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Preface

This dissertation was conducted under the supervision of Professor Shinji Sakai at the
Division of Chemical Engineering, Graduate School of Engineering Science, Osaka University,
from 2019 to 2022.

The objective of this dissertation is to investigate the contradictory effect of hydrogen
peroxide that simultaneously induces cross-linking and degrades polymer in horseradish
peroxidase-catalysed cross-linking and its subsequent effect on modulating cell behaviour. The
influence of the contradictory effect of hydrogen peroxide on the mechanical property of
gelatin-based hydrogels is investigated. Furthermore, the effect of the mechanical property
changes on modulating cell adhesion, myogenesis, and cell-cycle progression are reported.

The author hopes this research will contribute to the development of in vitro artificial tissue

by incorporating the effect of the mechanical property on modulating cell behaviour.

Wildan Mubarok

Division of Chemical Engineering
Graduate School of Engineering Science
Osaka University

Toyonaka, Osaka, 560-8531, Japan






Abstract

Hydrogel fabrication through horseradish peroxidase (HRP)-catalysed cross-linking has
garnered great interest due to its safety for cells. In HRP cross-linking, hydrogen peroxide
(H203) 1s used as an electron donor to induce the cross-linking of polymer possessing phenol
groups (Polymer-Ph). However, H,O; can also degrade the Polymer-Ph through oxidation. This
contradictory effect of H»O, can affect the properties of the hydrogel. Subsequently, the
changes in the properties of the hydrogel play a key role in regulating cell behaviours. The
objective of this thesis is to investigate the contradictory effect of H,O> on the hydrogel
properties and its role in controlling cell behaviour.

Chapter I describes the general explanation regarding the interaction between cells and their
extracellular matrix (ECM). The role of the physicochemical properties of the ECM, e.g.,
stiffness, viscoelasticity, molecular weight and cell adhesive ligands, in regulating cell
behaviour was discussed. Attempts to study the cell-ECM interaction in vitro using hydrogels
were discussed. The application and cross-linking of gelatin-based hydrogels and studies on
H>0: role in HRP-catalysed cross-linking were presented.

Chapter II describes the contradictory effect of H>O: on Gelatin-Ph hydrogel. The
mechanical property of the Gelatin-Ph hydrogel could be controlled by adjusting the HRP
concentration and the exposure time to air containing H>O:. Increasing the exposure time to air
containing H>O» resulted in a non-linear trend of the Gelatin-Ph hydrogels Young’s modulus,
with initial stiffening followed by a gradual decrease in hydrogel stiffness. This phenomenon
is mediated by the contradictory effect of HoO> which degrades the polymer in extended
exposure time. The changes in the properties of the Gelatin-Ph hydrogels could alter the
adhesion of human adipose-derived stem cells and rat fibroblasts. Overall, this system allows

hydrogel fabrication with tunable properties for controlling cell behaviour.



Chapter III describes the application of air containing H>O» exposure—mediated control of
the physicochemical properties of Gelatin-Ph on modulating myogenesis. To address this, the
behaviour of mouse myoblasts (C2C12) cells on Gelatin-Ph hydrogels fabricated through
different exposure times to air containing H>O; was studied. The cytocompatibility of the
hydrogelation system was demonstrated. The myoblasts showed stiffness-dependent adhesion
and differentiation, with higher cell elongation and myotube formation observed on stiffer
hydrogels. The findings of this study can be applied in skeletal muscle tissue engineering to
control the cell fate to form new muscle cells.

Chapter IV describes the possibility of controlling the cell-cycle progression of the cells
cultured on Gelatin-Ph/hyaluronic acid (HA)-Ph composite hydrogels obtained through H>O»-
mediated cross-linking and degradation of the polymers. Human cervical cancer cells (HeLa)
and mouse mammary gland epithelial cells (NMuMG) expressing cell-cycle reporter Fucci2
showed the exposure time-dependent cell-cycle progression on the hydrogels. Cells cultured
on softer hydrogel showed arrested cell-cycle progression. Additionally, the cell-cycle
progression of NMuMG/Fucci2 cells was not only governed by the hydrogel stiffness but also
by the low-molecular-weight HA-Ph resulting from H>O:-mediated degradation. These
findings could be useful in cancer studies and tissue engineering purposes.

This thesis describes the potential of H>O;-mediated control of hydrogel properties to
modulate cell behaviour. The findings of this study are expected to contribute to the application
of HRP-catalysed cross-linking in cell studies and the development of functional tissues in the

biomedical engineering field.
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Chapter I

General Introduction

The extracellular matrix (ECM) is a network of macromolecules surrounding the cells that
provide an anchoring point for the cells. In addition to its function as a cell scaffold, ECM is
important to provide biochemical and biomechanical cues that regulate the cell behaviours for
morphogenesis or tissue regeneration (Frantz et al. 2010). ECM is mainly comprised of fibrous
proteins (collagen, elastin, fibronectin, and laminin) and proteoglycans, including hyaluronic
acid, that fill the interstitial space of the matrix, which provides structural integrity against
compressive forces (Jarveldinen et al. 2009; Frantz et al. 2010). ECM is a dynamic structure in
which cells can synthesise, modify, or degrade the ECM depending on the physiological
condition. Subsequently, the changes in the ECM composition that alter the physicochemical
properties of the ECM, in turn, can impact the cell behaviour (Calvo et al. 2013; Rainer et al.
2019).

Clinically, genetic abnormalities in ECM proteins can lead to several diseases, including
brittle bone disease (osteogenesis imperfecta) and Ehlers-Danlos syndromes (EDS)
characterised by the hyperelasticity of the skin and vascular fragility caused by a mutation in
genes encoding collagen (Nuytinck et al. 2000; Glorieux 2008), or Marfan’s syndrome caused
by deficiency of fibrillin (Milewicz et al. 1992; Judge and Dietz 2005). Furthermore, changes
in ECM also can induce the development of many critical diseases, such as hypertension in
cardiovascular disease caused by increased stiffness in blood vessels (Bertero et al. 2016;
Schéfer et al. 2016), asthma and chronic pulmonary diseases caused by loss of tissue elasticity
(Sicard et al. 2017; Zemta et al. 2018), and liver cirrhosis caused by protein accumulation in

response to inflammation (Wallace et al. 2008).



1. Physical Properties of ECM

From the clinical cases above, the ECM's physicochemical properties are important
regulators of cell behaviour that can have wider consequences to the tissue or organs. Previous
studies have recognised several physical properties, e.g., stiffness, viscoelasticity, pore size,

and architecture, that regulate the cell behaviour (Table 1) (Lim et al. 2010; Iskratsch et al.

2014; Janmey et al. 2020).

Table 1. Physical properties of ECM that affect cell behaviour.

Physical properties Cell behaviour References
Stiffness e Breast cancer cells adhesion (Sun et al. 2019)
e Breast adenocarcinoma cells (Vasudevan et al. 2020)
migration and metastasis
e Stem cells migration and (Hadden et al. 2017)
differentiation
e Hepatocytes apoptotic cell death (Ganesan et al. 2018)
Viscoelasticity e Cancer cells migration (Wisdom et al. 2018)
e Cancer cells division (Nam and Chaudhuri 2018)
Pore size e Neural stem / progenitor cells (Lietal. 2012)
differentiation
e Mesenchymal stem cells (Matsiko et al. 2015)
chondrogenic differentiation
e Osteoblasts adhesion, (Thangprasert et al. 2019)
proliferation, and calcium
deposition
e (Cancer cells migration (Wolfet al. 2013)
Degradability e Cancer metastasis (Peléaez et al. 2017)

Stemness regulation of neural
progenitor cell

Skeletal stem cell differentiation

(Madl et al. 2017)

(Tang et al. 2013)




Table 1. Continued

Architecture e Myotubes alignment (Du et al. 2019)
e Sarcoma cell-cycle progression  (Moriarty and Stroka 2018)

and division

1.1 Stiffness

Stiffness is an important cue for the cells, considering that different tissues/organs have
different stiffness (Engler et al. 2006). Previous studies have reported that substrate stiffness
can affect the cell adhesion, migration, differentiation, and even cell death (Hadden et al. 2017;
Ganesan et al. 2018; Vasudevan et al. 2020). Cells can actively sense the stiffness of their

substrate, which then converts the mechanical forces into biochemical cues to determine the

cell fate.
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Fig. 1-1 Mechanism of cell behaviour regulation by the stiffness of the extracellular matrix

(ECM). Reprinted from (Cao et al. 2021). Copyright Springer Nature.



Integrins, as transmembrane adhesion molecules, can interact with the ECM ligand and
sense the stiffness of the substrate (Sun et al. 2016). Integrins then activate the mechanosensing
pathways, including focal adhesion kinase (FAK) signalling (Zhao and Guan 2011), Rho-
A/Rho-associated protein kinase (ROCK) pathway (Chen et al. 2002), Yes-associated protein
(YAP) / transcriptional co-activator with PDZ-binding motif (TAZ) signalling (Piccolo et al.
2014), or Wnt signalling pathway (Du et al. 2016). These pathways can lead to the cytoskeleton
(e.g., F-actin, myosin) re-organization, which leads to cell elongation and migration or
activates differentiation and apoptosis pathway (Fig. 1-1).

In a stiff substrate, cells generally have better adhesion and exhibit elongated morphology
since the substrate allows the cells to maintain their tension (Martino et al. 2018). Subsequently,
cells also have better migration and proliferation on a stiffer substrate. In contrast, a soft
substrate can be deformed or even broken by the contraction force of the cells (Romanazzo et
al. 2012), thus, inhibiting the cells from maintaining their tension. Consequently, cells cultured
on soft substrate have low adhesion, no elongation, arrested cell-cycle, and eventually undergo
apoptosis (Paszek et al. 2005; Chiu et al. 2007; Wall et al. 2007).

However, it is also important to note that cells have an optimum range of stiffness. Engler
et al. reported that mesenchymal stem cells (MSCs) commit to specific lineage depending on
the matrix's stiffness. MSCs show neurogenic commitment on 0.1 — 1 kPa, myogenic on § —
17 kPa, and osteogenic at 25 — 40 kPa (Engler et al. 2006). Additionally, while a stiffer substrate
is better for the fibroblasts adhesion (Yeung et al. 2005), the opposite effect is observed in
neurons, in which less neurite branching is observed on a stiff substrate (Flanagan et al. 2002).
Previous studies have also reported that stem cells exhibit “durotaxis” behaviour, in which the
stem cells have the tendency to migrate to the highest stiffness point on the gradient (Tse and

Engler 2011; Vincent et al. 2013).



Cells also actively respond to the temporal changes of the substrate stiffness. In the
progression of cancer, injury, or ageing process, re-organisation of the ECM results in gradual
stiffening or softening of the substrate (Lacraz et al. 2015; Ondeck et al. 2019; Silver et al.
2021). Studies by the Engler group showed that gradual stiffening of the substrate results in
cytoskeleton re-organisation in the fibroblast (Ondeck and Engler 2016) and promotion of
malignant transformation of breast cancer cells (Ondeck et al. 2019). Stiffening of the substrate
post-injury also activates the resident muscle stem cells to proliferate and regenerate the muscle
tissue (Silver et al. 2021). A recent study by Hayashi et al. also reported that myoblasts readily
change their morphology upon switching the substrate stiffness (Hayashi et al. 2022). In stem
cells, the gradual stiffening of the substrate is also an important cue for differentiation. Early
stiffening (1 day) will induce osteogenic differentiation, while later stiffening (7 days)
increases the adipogenic differentiation of human mesenchymal stem cells (Guvendiren and

Burdick 2012).

