule drug delivery.
Based on the electrostatic interaction between macromolecules and peptide hydrogels,
we aimed to characterise the effect of charge on the structure and mechanical properties
of hydrogel systems. rhIL2/rhIL21 are cytokines that were loaded into peptide
hydrogels for immunoreactivity assessment and to study the release profile. The project

would develop a promising drug delivery system for immune cancer therapy.

Chapter 4 presented the relationship between pH and charge of peptide, and confirm
the pH of the gelation state according to the peptide phase diagram. Compared the

stiffness of E(FKFE). and K(FEFK). hydrogels at different concentrations at pH 7.
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E(FKFE)2 and K(FEFK). hydrogels with opposite charges at a concentration of 12
mg/mL were compared for their structures, morphologies, 3D cell culture abilities and
biocompatibility. The properties of these hydrogels with different charges were
evaluated to determine if they are suitable for a drug delivery system. The CD, ThT
binding assay and ATR — FTIR confirmed the beta — sheet structure of peptide hydrogel.
Both peptides were observed to contained beta — sheet structures and self — assemble
into hydrogels with highly ordered beta — sheet at high concentrations. ImageJ was used
to measure the diameter of an E(FKFE). single fibre in TEM images, which was
approximately 4.2 + 1 nm. The diameter of a K(FEFK)2 single fibre was approximately
4.5 +1 nm. SAXS was used to complement the TEM results, which showed ~ 3.84 nm
fibre size in E(FKFE)2 and ~ 3.10 nm fibre size in K(FEFK).. Besides, the TEM images
showed the single fibres and bundles randomly distributed. Based on the fibre
distribution, the homogenous fibres in peptide hydrogel induced a more stable network.
Rheology results showed a higher G’ in K(FEFK) hydrogel rather than in E(FKFE).,
which corresponded to the TEM assumption. Additionally, the rheological data showed

that both hydrogels were injectable.

Furthermore, 3T3 fibroblast cells and Mesenchymal stem cells (MSCs) were loaded
into E(FKFE)2 and K(FEFK)2 hydrogels to assess their ability to 3D cell culture and
their biocompatibility. The fresh peptide hydrogels were incubated in DMEM and
MEME cell culture media to measure their stability. The rheological data showed that
different cell culture medium influence the stability of hydrogels. This might due to the
different components in the cell culture media that cause variations in the peptide
hydrogels. Notably, increasing the concentration of peptide hydrogel stabilized the
system. Additionally, the cell viability varied depending on the type of cells and peptide

hydrogels. From the LIVE/DEAD staining images, most of 3T3 cells were live after 14
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days in the peptide hydrogels. The number of cells depended on the density of the
hydrogel network. K(FEFK)2 hydrogel provided a more density network, in the case,
3T3 cells attached with each other and aggregated together. The PicoGreen results
corresponded to the images, which showed a higher cell proliferation in 20 mg/mL
K(FEFK)2 hydrogel. On the contrary, MSCs showed a lower cell viability in both of
peptide hydrogels, even increased the concentration of hydrogel. E(FKFE). hydrogels
were not stable for 14 days and lost most of the cells, as observed in the images. The
number of cells in K(FEFK)2 hydrogel significantly decreased on day 14. PicoGreen
results showed a decreased in cell proliferation during 3D cell culture period. Therefore,
the biocompatibility of the peptide hydrogels was dependent on the cells. The peptide

hydrogels had the ability to selectively support 3D cell culture.