1.2 Viscoelasticity

In addition to stiffness, the viscoelasticity of the ECM is also an important regulator for cell
behaviour. Natural tissues and ECM-derived materials are known to possess viscoelastic
properties (Maccabi et al. 2018; Huang et al. 2019). Physiologically, viscoelasticity is widely
correlated with cancer progression. Cancer cells are tightly packed by their surrounding tissues.
Therefore, their ability to divide and migrate (metastasis) depends on the viscoelasticity of the
ECM. Wisdom et al. reported that breast cancer cells' migration in physical confinement
depends on the viscoelasticity of the microenvironment. In an elastic matrix, the cancer cells
can protrude and break the confinement, which allows them to migrate (Fig. 1-2 (a)) (Wisdom

et al. 2018).



Viscoelasticity of the substrate also regulates the cancer cell division. Confining the cancer
cells in an elastic matrix increase the percentage of division failure due to abnormal mitotic
spindle (Fig. 1-2 (b-c)). Meanwhile, cancer cells confined in a viscoelastic matrix can exert
forces to deform their surrounding environment, allowing cells to undergo a normal mitosis
process (Nam and Chaudhuri 2018). While these studies demonstrate the importance of
viscoelasticity, the effect of viscoelasticity is considered negligible, particularly in 2D culture

with high stiffness substrate, and considered of importance in soft 3D confinement.

(7]

100 ~

Percentage of
division failure (%)
(61
o
1
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Fig. 1-2 Effect of viscoelasticity to (a) breast cancer cell migration and (b-c) cell division.
(a) Protruding of cancer cells to migrate in 3D confinement. Reprinted from (Wisdom et al.
2018). Copyright Springer Nature. (b) Buckling of mitotic spindle of cancer cells in elastic
substrate. (c) Failure of cell division in elastic substrate. Reprinted from (Nam and

Chaudhuri 2018). Copyright Springer Nature.

1.3 Pore Size

Similar to viscoelasticity, the substrate's pore size is also important in regulating confined
cells. Several studies have reported that pore size controls stem cells differentiation. Li et al.
reported that neural stem/progenitor cells show higher differentiation to neurons, astrocytes,
and oligodendrocytes, in the matrix with a larger pore size (4060 — 7600 um?) (Li et al. 2012).
Another study reported that pore size of 300 pum is effective in inducing chondrogenic
differentiation in MSCs (Matsiko et al. 2015). Pore size is also important in bone regeneration.

Thangprasert et al. reported that pore size can control the osteoblasts' adhesion, proliferation,



and calcium deposition, with pore size of 67.38 um being the most effective in inducing bone

formation (Thangprasert et al. 2019).

v

DAPI F-actin refi

Fig. 1-3 Migration of neutrophil through different pore size. ©2013 Wolf et al. Originally
published in Journal of Cell Biology. https://doi.org/10.1083/jcb.201210152

In addition to regulation of stem cell differentiation and bone regeneration, pore size is also
important in controlling the 3D migration of the confined cells. Stem cells homing require the
cells to migrate through the tight confinement of the tissue or blood vessel (Doolin et al. 2020).
Similarly, cancer cell invasion also depends on their ability to overcome the confinement
(Alexander et al. 2008). Harada et al. reported that MSCs and cancer cells could migrate
through 3D confinement when the pore size is > 3 pum, as cells cannot deform their nucleus
through pore size <3 pm (Harada et al. 2014).

Furthermore, Wolf et al. reported cell type-dependent physical limits of the cell migration.
The physical limits of cancer cells, T-cells, and neutrophils, to migrate are 7 pm?, 4 um?, and
2 um?, respectively (Wolf et al. 2013). To squeeze through > 3 um pore size, cells can deform
their shape into amoeboid or mesenchymal (Fig. 1-3) (Friedl and Alexander 2011; Wisdom et
al. 2018). In the case of tighter confinement < 3 um, the cells have to re-model the matrix by
physically “ripping” the matrix using invadopodium or degrading the matrix by proteases (Fig.

1-4) (Wisdom et al. 2018).
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Fig. 1-4 Cell migration modes in 3D physical confinement. Cells can change its shape to
squeeze through pore, release protease to degrade the ECM, or physically widening the pore

by protrusion. Reprinted from (Wisdom et al. 2018). Copyright Springer Nature.

1.4 Degradability

The cancer cell is known to produce matrix metalloproteinases (MMPs) that can degrade
the ECM, allowing them to migrate and metastasise into distant tissues (Kessenbrock et al.
2010). A wide variety of MMPs that degrade the ECM components have been reported, such
as collagen (MMP-1, MMP-8), gelatin (MMP-2, MMP-9), laminin (MMP-3), and elastin
(MMP-12) (Jabtonska-Trypu¢ et al. 2016). Cells can protrude, forming pseudopodium or
invadopodium, which then produce the MMP, releasing the cells from the confining matrix

(Fig. 1-4) (Sabeh et al. 2004; Wolf et al. 2007). In gastric cancer, increasing the collagen cross-



linking induces the MMP-2 and MMP-9 expression to degrade the ECM, further promoting
the cancer invasion (Zhao et al. 2019).

Degradability of the matrix is also crucial for controlling stem cell behaviour. Madl et al.
reported that matrix degradation is important to maintain the stemness of neural progenitor
cells. Neural progenitor cells require cell-cell contact to maintain stemness. Low degradability
of the matrix limits the cadherin-mediated cell-cell contact, which results in the loss of
stemness (Madl et al. 2017). The ability of stem cells to degrade their matrix by MMP is also
important to control the differentiation lineage. Deletion of membrane-anchored
metalloproteinase MT1-MMP (Mmp14) alters the differentiation lineage of skeletal stem cells
from osteogenic to adipogenic and chondrogenic (Tang et al. 2013). Matrix degradation is also
important to allow the transmigration of leukocytes and MSCs through the blood-brain barrier
(Liu et al. 2013). MMP-2 and MT1-MMP are reported to be the regulators in MSCs
transmigration through the endothelial layer, which is important for successful stem cell
therapy (De Becker et al. 2007; Steingen et al. 2008). These results show that matrix
remodelling, which depends on the viscoelasticity, pore size, and degradability of the matrix,

can alter various cells' behaviour with high clinical relevance.

1.5 Architecture

As a consequence of matrix remodelling, the architecture of the ECM can be altered.
Naturally, ECM consists of aligned collagen fibres. However, in cases like wound healing,
disturbed alignment of collagen fibres can result in scar formation (Xue and Jackson 2015). In
Osteogenic Imperfecta, in which collagen I synthesis and organisation are disrupted due to
mutation, bone architecture is altered, resulting in a reduced bone mass (Morello 2018).

The architecture of the ECM also acts as a topological cue for the cells. Multiple studies

have reported that myotubes alignment is important in skeletal muscle tissue regeneration (Fig.



1-5) (Hosseini et al. 2012; Bettadapur et al. 2016; Denes et al. 2019). In addition, the
architecture of the cell environment can also regulate the cell-cycle progression of sarcoma

cells (Moriarty and Stroka 2018).
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from (Bettadapur et al. 2016). Copyright Springer Nature.

2. Chemical Properties of ECM
2.1 Molecular Weight

In addition to the physical properties, the chemical properties of the ECM, including
molecular weight and cell attachment sites, can also affect the cell biology by the interaction
with cell receptors (Table 2) (Dupont 2016; Tavianatou et al. 2019). While molecular weight
i1s known to affect to physical properties of the substrate, the component of ECM, such as
hyaluronic acid (HA), has a direct modulatory effect based on their molecular weight. In cancer,
growth inhibition and increased apoptosis are observed in human colon carcinoma and murine
mammary carcinoma cultured in the presence of high-molecular-weight HA (HMW-HA) (2.5
x 10° Da) (Ghatak et al. 2002). Meanwhile, low-molecular-weight HA (LMW-HA) (1.5 — 4.0
x 10° Da) promotes the tumour growth. This process is reported to be mediated by the Hippo

signalling. The presence of LMW-HA inhibits the CD44 (HA receptor) clustering, which



inactivate the Hippo pathway, resulting in the increase in breast cancer aggressiveness (Fig. 1-

6 (a)) (Ooki et al. 2019).

Table 2. Chemical properties of ECM that affect cell behaviour.

Chemical properties  Cell behaviour References
Molecular weight HA:
Cancer aggressiveness (Ooki et al. 2019)
Immune response (Mascarenhas et al. 2004)
Collagen:
Osteoblasts differentiation (Liu et al. 2015)
Gelatin:

Human corneal endothelial cells (Lai et al. 2006)
pro-inflammatory response
Fibrinogen:
Angiogenesis (Kaijzel et al. 2006)
Cell-attachment sites RHAMM:

Fibrosarcoma cell adhesion (Kouvidi et al. 2011)
Collagen I:
Stem cells osteogenic (Rowlands et al. 2008)
differentiation
CD44:
Stem cells migration (Avigdor et al. 2004)

The molecular weight of HA also plays a key role in regulating the immune response. LMW-
HA (<5 x 10° Da) is accumulated following tissue injury. The presence of this LMW-HA then
induces the immune response. Ohkawara et al. reported that LMW-HA (2 x 10° Da) activates
the transforming growth factor-p (TGF-B) production by eosinophil, but not HMW-HA (5.8 x
10° Da) (Ohkawara et al. 2000). LMW-HA (3.7 x 10° Da) is also reported to induce interleukin-
8 (IL-8) production, while increasing the HA molecular weight to 6 — 23 x 10° Da reduces the

IL-8 production up to 5 times (Mascarenhas et al. 2004). Small HA fragments (sHA: 6 —20 x
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10° Da) also act as an activator of dendritic cells and macrophages during inflammation

(Termeer et al. 2000; Termeer et al. 2002).
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Fig. 1-6 Effect of substrate molecular weight on cell behaviour. (a) Molecular weight of HA
regulates the cancer aggressiveness by CD44 clustering. Reprinted from (Ooki et al. 2019).
Copyright Elsevier. (b) Effect of gelatin molecular weight to IL-6 release by human corneal
endothelial cell. Reprinted (adapted) with permission from (Lai et al. 2006). Copyright 2006

American Chemical Society.

In addition to HA, the molecular weight of other ECM components, including collagen,
gelatin, and fibrinogen, also affect cell behaviour. Liu et al. reported that the molecular weight
of collagen can control the osteoblasts differentiation, in which higher differentiation and
mineral production are observed in the presence of HMW-collagen (2.9 — 7.7 x 10° Da) (Liu
etal. 2015). Lai et al. compared the human corneal endothelial cells (HCEC) response to gelatin
with an average molecular weight of 3 — 100 x 10° Da. While a minimum effect is observed
on the proliferation and viability of the cells, gelatin with a molecular weight of 1.0 x 10° Da
stimulates the IL-6 release (Fig. 1-6 (b)) (Lai et al. 2006), indicating the inflammatory

regulation by gelatin molecular weight. Fibrinogen molecular weight is also reported to play a
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role in the formation of capillary tubes (angiogenesis). Higher angiogenesis is observed in the
HMW-fibrinogen (3.4 x 10° Da) than in the LMW-fibrinogen (2.7 — 3.0 x 10° Da) (Kaijzel et
al. 2006). This is probably mediated by the presence of RGD-sequence in the HMW-fibrinogen

that is removed in the LMW-fibrinogen (Brooks et al. 1994; Clark et al. 1996).

Proteoglycans Cytoplasm
(CD44 etc. i 3
Hyaluronic
acid Nucleus
ER
EGF-like '#': ~~~~~
ligand ./ f ----- —» Differentiation

ADAM

Proliferation/

Fibronectin invasion
é Survival/
Laminin é Spopiasis
Integrins ((1281 X > » Migration
a5B1 etc

Receptor Tyrosine

Kinases (DDR1,2) i iCell

membrane

Fig. 1-7 Interaction of cell adhesive ligands with cell receptors and their signalling pathways

to regulate cell behaviour. Reprinted from (Cao et al. 2021). Copyright Springer Nature.

2.2 Cell Adhesive Ligands

Apart from perceiving the physical properties of the substrate, the cell receptors can directly
interact with the cell adhesive ligands of the ECM (Fig. 1-7). Several adhesive ligands have
been identified, i.e., collagen or gelatin that interact with integrins and receptor tyrosine kinase;

HA that interact with CD44 and receptor for HA-mediated motility (RHAMM) (Kouvidi et al.
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2011); cytokines, growth factors, or receptors, such as epidermal growth factor receptor
(EGFR) can interact with a disintegrin and metalloprotease (ADAM) (Blobel 2005).
Fibronectin can interact with several cell receptors, including integrins, CD44, and toll-like
receptor 4 (TLR4) (Wirth et al. 2020). Integrins can also act as a receptor for the laminin
(Arimori et al. 2021).

Interaction between the cell adhesive ligands and the cell receptors then activates several
signalling pathways that can affect cell behaviour (Fig. 1-7). Kouvidi et al. reported that HA
regulates the adhesion of fibrosarcoma cells via RHAMM that activates the focal adhesion
kinase (FAK) and extracellular signal-regulated kinases (ERK1/2) (Kouvidi et al. 2011). HA
interaction with CD44 also mediates the trans-endothelial migration of CD34" stem/progenitor

cells in bone marrow via interaction with CXCR4 (Avigdor et al. 2004).

3. Hydrogels as ECM Model

Due to the importance of the ECM in regulating cell behaviours, understanding the cell-
ECM interaction is crucial. The tissue engineering approach employing hydrogels is a valuable
technique to model the native ECM and study the cell behaviour concerning cell-ECM
interaction in vitro. Hydrogel is a network of cross-linked polymers that can contain a large
amount of water (Ahmed 2015). The advantage of hydrogel is that its physicochemical
properties can be tuned to mimic the physiological condition by changing the materials and
cross-linking technique.

Hydrogels can be fabricated from natural materials and synthetic materials. Synthetic
material allows fabrication of hydrogels with tailored molecular weight, high mechanical
property and possessing stimulus-responsive properties (Madduma-Bandarage and Madihally
2021). Recent studies have utilised polyvinyl alcohol (PVA) / graphene oxide (GO)—

hydroxyapatite (HA) nano-composite hydrogels for artificial cartilage replacement (Meng et
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al. 2020), polyacrylic acid (PAA)-impregnated PVA (PVA/PAA) hydrogel for vascular access
application (Mannarino et al. 2020), and polyacrylamide (PA) hydrogels to study collective
cell migration (Vazquez et al. 2022). In addition, polyethylene glycol (PEG), polyurethane
(PU), poly(2-methoxyethyl acrylate) (PMEA), and poly(lactide-co-glycolic) acid (PLGA) are
also used (Hoshiba et al. 2017; Abreu-Rejon et al. 2022; Ghandforoushan et al. 2022).

Most of these synthetic polymers, however, suffer from low cell adhesion. Additionally,
these polymers can also induce protein adsorption and denaturation (Felgueiras et al. 2017,
Abreu-Rejon et al. 2022). Consequently, these materials have low biocompatibility, even
inducing thrombogenic reactions (Zheng et al. 2010). Additionally, while improving cell
adhesion is attempted by incorporating cationic polymers such as poly-L-Lysine (Zheng et al.
2021), these materials lack interaction with cell receptors such as integrins.

Based on these limitations, natural materials are preferable for hydrogel fabrication to study
cell-ECM interaction and biomedical applications. While the mechanical property of the
hydrogel obtained from natural materials is lower than those obtained from synthetic materials
(Abalymov et al. 2020), the natural materials exhibit low or no cytotoxicity. In particular,
gelatin, a product of hydrolysed collagen, is extensively used due to its biological property in
supporting cell adhesion (Gomez-Guillen et al. 2011; Bae et al. 2015; Agheb et al. 2017). More
importantly, gelatin-based hydrogels also have good biocompatibility, biodegradability, and

non-immunogenic (Farris et al. 2010).

4. Gelatin-Based Hydrogels

Previous studies have utilised various methods to fabricate gelatin hydrogel (Table 3). Most
commonly, gelatin hydrogel is fabricated by cooling gelatin solution to temperature < 30 °C
that induces sol-gel transition. However, this temperature-induced gelation method cannot be

used in in vitro or in vivo conditions since the hydrogel is readily dissolved in a physiological
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temperature (Gillmor et al. 1999). Various physical, chemical, and enzymatic cross-linking

methods are developed to solve this problem.

Table 3. Examples of cross-linking methods to fabricate gelatin-based hydrogels.

Cross-linking categories Cross-linking methods References
Physical cross-linking High energy electron irradiation (Wisotzki et al. 2014)
y-ray irradiation (Kojima et al. 2004; Cataldo
et al. 2008)
Plasma treatment (Prasertsung et al. 2013)
Chemical cross-linking Formaldehyde (Ninan et al. 2013)
Glutaraldehyde (Poursamar et al. 2016; Yang
et al. 2018)
Genipin (Nickerson et al. 2006;
Kirchmajer et al. 2013)
Photocross-linking (Zhao et al. 2016; Lim et al.
2019)
Enzymatic cross-linking  Transglutaminase (Chen et al. 2003; Ito et al.

2003; Gupta et al. 2021)
Horseradish peroxidase (Hu et al. 2009; Sakai et al.
2009a; Wang et al. 2010b)

4.1 Physical Cross-Linking

Physical cross-linking is mainly conducted via irradiation. Using high-energy electron or y-
ray irradiation, scission in the gelatin chain can occur, resulting in the formation of free radicals
that consequently induce cross-linking between the gelatin chains (Bessho et al. 2007; Wisotzki
et al. 2014). Similarly, plasma treatment of gelatin solution will induce the formation of free
radicals, which then activate the cross-linking (Prasertsung et al. 2013). The advantage of this
system 1is that in addition to cross-linking, irradiation with yp-ray or electron beam can

simultaneously sterilise the materials, making it suitable for cell study or biomedical
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applications. In addition, physical cross-linking also does not require the use of toxic chemicals
to induce the cross-linking. However, this system suffers from a low cross-linking degree,
resulting in hydrogels with a low mechanical property (Ratanavaraporn et al. 2010; Rose et al.

2014).

4.2 Chemical Cross-Linking

In chemical cross-linking, several studies have utilised aldehydes, i.e., formaldehyde and
glutaraldehyde, to induce gelatin cross-linking (Ninan et al. 2013; Poursamar et al. 2016; Yang
et al. 2018). In glutaraldehyde cross-linking, the reaction between the carbonyl groups of the
glutaraldehyde and the amine groups of the gelatin induces the formation of cross-linking
networks. However, the use of formaldehyde and glutaraldehyde can have a toxic effect on
cells (Lee and Mooney 2001; Yang et al. 2018).

As an alternative to the glutaraldehyde cross-linking, genipin is also used. While genipin
has lower toxicity than glutaraldehyde, genipin is limited by the high cost, limited source, and
difficulty in the extraction process (Zhao and Sun 2018). Moreover, genipin also spontaneously
forms dark blue colour when reacted with gelatin (Makita et al. 2018), which limits the cells'
observation.

Alternatively, a photocross-linking technique is developed in which gelatin methacrylate
(GelMA) can be cross-linked by UV light irradiation to the solution containing GelMA and
photocross-linker, e.g., 2-Hydroxy-4’-(2-hydroxyethoxy)-2-methylpropiophenone (Irgacure
1929), Lithium phenyl(2,4,6-trimethylbenzoyl)phosphinate (LAP), or Eosin Y (Jaipan et al.
2017). However, UV light irradiation can cause DNA damage, limiting cell-laden hydrogel
fabrication. In addition, the photocross-linker is also reported to have a cytotoxic effect on

mammalian cells (Nguyen et al. 2020).
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4.3 Enzymatic Cross-Linking
4.3.1 Transglutaminase

In addition to the physical and chemical cross-linking, gelatin hydrogel can be fabricated
through enzymatic cross-linking. Transglutaminase is an ubiquitous enzyme found in plants,
animals, or microbes (Yung et al. 2007). Particularly, microbial transglutaminase (mTG) is
widely used to fabricate gelatin hydrogel (Chen et al. 2003; Ito et al. 2003; Gupta et al. 2021).
mTG catalyses the gelatin cross-linking by inducing the formation of covalent lysine amide
bonds of the gelatin strands (Yokoyama et al. 2004; Yung et al. 2007). While the safety of
mTG is widely reported, this method requires a long gelation time (> 4 h) (Yung et al. 2007,

Bettadapur et al. 2016; Gupta et al. 2021).

4.3.2 Horseradish Peroxidase

As an alternative, horseradish peroxidase (HRP)-catalysed cross-linking of gelatin
derivatives possessing phenolic hydroxyl moieties (Gelatin-Ph) is a promising method, since
gelation occurs in rapid time and within physiological conditions (Sakai et al. 2009a; Sakai and
Nakahata 2017). Additionally, the biocompatibility of HRP-catalysed cross-linking of Gelatin-
Ph is already well-established, which allows it to be applied in cell transplantation (Park et al.
2019), as drug carrier (Kondo et al. 2013), wound dressing (Yao et al. 2019), as well as
bioprinting (Sakai et al. 2018).

In the HRP-catalysed cross-linking system, HRP reacts with hydrogen peroxide (H20O>),
forming an intermediate complex (Compound I) that reduces the phenol to phenoxy radical,
converting it to Compound II. The reaction of Compound II with another phenol reduced
Compound II back to its native state. The phenoxy radicals can form C-C or C-O coupling,
forming cross-linking between the phenol groups in the polymer chains (Hou et al. 2015;

Khanmohammadi et al. 2018) (Fig. 1-8).
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Fig. 1-8 Schematic illustration of the HRP-catalysed cross-linking of the polymers

possessing phenol group.

Using this system, the hydrogel can be fabricated by using a wide range of materials

possessing Ph moieties. In addition to natural polymers, including gelatin, hyaluronic acid,

chitosan, and carboxymethylcellulose, HRP-catalysed cross-linking also can be applied to

synthetic polymers such as PVA, PEG, and poly(propylene oxide)-poly(ethylene oxide) (Table

4).

Table 4. Examples of natural and synthetic polymers used in HRP-catalysed cross-linking.