In Chapter 5, encapsulated model drug macromolecules to assess the ability of peptide
hydrogel to perform control release kinetics. As established in Chapter 4, E(FKFE):
hydrogel was negatively charged at pH 7, while K(FEFK). hydrogel was positively
charged at pH 7. The charge of these peptides was confirmed using zeta potential in
this chapter. To study the relationship between the electrostatic interaction and the
controlled release profile of hydrogel, negatively charged fluorescein dextran (3k, 40k,
2000kDa) and positively charged Poly — L — Lysine (28kDa) were selected as model
macromolecules to mimic protein drugs for encapsulation. These macromolecules were
encapsulated in different charge peptide hydrogels and ATR — FTIR was used to
characterize the structure of hydrogel system. The encapsulation process did not disrupt
the beta — sheet structure of the peptide hydrogel. The parallel beta — sheet band (~ 1620
cm™) and antiparallel beta — sheet band (~ 1690 cm™) were present in ATR — FTIR
results. The network of peptide hydrogel was different according to different charge

effects. Electrostatic attraction induced a more density network, the fibres entangled
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together in the formation of bundles. In the case, a thickness fibrilla network was
presented. However, electrostatic repulsion resulted in a thinner fibrilla network, where
individual fibres were visible. The SAXS results were supplemented by TEM images,
which evaluated the effect of charge based on the SAXS patterns of Iy[q Iy (q)] vs q2.
Compared to the fresh peptide hydrogel, the mechanical properties of the
macromolecule-loaded hydrogel were significantly increased by electrostatic attraction.
However, electrostatic repulsion did not cause a significant change in the hydrogel

system.

Additionally, different macromolecules in peptide hydrogels were used for swelling
experiment. The network structure of the hydrogel can be adjusted according to the
presence of external and internal molecules. The stability of the peptide hydrogel could
be controlled by electrostatic interaction within the hydrogel. In the release study, the
diffusion coefficients and hydrodynamic radius of these macromolecules were
determined. The release kinetics of the macromolecules were influenced by the
electrostatic interactions within the hydrogel and the size of the macromolecules, as
determined by comparing the diffusion coefficients in the peptide hydrogels. Both
hydrogels can perform controlled release, making them excellent candidates for

delivering protein drugs.

In Chapter 6, cytokine rhIL2 and rhiL21 were selected to encapsulate into peptide
hydrogel to assess the activity and the release profile. rhIL2 and rhIL21 had different
immunoreactivities in the peptide hydrogels, rhlL21 was negatively charged and
retained its immunoreactivity in hydrogels, while rhiL2 was neutral and lost its
immunoreactivity in the hydrogels. This could be explained by the effect of pH on the
stability of drugs in hydrogels. rhIL2 may be more stable in acidic or basic peptide
hydrogels. From the release study of rhIL21, it was found that it performed controlled
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release kinetics in E(FKFE). hydrogel which might increase the half — life of rhlL21
and decrease the dosage times. In most cases, this could potentially avoid adverse
effects on the human body. In order to measure the activity of rhiL21 in E(FKFE):
hydrogel, a solution of rhIL21 was used for the study in this chapter. The significant
increase in the expression of CD4" in human peripheral blood mononuclear cells
(PBMCs) suggested that rhIL21 can stimulate T cells, potentially making it a viable

option for immune therapy in cancer treatment.

7.2 Future work

rh1L21 could be encapsulated into E(FKFE). hydrogel and measure the activity on
PBMC:s. It is feasible to select cancer cell lines and culture them with rh1L21-loaded
hydrogel in order to test for cell cytotoxicity. As we have assumed that the pH of drugs
may affect its activity in hydrogel, rhiL2 could be encapsulated in an acidic or basic
peptide hydrogel, for example, F8 peptide that self — assembled into hydrogel at pH 4

and pH 9.

In biological research, both E(FKFE), and K(FEFK). hydrogels have shown good
biocompatibility with 3T3 cells, and these two materials are injectable. They can be
applied in animal models via injection administration to study the biocompatibility,
drug efficacy and any skin inflammation caused by injection process. In addition, other
types of drugs can also be encapsulated in peptide hydrogels and tested in animal
models in order to study whether the peptide hydrogels are promising materials a as

drug delivery system.

It is clear that the peptide hydrogels can be used for a variety of purposes, including

drug delivery in animal models, screening cells and drugs in vitro. The passage also
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highlights that peptide hydrogels are multifunctional materials that could potentially

contribute to advances in medical research.
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