Natural polymer

Reference

Gelatin

Hyaluronic acid
Chitosan

Alginate
Carboxymethylcellulose

(Hu et al. 2009; Sakai et al. 2009a)
(Lee et al. 2008; Sakai et al. 2015)
(Sakai et al. 2009b)

(Sakai et al. 2010)

(Ogushi et al. 2009)

Synthetic polymer Reference
Poly(vinyl alcohol) (Sakai et al. 2013)
Poly(ethylene glycol) (Ren et al. 2017)

poly(propylene oxide)-poly(ethylene oxide) (Kim et al. 2012)
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4.4 H20O: in HRP Cross-Linking

H>O: has been a subject of interest in the HRP-catalysed cross-linking. Previously, multiple
studies have developed several approaches to supply the H>O» in the cross-linking system.
While direct mixing of solution containing Polymer-Ph and HRP with aqueous H>O: is the
most common method, this method suffers from inhomogeneity of the hydrogelation and
cytotoxic effect of the remaining H>O». Furthermore, direct supply method can also inactivate
the HRP (Sakai and Nakahata 2017).

As an alternative, a variety of indirect H>O> supply methods have been developed. Sakai et
al. reported the HRP-catalysed cross-linking utilising the glucose oxidase (GOX) (Sakai et al.
2012). GOX can produce H>O» as a by-product of D-glucose conversion to D-gluconic acid
(Dinda et al. 2018). The produced H>O>, thus, can be used to induce the HRP cross-linking.
Using this approach, in situ cross-linking exploiting the presence of glucose in the body fluid
is reported for wound healing application using PVA-Ph (Sakai et al. 2013).

In addition, Liu et al. reported an interesting approach to achieving HRP cross-linking on
the cell membrane by utilising the H>O: as reactive oxygen species (ROS) produced by the
cells. Using this technique, cross-linking can be achieved by simply immersing the cells in a
solution containing Polymer-Ph and HRP without the need to immerse them in solution
containing H>O» (Liu et al. 2014b). Another novel approach is reported in which H>O» is
supplied as a ppm-level gas-phase (Sakai et al. 2018). Using this method, homogenous cross-
linking can be achieved. More importantly, the cross-linking period can be easily controlled by
a simple switch of the air containing H>O» exposure to the solution containing Polymer-Ph +
HRP.

While the supply method has been extensively studied, less attention has been given to the
function of H>O; as an oxidant that can degrade the polymers. H>O, can produce free radicals

that can lead to cleavage of the polymer chain (Chang et al. 2001). Indeed, it is widely used for
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degrading various polymers, including gelatin, alginate, chitosan, and HA (Takahashi et al.
1998; Chang et al. 2001; Li et al. 2010).

In particular to gelatin, a previous study has reported that degradation by H,O, reduces the
high molecular weight fractions (> 2 x 10° Da) and increases the low molecular weight
fractions (< 1 x 10° Da). H,O, treatment also induces the decomposition of various amino acids
in the gelatin molecules, including methionine, tyrosine, and lysinoalanine residues. In general,
H>0, degrades gelatin molecules by oxidative cleavage of peptide bonds (Takahashi et al.
1998).

Based on this, H>O> can have a contradicting effect in the HRP-mediated cross-linking:
inducing the cross-linking while degrading the Polymer-Ph. Consequently, the contradictory
effect of H,O, can affect the mechanical property of the hydrogels. Understanding the
dynamics of the mechanical property of the Gelatin-Ph-based hydrogel by H,O., therefore,

would be crucial, as it would impact the behaviour of cells cultured on the Gelatin-Ph hydrogel.

5. Overview

The objective of this study is to investigate the influence of H>O,-mediated cross-linking
and degradation of gelatin-based hydrogels on the cell behaviour. Chapter II focuses on
investigating the contradictory effect of H2O> on mechanical property and molecular weight of
the Gelatin-Ph and its effect on cell adhesion. Chapter III describes the application of the H,O»-
mediated cross-linking and degradation of the Gelatin-Ph hydrogel to control myogenesis.
Chapter IV describes the modulation of the cell-cycle progression by the stiffness and
molecular weight of the Gelatin-Ph/HA-Ph composite hydrogel controlled by H>O> (Fig. 1-9).

In Chapter II, the contradictory effect of H>O> on Gelatin-Ph hydrogel was investigated.
H>0; was supplied by exposing air containing 16 ppm H>O> to aqueous Gelatin-Ph and HRP,
allowing control of Gelatin-Ph cross-linking by adjusting the exposure time. First,

hydrogelation of the Gelatin-Ph was investigated in different HRP concentrations. Next, the
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mechanical property of the Gelatin-Ph hydrogel fabricated through different HRP
concentrations and the exposure time to air containing H>O, was measured. To demonstrate
the role of H20; in degrading Gelatin-Ph, the molecular weight of Gelatin-Ph was analysed
following H>O, exposure. Finally, the effect of these changes on modulating the cell adhesion

was studied using human adipose-derived stem cells (hASCs) and rat fibroblast (3Y1) cells.
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Fig. 1-9 Overview of this study. The contradictory effect of H,O, that simultaneously
induce HRP-catalysed cross-linking while also degrade the polymer as oxidant is studied
by controlling the exposure time to air containing H>O>. The effect of the mechanical
property changes of the gelatin-based hydrogels controlled by the air containing H>O»
exposure on regulating cell behaviour is studied on cell adhesion, myogenesis, and cell-

cycle progression.



In Chapter 111, the role of mechanical property of Gelatin-Ph hydrogels mediated by H>O»
to control the myoblasts' behaviour was investigated. Mouse myoblast (C2C12) cells were
seeded on Gelatin-Ph hydrogel, obtained through different exposure time to air containing
H>0.. To confirm the cytocompatibility of this method, myoblasts viability was investigated.
The adhesion of myoblasts was investigated based on the morphological analysis. Furthermore,
the effect of mechanical property changes of Gelatin-Ph on regulating myogenesis was studied
by investigating the myoblasts’ differentiation to multinucleated myotubes on the resultant
hydrogels.

In Chapter 1V, this system was applied to control the mechanical property of composite
hydrogel composed of Gelatin-Ph and HA-Ph. The composite hydrogel mimics the
composition of native ECM. In addition, HA-Ph provides chemical cues in the form of
molecular weight and cell-adhesive ligands. This system was utilised to investigate the effect
mechanical property of ECM on regulating the cell-cycle progression. Cell-cycle was studied
using fluorescent ubiquitylation-based cell-cycle indicator (Fucci2)-expressing human cervical
cancer cell line HeLa cells as a widely used cancer cell model and non-transformed mouse
mammary gland epithelial cell line NMuMG cells. Initially, the viability of the cells was
investigated. Next, the adhesion of the cells was investigated based on their morphological
characteristics. The cell-cycle progression on the hydrogels was observed based on the
fluorescent changes of the nuclei expressing Fucci2 that changes depending on the cell-cycle
phase. To study the mechanism of the cell-cycle regulation, cytoskeleton re-organisation was
analysed by F-actin staining.

The results of this study are summarised in General Conclusions. Suggestion for the

application of this system is presented in Future Works.
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Chapter 11

Influence of Hydrogen Peroxide-Mediated Cross-Linking and Degradation

on Cell-Adhesive Gelatin Hydrogels

1. Introduction

Gelatin is an important material for various applications in the food, pharmaceutical, and
medical fields because of its biodegradability and biocompatibility. Gelatin hydrogel is
particularly useful in the tissue engineering due to its ability to promote cell adhesion in/on
substrates (Gomez-Guillen et al. 2011; Bae et al. 2015; Agheb et al. 2017). It is well-known
that gelatin hydrogels can be obtained by cooling a hot aqueous solution of gelatin to less than
30 °C. However, the gelatin hydrogels obtained through the thermally induced gelation readily
dissolve at around 37 °C. It means that the gelatin hydrogels show a gel-to-sol transition in the
body and the environment conventionally used for cell culture. Therefore, various methods
have been developed to induce the gelatin-based hydrogels to be stable at around 37 °C (Lee
and Mooney 2001).

Horseradish peroxidase (HRP)-catalysed gelation of aqueous solutions containing a gelatin
derivative with phenolic hydroxyl (Ph) moieties (Gelatin-Ph) is one of the methods which has
been used for obtaining gelatin-based hydrogels stable at around 37 °C (Sakai et al. 2009a;
Sakai and Nakahata 2017). Due to the good cytocompatibility and biocompatibility (Kondo et
al. 2013; Le Thi et al. 2017; Nakahata et al. 2018; Gantumur et al. 2020), the hydrogels have
been studied for varieties of biomedical applications, such as vehicles for retinal progenitor
cell transplantation (Park et al. 2019), carriers of drugs for bone regeneration (Kondo et al.

2013), cell-laden wound dressing (Yao et al. 2019), and inks for bioprinting (Sakai et al. 2018).
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Fig. 2-1 Schematic illustration of contradictory effect of hydrogen peroxide to induce HRP-
mediated enzymatic hydrogelation and degradation of the Gelatin-Ph. Reprinted (adapted)
with permission from (Mubarok et al. 2021). Copyright 2021 American Chemical Society.

To fabricate the Gelatin-Ph hydrogel via the HRP-catalysed enzymatic gelation, H,O» is
consumed for inducing the cross-linking of Ph moieties (Fig. 2-1). Apart from the function of
inducing the gelation, H,O, is known to induce degradation/depolymerisation of various
polymers through oxidation (Takahashi et al. 1998; Li et al. 2010; Liu et al. 2014a). Takahashi
et al. reported that treatment of gelatin with H>O; reduced the viscosity of its aqueous solution
and the melting point of the resultant hydrogels (Takahashi et al. 1998). They demonstrated
that these results were caused by the degradation of gelatin molecules through oxidative
cleavage of peptide bonds and cross-links (Takahashi et al. 1998).

Although the degradation of polymers by H>O> is widely accepted, its effect on the
properties of hydrogels obtained through HRP-catalysed reaction has not been fully studied. In
addition, the changes in the properties of hydrogels may affect the surrounding cells. It has
been reported that cell behaviours, such as cell morphology (Ni and Chiang 2007; Sun et al.

2018), proliferation (Hadjipanayi et al. 2009; Kalli and Stylianopoulos 2018), differentiation
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(Engler et al. 2006; Zhan 2020), and cell death (Ma et al. 2008; Marastoni et al. 2008), were
influenced by the properties of adhering substrates.

In this chapter, the contradictory functions of H»O; in increasing hydrogel strength by
inducing HRP-catalysed cross-linking; while also reducing hydrogel strength as an oxidant that
induces the degradation of gelatin molecules were demonstrated. Moreover, the behaviours of
human adipose-derived stem cells and rat fibroblast cells on the hydrogels obtained through

the H,O»>-mediated crosslinking and degradation were reported.

2. Materials and Methods
2.1 Materials

Gelatin from bovine skin (Gelatin Type B) was purchased from Sigma-Aldrich (St. Louis,
MO, USA). HRP (200 U mg™"), H,0, aqueous solution (31% w/w), N-hydroxysuccinimide
(NHS), N,N-Dimethylformamide (DMF), catalase from bovine liver, and mitomycin C were
purchased from Wako Pure Chemical Industries (Osaka, Japan). Water-soluble carbodiimide
hydrochloride (WSCD-HCI) was obtained from Peptide Institute (Osaka, Japan). Gelatin-Ph
(1.1 x 10™* mol-Ph g-Gelatin-Ph!) was synthesised by conjugating 3-(4-hydroxyphenyl)
propionic acid (HPPA) with gelatin in DMF buffered solution (pH 4.7) using WSCD / NHS as
previously reported (Hu et al. 2009; Sakai et al. 2017; Gantumur et al. 2019). Human adipose-
derived stem cells (hASCs) were obtained from Lonza (Walkersville, MD, USA) and cultured
in human Adipose-Derived Stem Cell Growth BulletKit™ Medium (PT-4505, Lonza,
Walkersville, MD, USA) containing 10% (v/v) fetal bovine serum (FBS). Rat fibroblast 3Y1
cells were obtained from the Riken BioResource Center (BRC) (Ibaraki, Japan) and grown in
Dulbecco’s Modified Eagle’s Medium (DMEM, Nissui Pharmaceutical, Tokyo, Japan)
supplemented with 10% v/v FBS (Bio-fill, Victoria, Australia) in a humidified CO> incubator

at 37 °C. For cellular morphology analysis, cells were stained with Acti-stain™ 488 Phalloidin
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(PHDG1-A, Cytoskeleton Inc., Denver, USA) and DAPI (D9542-5MG, Sigma Life Sciences,

St. Louis, MO, USA).

2.2 Gelation Time Measurement

Gelation time was measured according to the method in the literature (Murakami et al. 2007;

Sakai and Kawakami 2007; Peng et al. 2009). Briefly, 200 uL of a solution containing 5% w/v

Gelatin-Ph and 1, 5, or 15 U mL~' HRP was added to a well of a 48-well plate and stirred using

a magnetic bar. The solution was then exposed to air containing H>O> (16 ppm) obtained by

blowing air into 1 M H>O» aqueous solution at room temperature (Gantumur et al. 2019). The

formation of a gel state was signalled when the magnetic stirring was hindered, and the surface

of the solution swelled.
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Fig. 2-2 Stress-strain curve of Gelatin-Ph hydrogels containing (a) 1 UmL™, (b) 5 U mL™',

and (c) 15 U mL~' HRP. Reprinted (adapted) with permission from (Mubarok et al. 2021).

Copyright 2021 American Chemical Society.

2.3 Mechanical Property Measurement

The aqueous solution containing Gelatin-Ph and HRP was poured into a 12-well plate at

500 pL well! and put into a plastic box (13.5 cm x 9.5 ¢cm x 7 cm). The air containing 16 ppm

H>0> was continuously supplied into the plastic box for 15, 30, 45, and 60 min. The mechanical

28



property of the resultant Gelatin-Ph hydrogels was measured using a material tester (EZ-Test,
Shimadzu, Kyoto, Japan). The hydrogels were compressed with a probe (diameter, 8 mm) at a
compression rate of 1.0 mm min~'. The Young’s modulus was calculated from the data

obtained in the range of 1 — 10% compression (Fig. 2-2).

2.4 Molecular Weight Measurement

Aqueous solutions containing 5% w/v Gelatin-Ph and 0 — 0.15% w/v H>O» were stirred
overnight at 60 °C. The molecular weights of Gelatin-Ph contained in the resultant solutions
were measured using HPLC equipped with a UV detector (GL-7480, GL Sciences, Tokyo,

Japan) and RI detector (RID-20A, SHIMADZU, Kyoto, Japan).

2.5 Cell Adhesion Analysis

Gelatin-Ph hydrogels obtained from a solution containing 5% w/v Gelatin-Ph and 5 U mL~
'HRP with different exposure times to air containing H,O» were immersed in PBS for 3 h.
Then, the hydrogels were immersed in a culture medium containing 0.1% w/v catalase for 21
h to remove the remaining H>O». Before seeding, hASCs and 3Y1 cells were exposed to 10 pg
mL~" mitomycin C for 2 h to terminate cell proliferation and prevent the effect of proliferation
influencing the cell morphology evaluation (Bryja et al. 2006). Cells were then seeded on the
hydrogels at 5.0 x 10° cells well™ in a fresh cell culture medium. After 24 h of seeding, F-actin
and the cell nuclei were stained with Acti-stain™ 488 phalloidin and DAPI, respectively, to
observe the cell adhesion. Briefly, cells were fixed with 4% paraformaldehyde for 10 min and
permeabilised in 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES) buffer for 5
min. Acti-stain™ 488 Phalloidin (100 nM in PBS) was added for F-actin staining, and the cells
were incubated for 30 min, followed by nuclei staining via the addition of 100 nM DAPI in

PBS for 10 min. Cell morphology was evaluated by measuring the cell length and width of
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more than 50 cells for each set of conditions using ImageJ 15.2k (NIH, Bethesda, MD, USA).

The cell aspect ratio was calculated as the ratio between cell length and cell width.

2.6 Statistical Analysis

Data were analysed using SPSS software (IBM SPPS Statistics, Chicago, IL, USA).
Statistical analysis was performed by one-way analysis of variance (ANOVA) followed by a
post-hoc #-test using Tukey HSD for multiple comparisons. Data are presented as means +

standard error (S.E.). Values of p < 0.05 were considered to indicate significance.
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Fig. 2-3 Effect of horseradish peroxidase (HRP) concentration on gelation time of 5% w/v
Gelatin-Ph solutions exposed to air containing 16 ppm H>O». Values: means + S.E. (n =5).
*p < 0.05, Tukey HSD. Reprinted (adapted) with permission from (Mubarok et al. 2021).
Copyright 2021 American Chemical Society.

3. Results and Discussion
3.1 Gelation Time

First, the effect of HRP concentration on the gelation behaviour of Gelatin-Ph solutions
exposed to air containing 16 ppm H>O; was investigated. The gelation time was 57 s at 1 U
mL~'HRP and decreased with increasing HRP concentration (p < 0.05) (Fig. 2-3). The shortest

gelation time was observed at 15 U mL~' HRP, which had a gelation time of 15 s. This trend is
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consistent with those reported in previous publications (Sakai and Kawakami 2007; Sakai et
al. 2010; Ren et al. 2015; Sakai et al. 2018). The shorter gelation times at higher HRP
concentrations could be caused by the accelerated formation of the phenolic radicals (Ren et
al. 2015). The important information obtained from this experiment was that the hydrogels

could be obtained within 1 min for all the conditions tested.
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Fig. 2-4 Effect of HRP concentration on Young’s modulus of hydrogels obtained from 5%
w/v Gelatin-Ph solutions through exposure to air containing 16 ppm H>O> for 15, 30, 45,
and 60 min. HRP concentration: (a) 1 U mL"!, (b) 5 U mL"!, and (c) 15 U mL"'. Values:
means = S.E. (n = 3). n.s : p > 0.05, *p < 0.05, Tukey HSD. Reprinted (adapted) with
permission from (Mubarok et al. 2021). Copyright 2021 American Chemical Society.

3.2 Mechanical Property

Next, the effect of the duration of the exposure to air containing H>O> on the stiffness of
Gelatin-Ph hydrogels obtained at different HRP concentrations was investigated by measuring
the Young’s modulus. HRP concentration and the exposure time governed the Young’s
modulus of Gelatin-Ph hydrogels (p < 0.05) (Fig. 2-4). The Young’s modulus of Gelatin-Ph

hydrogels obtained from 5% w/v Gelatin-Ph solution containing 1 U mL~! HRP, increased as
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the exposure time was extended to 30 min (Fig. 2-4 (a)). The Young’s moduli after 15 and 30
min of exposure were 1.4 and 2.9 kPa, respectively. A further increase of the exposure time to
60 min reduced the Young’s modulus to 0.6 kPa. The Young’s modulus of the hydrogel
obtained from the solution containing 5 U mL~' HRP also decreased when the exposure time
was increased to 60 min, with the values at 15 min and 60 min of exposure being similar at 1.5
kPa (p > 0.05) (Fig. 2-4 (b)). In contrast, the Young’s modulus of the hydrogels obtained from
the solution containing 15 U mL~' HRP did not decrease after 60 min of exposure (Fig. 2-4
(©)).

The mechanism of the exposure time-dependent transition of the stiffness of the hydrogels
can be explained by the correlation between the degrees of the progress of cross-linking
formation catalysed by HRP, HRP inactivation, and Gelatin-Ph degradation, which all
involving H>O». The inactivation of HRP (Arnao et al. 1990; Baynton et al. 1994; Carvalho et
al. 2006) and degradation of organic molecules including gelatin (Li et al. 2010; Liu et al.
2014a; Mad-Ali et al. 2016) by H>O> has been reported. In this study, H>O, was supplied
continuously to the system containing Gelatin-Ph and HRP. It means that the content of the
cross-linked Ph moieties should increase with increasing the exposure time to the air containing
H>0O», unless there are occurrences of HRP inactivation and Gelatin-Ph degradation. Therefore,
the results shown in Fig. 2-4 (a-b), showing the decrease of Young’s modulus with increasing
the exposure time from 45 to 60 min, indicate the occurrences of Gelatin-Ph degradation.

The non-decrease of Young’s modulus of the specimens obtained at 15 U mL~' HRP even
after increasing the exposure time to 60 min (Fig. 2-4 (c¢)) can be explained by the fact(s) that
the extent of the effect of Gelatin-Ph degradation did not outweigh the extent of the effect of
crosslink formation due to the high content of HRP, and/or the result of the larger amount of
H>0: consumption in HRP-mediated reaction. The higher amount of H.O> consumed for cross-

linking means that the amount of H>O; involved in the degradation of Gelatin-Ph was less.
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Fig. 2-5 shows the degradation of Gelatin-Ph by H>O,: The molecular weight of Gelatin-Ph
exposed to H>O» overnight decreased with increasing H>O» concentration. In the Gelatin-Ph
gelation system of this study, it is difficult to estimate the amount of H>O> involved in the
Gelatin-Ph degradation due to the supply of H>O, from the gas phase and the continuous
consumption of the supplied H-O» in HRP-mediated reaction. In addition, it is also difficult to
estimate the degree of degradation due to the formation of cross-links between Gelatin-Ph
molecules. However, the result shown in Fig. 2-5§ would be sufficient to demonstrate the

degradation of Gelatin-Ph in the gelation system.
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Fig. 2-5 (a) Intensity-time curve and (b) molecular weight of Gelatin-Ph after overnight
incubation of 5% w/v Gelatin-Ph solution in the presence of 0, 0.003, 0.030, 0.060, and
0.150% w/v H2Oz at 60 °C. Values: means + S.E. (n = 3). *p < 0.05, **p < 0.005, Tukey
HSD. Reprinted (adapted) with permission from (Mubarok et al. 2021). Copyright 2021

American Chemical Society.

Apart from them, it might be thought the effect of drying of the Gelatin-Ph hydrogels during
the exposure to air containing H>O> on the Young’s modulus of the resultant hydrogels.
However, the thought was denied by the result for the change in the weight of hydrogels during

60 min of exposure to air containing H>O> (Fig. 2-6). The changes in weight of hydrogels were
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less than 0.5% for all the hydrogels obtained from the solutions containing 5% w/v Gelatin-Ph
and 1, 5, 15 U mL~! HRP. The very small degree of drying would attribute to the air rich in

moisture obtained by blowing air into H>O» aqueous solution.
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Fig. 2-6 Effect of exposure time to air containing 16 ppm H>O» on the weight of Gelatin-Ph
hydrogels obtained from 5% w/v Gelatin-Ph solutions containing 1, 5, and 15 U mL~' HRP.
Data normalised against weight measured before exposure to air containing H,O,. Values:

means = S.E. (n = 3). Reprinted (adapted) with permission from (Mubarok et al. 2021).

3.3 Cell Adhesion

As described above, the hydrogels obtained from the solution containing 5 U mL~' HRP as
a result of 15 and 60 min exposures to air containing 16 ppm H>O>, showed similar Young’s
moduli, despite having different cross-linking densities and different degrees of Gelatin-Ph
degradation (Fig. 2-4 (b)). It has been reported that substrate mechanical property governs
various cell behaviours including proliferation, differentiation, and morphology (Cao et al.

2021). Therefore, next, the effect of these hydrogels on cell morphologies was investigated.
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Fig. 2-7 Effect of exposure time to air containing 16 ppm H>O». (a) Morphologies of human
adipose-derived stem cells (hASCs) and (b) rat fibroblast 3Y 1 cell on Gelatin-Ph hydrogels.
Bars: 50 pm. (c) Definitions of cell length and width. (d) Cell length, (e) cell width, and (f)
cell aspect ratio of hASCs; (g) cell length, (h) cell width, and (i) cell aspect ratio of 3Y'1
cells on Gelatin-Ph hydrogels. Values: means + S.E. (n > 50). *p < 0.05, Tukey HSD.
Gelatin-Ph hydrogels were obtained from 5% w/v Gelatin-Ph solution containing 5 U mL™
HRP. Reprinted (adapted) with permission from (Mubarok et al. 2021). Copyright 2021

American Chemical Society.

The morphologies of hASCs cells and rat fibroblast 3Y1 cells were different, respectively,
on each Gelatin-Ph hydrogel obtained following different exposure times to air containing
H>0: (Fig. 2-7). To visualize the morphological differences, F-actin and the cell nuclei were

stained with fluorescent dyes (Fig. 2-7 (a-b)), and the aspect ratio of the cells was calculated
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as the ratio of cell length and cell width (Fig. 2-7 (c)). The aspect ratio of hASCs was the lowest
for the hydrogels obtained after 15 min of exposure to air containing H>O> (Fig. 2-7 (f)). The
value was approximately 40% of that for the cells on the cell culture dish (Control). This
marked contrast in the aspect ratio is attributed to the difference in the cell length (Fig. 2-7
(d)). The width of the hASCs did not change significantly, regardless of the exposure time or
substrate (Fig. 2-7 (e)). The length of hASCs on the hydrogels increased with increasing
exposure time to air containing H>O», and the length of cells on the hydrogel obtained through
60 min of exposure was about 3.6 times longer than those on the hydrogel obtained through 15
min of exposure. In addition, the longest cells (60 min exposure) were approximately 1.4 times
longer than those cultured on the cell culture dish (Control) (Fig. 2-7 (d)).

This trend was not specific for hASCs. Similar results were also obtained for rat fibroblast
(3Y1) cells (Fig. 2-7 (g-i)). The general trend between hASCs and 3Y1 cells is similar. Short
exposure time to air containing H>O> resulted in small and circular cells. Meanwhile, increasing
the exposure time to air containing H>O: increased the cell elongation, similar to control cells.

The lowest cell size, circularity, and aspect ratio of hASCs and 3Y1 cells found on the
hydrogels obtained through 15 min of exposure were consistent with previous reports. It has
been reported that hASCs and fibroblasts show circular morphologies on softer substrates and
elongated morphologies on stiffer substrates (Yeung et al. 2005; Hadjipanayi et al. 2009;
Johnson et al. 2013; Asano et al. 2017).

A notable result inconsistent with these previous reports was that both hASCs and 3Y'1 cells
showed completely different morphologies (Fig. 2-7) on the hydrogels with similar stiffness
obtained through 15 and 60 min of exposure (Fig. 2-4 (b)). Scott et al. reported a similar result
for human aortic adventitial fibroblasts cultured on poly(ethylene glycol)-based hydrogel: the
degree of cell elongation was enhanced despite a decrease in Young’s modulus (Scott et al.

2020). They explained that the result could be attributed to a smaller hydrogel mesh size (Scott
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etal. 2020). In addition, it has been reported that cell adhesion increased for hydrogels obtained
from low-molecular-weight polymers (Alsberg et al. 2003; Suga et al. 2015).

In this study, the decrease in Young’s modulus when the exposure time of the Gelatin-Ph
hydrogels with 5 U mL~' HRP was extended from 45 to 60 min, is thought to be due to the
degradation of Gelatin-Ph molecules by H»O,. Therefore, the different cell morphologies
observed on hydrogels that had similar Young’s modulus but different degrees of Gelatin-Ph
degradation can be explained by the differences in the molecular weight of Gelatin-Ph in the

hydrogels (Fig. 2-5).

4. Conclusion

The results presented in this chapter demonstrated the contradictory effect of H>O» on
Gelatin-Ph hydrogels obtained through horseradish peroxidase (HRP)-catalysed cross-linking.
The exposure of aqueous solutions containing 5% w/v Gelatin-Ph and 1 and 5 U mL~' HRP to
the air containing 16 ppm H>O; resulted in gelation within 60 sec. The Young’s modulus of
the hydrogels increased for 30 min of the exposure. However, extending the exposure time to
60 min reduced the stiffness of the hydrogels. The reduction of the hydrogel stiffness was
demonstrated as a result of the degradation of Gelatin-Ph by H,O» from the change in molecular
weight of Gelatin-Ph exposed to H»O,. Interestingly, in contrast to the observations for
Young’s modulus, prolonging the exposure time to air containing H>O> resulted in a continued
increase of the cell length and aspect ratio of human adipose-derived stem cells and rat
fibroblast cells that adhered to the resulting hydrogels. From these results, it is concluded that
the effects of H>O»-induced changes in the mechanical property of the Gelatin-Ph can be used

to control the behaviour of the adhering cells.
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Chapter 111

Tuning Myogenesis by Controlling Gelatin Hydrogel Properties through

Hydrogen Peroxide-Mediated Cross-Linking and Degradation

1. Introduction

In previous chapter, the air containing H>O>-mediated changes in stiffness and molecular
weight of Gelatin-Ph are demonstrated to affect the adhesion of stem cells and fibroblast cells.
Following this demonstration, the possibility of using this system in skeletal muscle tissue
engineering is investigated. This chapter focuses on the application of the contradictory
function of H>O» to control the properties of the Gelatin-Ph hydrogel on modulating the
myogenesis.

Skeletal muscle is the largest component of the human body, accounting for 30% — 40% of
body mass (Kim et al. 2002; Csapo et al. 2020). In the occurrence of traumatic injuries or
degenerative diseases, skeletal muscle can be damaged, which causes a physiological
impairment. To rescue the physiological function, the formation of new muscle cells
(myogenesis) is needed. While native cells could regenerate the muscle tissue, controlling the
fate of these cells to differentiate into muscle cells is difficult due to the complex interaction
between the intrinsic factors of the cells and external factors, including their microenvironment.
The tissue engineering approach has garnered great interest since it provides an in vitro model
to study the physiological phenomenon regulating myogenesis that could improve the
efficiency of cell therapy (Rossi et al. 2010; Alarcin et al. 2021).

Among the important factors that govern myogenesis are the materials comprising the
extracellular matrix (ECM) and the mechanical property of the ECM. To study the mechanical

property effect of the substrate on myoblasts, most studies utilised synthetic materials such as
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poly(ethylene glycol) diacrylate (PEGDA), poly(vinyl alcohol) (PVA), and poly(acrylamide)
(Maleiner et al. 2018; Narasimhan et al. 2021). Zahari et al. utilised laminin-coated
poly(methyl methacrylate) nanofiber scaffold (Zahari et al. 2017), while Shin et al. reported
the use of poly(lactic-co-glycolic acid) (Shin et al. 2015a). Additionally, graphene oxide-based
matrix is also widely used to control myoblast differentiation (Shin et al. 2015b; Kumar and
Parekh 2020). However, these materials are not components of natural ECM and suffer from
the toxicity of the uncross-linked monomers and photo-crosslinkers (Maleiner et al. 2018;
Narasimhan et al. 2021).

To model the native ECM environment, gelatin is widely used due to its excellent
biocompatibility and biodegradability (Jaipan et al. 2017). In recent years, several studies have
reported the application of gelatin-based hydrogel to control myoblasts behaviour. Hayashi et
al. reported gelatin-conjugated supramolecular hydrogels with switchable stiffness (Hayashi et
al. 2022). While C2C12 adhesion showed dynamic changes according to the stiffness, this
study does not report the myoblasts differentiation. Denes et al. fabricated micropatterned
gelatin hydrogels to study the myotube orientation (Denes et al. 2019). Du et al. also
successfully achieved directed cell migration and myotube formation using 3D-printed gelatin
methacrolyl (GelMA) micropatterns on surface coated with thermo-responsive
material poly(N-isopropylacrylamide) (Du et al. 2019). However, these studies do not consider
the effect of mechanical property of the gelatin hydrogel which also plays a key role in
myogenesis.

In Chapter II, the contradictory effect of H>O2 in Gelatin-Ph hydrogel is demonstrated,
which impacted the mechanical property and molecular weight of the hydrogel (Mubarok et al.
2021). This system exploits the contradictory effect of H>O- that simultaneously induces the
HRP-catalysed cross-linking while also degrading the polymer as oxidant (Fig. 3-1 (a)). Using

this system, the adhesion of stem cells and fibroblast can be controlled (Mubarok et al. 2021).
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However, there are no reports that study the effect of the dynamics of the mechanical property

of the Gelatin-Ph hydrogel by H>O: to control the myogenesis.
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+HRP hydrogel * Mechanical p_roperty
* Molecular weight
+ Degradability

N

Myoblasts Viability Myoblasts Differentiation
Myoblasts Adhesion

Fig. 3-1 (a) The conceptual scheme of the contradictory function of hydrogen peroxide
(H202) to induce horseradish peroxidase (HRP)-catalysed cross-linking and polymer
degradation of the Gelatin-Ph. (b) Experimental scheme of this study. Gelatin-Ph hydrogels
fabricated by tuning air containing H>O» exposure time were characterized, and the effect
on myoblasts viability, adhesion, and differentiation was studied. Reprinted from (Mubarok

et al. 2022a) with permission from MDPI.

In this chapter, the effect of H,O,—mediated control of the mechanical property of Gelatin-

Ph on modulating myogenesis was reported. To address this, the Gelatin-Ph hydrogel by
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exposing air containing H>O» at different exposure time and the hydrogel properties were
characterised. The modulatory effect of these mechanical property changes of Gelatin-Ph on
myoblasts behaviour is studied to the myoblasts’ adhesion and viability. In addition, the
influence of the H,0O: contradicting effect on the formation of myotubes on the Gelatin-Ph

hydrogel was investigated (Fig. 3-1 (b)).

2. Materials and Methods
2.1 Materials

Gelatin from bovine (type B, ~226 g Bloom) was purchased from Sigma-Aldrich (St. Louis,
MO, USA). NHS, DMF, HPPA, H>O: aqueous solution (31% w/w), HRP (190 U mg™),
catalase from bovine liver, collagenase, and 4% w/v paraformaldehyde in PBS were purchased
from FUJIFILM Wako Pure Chemical (Osaka, Japan). WSCD-HCI was purchased from
Peptide Institute (Osaka, Japan). DMEM was purchased from Nissui (Tokyo, Japan). Calcein-
AM was purchased from Nacalai Tesque Inc. (Kyoto, Japan). Propidium iodide (PI) and -
Cellstain®- DAPI solution were purchased from Dojindo, (Kumamoto, Japan). Phalloidin-

iFluor 647 Reagent (ab176759) was purchased from Abcam (Cambridge, UK).

2.2 Gelatin-Ph Preparation

Gelatin-Ph was prepared based on the previously reported methods (Hu et al. 2009; Wang
et al. 2010b). Briefly, gelatin was conjugated with HPPA in DMF buffer (pH 4.7) via WSCD
/ NHS chemistry. After 20 h, the solution was dialysed in H>O to remove the remaining HPPA,
followed by freeze-drying. The presence of the Ph group introduced to the Gelatin-Ph was
observed based on the peak at 275 nm (Fig. 3-2) using a UV-Vis spectrometer (UV-2600,
Shimadzu, Kyoto, Japan). The Ph-content was measured at 2.3 x 10~ mol-Ph g-Gelatin-Ph™!

based on the tyramine standard.
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Fig. 3-2 UV-Vis absorbance of unmodified gelatin and Gelatin-Ph. Reprinted from
(Mubarok et al. 2022a) with permission from MDPI.

2.3 Gelation Time Measurement

Gelation time was measured based on previous reports (Peng et al. 2009; Mubarok et al.
2021). PBS (pH 7.4) containing 3.0% w/v Gelatin-Ph and 0.1, 0.5, and 1 U mL~' HRP was
added to a well of a 48-well plate at 200 pL well"'. Air containing H,O (16 ppm) prepared by
blowing air into 1 M H»O: solution was then exposed to the polymer solution that was
continuously stirred with a magnetic stirrer. Gel formation was indicated by the swelling of the

surface and the hindrance of the magnetic stirrer.

2.4 Mechanical Property Measurement

Air containing H>O, was exposed for 15 — 60 min to 600 uL. PBS containing 3.0% w/v
Gelatin-Ph and 1 U mL' HRP in a 12-well plate. Young’s modulus of the fabricated Gelatin-
Ph hydrogel was measured using a material tester (EZ-SX, Shimadzu, Kyoto, Japan).
Hydrogels were compressed with a probe (2: 8 mm) at a compression rate of 6.0 mm min'.

The Young’s modulus was calculated based on the stress-strain curve with compression strain

of 1 - 3% (Fig. 3-3).
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Fig. 3-3 Stress-strain curve of Gelatin-Ph hydrogel fabricated by exposing solution
containing 3.0% w/v Gelatin-Ph and 1 U mL~' HRP with air containing H>O> for 15, 30, 45
and 60 min. Reprinted from (Mubarok et al. 2022a) with permission from MDPI.

2.5 Enzymatic Degradation
Gelatin-Ph hydrogels were immersed in PBS for 24 h to reach an equilibrium state. PBS
was then changed to PBS containing 120 pg mL™! collagenase. Time for complete degradation

of the hydrogel was observed using OLYMPUS Provi CM20 (Olympus, Tokyo, Japan).

2.6 Molecular Weight Measurement

PBS containing 3.0% w/v Gelatin-Ph was exposed with air containing H,O, for 0, 15, 30,
45, and 60 min. The molecular weights of Gelatin-Ph were then measured based on the
intensity-time curve (Fig. 3-4) using HPLC (LC-20AD, Shimadzu, Kyoto, Japan) and RI

detector (RID-20A, Shimadzu, Kyoto, Japan).

2.7 Cell Culture

Mouse muscle myoblasts C2C12 cell line was obtained from RIKEN Cell Bank (Ibaraki,

Japan). C2C12 was cultured in growth medium consisting of low glucose DMEM supplied
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with 10% v/v fetal bovine serum (FBS). Cells were cultured at 37 °C incubator supplied with

5% COa.
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Fig. 3-4 Intensity-time curve of the Gelatin-Ph exposed with air containing H>O» for 0 — 60
min. Reprinted from (Mubarok et al. 2022a) with permission from MDPI.

2.8 Cell Viability and Adhesion Analysis

The hydrogel was fabricated by exposing 600 uL well™! PBS containing 3.0% w/v Gelatin-
Ph and 1 U mL~" HRP to air containing H>O> for 15 — 60 min. One millilitre of growth medium
containing 1 mg mL! catalase was added to the hydrogel to remove the remaining H>O». After
overnight incubation in medium containing catalase, the hydrogels were washed with PBS and
growth medium. C2C12 cells were then seeded on the hydrogel or culture well plate as control
at 3.6 x 10° cells cm2. The viability of the cells was observed after 2 days of culture by staining
the cells with 3.3 pg mL~! Calcein-AM / 3.3 pg mL~! propidium iodide (PI) in PBS for 10 min,
which stained the viable and dead cells, respectively. Calcein-AM/Pl-stained cells were
observed using a fluorescence microscope (BZ-9000, Keyence, Osaka, Japan). The viability of

the cells was calculated as the percentage of the number of viable cells / total number of cells.
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To confirm the adhesion of the cells on the hydrogels, cells stained with Calcein-AM were
observed using confocal laser-scanning microscope (C2; Nikon, Tokyo, Japan). Cell adhesion
was analysed based on the morphological characteristics of the Calcein-AM-stained cells
observed on day 2 of culture using fluorescence microscope. Cell morphological parameters,
including cell area and circularity, were measured using ImageJ. Circularity was calculated as

47 x (area / perimeter?).

2.9 Cell Differentiation Analysis

C2C12 were seeded onto the culture well plate (control) and Gelatin-Ph hydrogels at a
density of 2.6 x 10* cells cm2. After one day, growth medium was changed to a differentiation
medium consisting of DMEM containing 2% v/v horse serum. The differentiation medium was
replenished every two days and the multinucleated myotubes were observed on day 6 post-
induction (Asano et al. 2012; Asano et al. 2015). Myotubes were observed by staining the cells
with Phalloidin-iFluor 647 Reagent and -Cellstain®- DAPI solution. Briefly, cells were fixed
with 4% paraformaldehyde in PBS for 30 min, permeabilised in HEPES (pH 5.5) for 10 min,
followed by staining with Phalloidin (1x) in PBS for 60 min and DAPI (100 nM) in PBS for
30 min. The numbers of myotubes and nuclei, as well as myotubes length, were analysed using
Imagel. The fusion index was calculated as the percentage of the number of nuclei in

myotubes/total number of nuclei.

2.10 Statistical Analysis

Data were analysed using Microsoft® Excel® 2019 version 1808 (Microsoft Corp.,
Redmond, WA, USA). Statistical analysis was conducted using a one-way analysis of variance
(ANOVA). Post hoc t-test was conducted using Tukey HSD, with p-value of < 0.05 was

considered significantly different.
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3. Results and Discussion
3.1 Preparation and Characterisation of Gelatin-Ph Hydrogel

Gelatin-Ph was prepared by conjugating the gelatin with HPPA via WSCD / NHS chemistry
in DMF bufter pH 4.7 (Fig. 3-5 (a)). Next, the hydrogelation of Gelatin-Ph was investigated.
In this study, hydrogelation is induced by HRP-catalysed cross-linking in the presence of air
containing H>O> (Fig. 3-5 (b)). Exposing air containing 16 ppm H>O> to a PBS containing
3.0% w/v Gelatin-Ph and 0.1, 0.5, and 1.0 U mL~' HRP resulted in hydrogel formation within
35 s. Additionally, the increase in the HRP concentration resulted in a shorter gelation time
(Fig. 3-5 (¢)). The shorter gelation time could be mediated by the higher phenolic radical
generation in the higher HRP concentration (Ren et al. 2015).

The effect of the exposure time to air containing H>O> on the properties of the Gelatin-Ph
hydrogel was then investigated. The hydrogel was fabricated by exposing PBS containing 3.0%
w/v Gelatin-Ph and 1 U mL~' HRP with air containing H>O> for 15, 30, 45, and 60 min. These
parameters were selected considering the ease of handling in room temperature. At 5.0% w/v,
Gelatin-Ph solution quickly form hydrogel at room temperature, while at 1.0% w/v, the
resultant hydrogels are too weak to handle for experiments. In addition, 1 U mL~' HRP is used
since previous studies have reported an H,O>-mediated dynamic of stiffening and softening of
the hydrogels using a similar setup (Mubarok et al. 2021). The mechanical property of the
hydrogel was investigated by measuring the Young’s modulus. The Young’s modulus of
Gelatin-Ph hydrogels increased as the exposure time was extended, from 0.77 = 0.07 kPa at 15
min and peaked at 30 min at 3.53 £ 0.55 kPa. Further extending the exposure time to 45 and
60 min led to gradual decreases in the Young’s modulus of the hydrogel to 2.79 + 0.10 kPa and
1.97 £ 0.21 kPa, respectively (Fig. 3-5 (d)). Additionally, enzymatic degradation by
collagenase showed a shorter time for complete degradation on softer hydrogel obtained from

15 and 60 min of the exposure (Fig. 3-5 (e)).
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Fig. 3-5 (a) Schematic of Gelatin-Ph preparation by conjugating gelatin with 3-(4-
hydroxyphenyl) propionic acid (HPPA) using WSCD / NHS reaction. (b) Schematic of
HRP-catalysed cross-linking. (c) Gelation time of Gelatin-Ph hydrogel. Bar: S.E. (n = 3).
(d) Young’s modulus of Gelatin-Ph hydrogel obtained through exposing 16 ppm air
containing H>O; for 15 — 60 min. Bar: S.E. (n =5). (e) Degradability of Gelatin-Ph hydrogel
by collagenase. Bar: S.E. (n = 4). (f) Molecular weight of Gelatin-Ph exposed with air
containing H>O; for 0 — 60 min. *p < 0.05, **p < 0.005, ***p < 0.0005, Tukey HSD.
Reprinted from (Mubarok et al. 2022a) with permission from MDPI.
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The trend in the mechanical property of the hydrogel that shows an initial increase, peaked
at 30 min, followed by a reduction in the Young’s modulus in prolonged exposure time (Fig.
3-5 (d)) is consistent with the results demonstrated in the previous chapter. Decreased Young’s
Moduli of Gelatin-Ph hydrogel in prolonged exposure to air containing 16 ppm H>O> could be
a consequence of cross-linking inhibition due to HRP inactivation. Prolonged exposure
increased the concentration of H,O, that generated excess phenoxy radicals. The attack of these
excess radicals induces side reactions in the peroxidase catalytic cycle that inhibit the cross-
linking (Huang et al. 2005; Carvalho et al. 2006; Reihmann and Ritter 2006; Ogushi et al. 2009).
Further inactivation in higher H>O» could also have occurred due to HRP denaturation
(Carvalho et al. 20006).

Additionally, the decreasing Young’s modulus at 45 — 60 min exposure time could also be
caused by the degradation of Gelatin-Ph by H>O». Molecular weight measurements showed a
decreasing molecular weight of Gelatin-Ph following exposure with air containing H>O; for 15
— 60 min (Fig. 3-5 (f)), demonstrating the Gelatin-Ph degradation in extended H>O» exposure.
H>0; produced free radicals such as H-, O-, and OH- that could induce cleavage to degrade the
polymer (Chen et al. 2019). Indeed, previous studies have reported that H>O» could degrade a
variety of materials, including gelatin, via oxidation (Takahashi et al. 1998; Chang et al. 2001,

Li et al. 2010).

3.2 Myoblasts Viability

Cell-substrate interaction is important in forming muscle cells (myogenesis) during
embryonic development and post-injury. In addition, understanding the effect of the
mechanical property of the microenvironment is also important for studying muscle
regeneration in vitro, which provides a crucial foundation for developing functional artificial

tissues and in vivo or translational study (Rossi et al. 2010; Alarcin et al. 2021). Therefore, the
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effect of Young’s moduli and molecular weight changes of the Gelatin-Ph hydrogel by air

containing H>O» to regulate myoblasts' behaviour is investigated.

Control

15 min 30 min

45 min 60 min

Fig. 3-6 Confocal laser-scanning microscope observation of the C2C12 myoblasts on
culture well plate (control) and Gelatin-Ph hydrogel obtained through exposure to air
containing H>O» for 15, 30, 45 and 60 min. Reprinted from (Mubarok et al. 2022a) with

permission from MDPI.

In this study, C2C12 cells were used as the well-established myoblast cell line widely used
as skeletal muscle model (McMahon et al. 1994; Burattini et al. 2004; Ikeda et al. 2017; Denes
et al. 2019). Initially, the cell attachment on the hydrogel was confirmed using confocal laser

scanning microscopy (Fig. 3-6). The viability of C2C12 myoblasts on the Gelatin-Ph hydrogels
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was then investigated. Viability was analysed based on Calcein-AM / propidium iodide (PI)
staining, which stained live and dead cells, respectively (Fig. 3-7 (a)). C2C12 cells showed
high viability (> 94%) of the cells, independent of the exposure time to air containing H>O>
(Fig. 3-7 (b)). This result showed that while air containing H>O> used in this study might
intuitively be thought to induce cell death, removal by catalase is sufficient to minimise or
remove the toxic effect on cells. Additionally, the high viability of the cells could also be
mediated by the well-known biocompatibility of Gelatin-Ph (Kondo et al. 2013; Le Thi et al.

2017).
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Fig. 3-7 The viability of C2C12 myoblasts on Gelatin-Ph hydrogels obtained through

varying air containing H>O» exposure time. (a) Fluorescence micrograph of C2C12
myoblasts on day 2 of culture stained with Calcein-AM and propidium iodide (PI), which
stained live and dead cells, respectively. (b) Viability of C2C12 myoblasts on the Gelatin-
Ph hydrogels. Cells cultured on the culture well plate were used as control. Data presented
as means = S.E. (n = 6). n.s.: p > 0.05, Tukey HSD. Reprinted from (Mubarok et al. 2022a)

with permission from MDPI.

3.3 Myoblasts Adhesion
Based on the Calcein-AM staining during viability analysis, it was observed that cells had
different morphology on the hydrogels (Fig. 3-7 (a)). Previous studies have also reported that

the Calcein-AM, which stained the cytoplasm, allows observation of the cell morphology
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(Catelas et al. 2006; Agarwal et al. 2014). The difference in cell morphology could reflect the
cell adhesion on the hydrogel. Therefore, the adhesion of myoblasts was investigated by
analysing the morphology of the Calcein-AM-stained cells on the resultant Gelatin-Ph

hydrogel.
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Fig. 3-8 Adhesion of C2C12 myoblasts on Gelatin-Ph hydrogels obtained through exposure
to air containing 16 ppm H>O; for 15 to 60 min. (a) Fluorescence observation of C2C12
myoblasts stained with Calcein-AM cultured on the hydrogel for 2 days. As a control, cells
were cultured on the culture well plate. (b) Cell area and (c) circularity of C2C12 cells
cultured on the resultant hydrogel. Data presented as means = S.E. (n > 114 cells). n.s.: p >
0.05, *p < 0.05, **p < 0.005, Tukey HSD. Reprinted from (Mubarok et al. 2022a) with

permission from MDPI.



Myoblasts showed different morphologies on Gelatin-Ph hydrogels obtained through
different H,O, exposure times (Fig. 3-8 (a)). The cells cultured on the hydrogel obtained
through 30 min of the exposure, which has the highest mechanical property, had a large and
elongated morphology, shown from the largest cell area (Fig. 3-8 (b)) and lowest cell
circularity (Fig. 3-8 (c)). In contrast, cells cultured on hydrogels obtained through 15 min and
60 min of exposure to air containing H»O, that have lower stiffness, had more circular
morphology shown from lower cell area and higher circularity.

These results show that the adhesion of myoblasts depends on the stiffness of the Gelatin-
Ph hydrogel. This phenomenon is similar to previous studies that cultured human mesenchymal
stem cells, human adipose-derived stem cells and fibroblasts on Gelatin-Ph hydrogel (Wang et
al. 2010a; Mubarok et al. 2021). Additionally, smooth muscle cells and myoblasts also showed
stiffness-dependent cell spreading on collagen-coated polyacrylamide gels and alginate
hydrogel (Engler et al. 2004a; Engler et al. 2004b; Boontheekul et al. 2007). For adherent cells,
including myoblasts, the adhesion dynamic depends on actin polymerization and tension.
Stiffer substrate allows actin polymerization and assembly to occur and cells to maintain the
cytoskeletal tension, which resulted in the cell elongation (Parsons et al. 2010; Iskratsch et al.
2014). In contrast, cells cultured on the soft substrate cannot form F-actin bundles and stress
fibres, thus, cells appear in round morphology (Dupont 2016).

Interestingly, it was also found that cells cultured on Gelatin-Ph hydrogel obtained through
30 min of the exposure time have more elongated shape than cells on the plastic surface of the
culture well plate, observed from the significantly lower circularity (p < 0.005, Tukey HSD)
(Fig. 3-8 (¢)). The stiffness of the culture well plate is much higher (~1 GPa) (Syed et al. 2015),
than the Gelatin-Ph hydrogel (0.77 — 3.53 kPa). Therefore, despite having lower stiffness, the
cell-adhesive property of Gelatin-Ph could be beneficial to control the elongation of the

myoblasts. This phenomenon is possibly mediated by the focal adhesion kinase (FAK), the
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regulator of the cell elongation, that is activated by the interaction between RGD of the Gelatin-

Ph with integrins (Katoh 2020).
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Fig. 3-9 The differentiation of myoblasts to myotubes on the Gelatin-Ph hydrogel fabricated

by altering the exposure time to air containing 16 ppm H>O> for 15-60 min. (a)

Experimental setup for inducing differentiation. After seeding, cells were cultured in growth

medium (GM: DMEM + 10% v/v fetal bovine serum). After 1 day in GM, the medium was

changed to differentiation medium (DM: DMEM + 2% v/v horse serum). (b) Fluorescence

observation of C2C12 cells after 6 days in differentiation medium stained with phalloidin

and DAPI, staining F-actin and nuclei, respectively. (¢) Number of myotubes (n = 6), (d)

fusion index (n = 6), and (e) myotubes length (n > 24). Bar: S.E. n.s.: p > 0.05, **p < 0.005,
**%p < 0.0005, Tukey HSD. Reprinted from (Mubarok et al. 2022a) with permission from

MDPI.
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3.4 Myoblasts Differentiation

Finally, myoblasts' differentiation into myotubes on the Gelatin-Ph hydrogels obtained from
different exposures to H>O2 was investigated. First, the cells were seeded on the culture well
plate (control) and Gelatin-Ph hydrogels. After 1 day in growth medium (DMEM + 10% v/v
FBS), cells density had already reached > 80% confluence. Therefore, the medium was
changed to a differentiation medium consisting of DMEM supplied with 2% v/v horse serum
(Fig. 3-9 (a)). After 6 days, the myotube formation was determined by observing the
multinucleated cells, in which the F-actin and nuclei of the cells were stained with Phalloidin
and DAPI, respectively.

The fluorescence observations showed different myoblasts differentiation trends based on
the exposure time to air containing H>O» to fabricate Gelatin-Ph hydrogel (Fig. 3-9 (b)). Cells
cultured on the Gelatin-Ph hydrogel obtained through 30 min of H>O» exposure showed the
highest myotube formation, similar to control on the culture well plate, shown by the highest
number of myotubes (Fig. 3-9 (¢)) and fusion index (Fig. 3-9 (d)). In contrast, on the hydrogels
fabricated through 15, 45, and 60 min of exposure to air containing H>O,, C2C12 showed a
significantly lower number of myotubes (Fig. 3-9 (¢)) and fusion index (Fig. 3-9 (d)).
Furthermore, myotubes cultured on hydrogel obtained through 30 min of the exposure also
showed the longest myotubes length (Fig. 3-9 (e)). These results showed that the myotube
formation is also governed by the stiffness of the Gelatin-Ph hydrogel.

In this study, the myogenesis was studied on hydrogel with stiffness range of 0.77 — 3.53
kPa. This stiffness range is lower than previous studies, in which Tomasch et al. used 5 — 20
kPa fibrin hydrogels (Tomasch et al. 2022), Boonen et al. used Matrigel-coated polyacrylamide
gels with stiffness of 3 — 80 kPa (Boonen et al. 2009), while Romanazzo et al. used 0.9 — 133.2
MPa poly-¢-caprolactone film (Romanazzo et al. 2012). However, the stiffness of the Gelatin-

Ph hydrogel in this study is within the range of the reported stiffness of an intact (~0.5 kPa)
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and damaged skeletal muscle tissue (2 — 5 kPa) (Lacraz et al. 2015; Trensz et al. 2015; Silver
etal. 2021). The stiffness-dependent myotube formation observed in this study is in accordance
with the previous reports (Boonen et al. 2009; Romanazzo et al. 2012; Tomasch et al. 2022).

The possible explanation for the higher myogenesis in stiffness of 3.53 kPa than 0.77 kPa
in this study is that similar with the native skeletal muscle tissue (Lacraz et al. 2015), higher
myoblasts proliferation and differentiation is observed in damaged tissue than intact tissue.
Similar conclusion was also reported by Trensz et al. that model intact and damaged tissue
stiffness using polyacrylamide gels (Trensz et al. 2015). Mechanically, the lower myogenesis
on softer substrate also could be explained by the deformation or collapse of the substrate under
cell traction or contraction forces, which inhibits the myotubes formation (Levy-Mishali et al.
2009).

From mechanotransduction standpoint, interaction between the RGD sequence of the gelatin
and the myoblasts receptor, e.g., integrins, could be the key regulator (Robinson et al. 2003;
Wang et al. 2012; Gribova et al. 2013). Integrins could affect the YAP/TAZ pathway, which
is reported to play a role in cell adhesion (Dupont 2016; Nardone et al. 2017) and differentiation
(van Putten et al. 2016). Additionally, there is a possibility that the mechanical property
changes in Gelatin-Ph hydrogel also affect the cell-cell communication that triggers myoblast
fusion to form myotubes. During myogenesis, myotubes are formed by the fusion between
myoblasts or myoblast-myotube. Hindi et al. reported that the myoblast fusion could be
mediated by integrins that increased the expression of f1D integrin and caveolin-3 via focal
adhesion kinase (FAK) (Hindi et al. 2013). Alternatively, gelatin-based scaffold could also
regulate the Intercellular Adhesion Molecule-1 (ICAM-1) (Nosenko et al. 2017), that plays role
in myoblast fusion (Goh et al. 2015; Pizza et al. 2017).

Taken together, this study demonstrates that the contradictory effect of H>O on inducing

cross-linking and degrading polymer of Gelatin-Ph hydrogel could modulate the adhesion and
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differentiation of myoblasts. The findings of this study could be useful in the field of
biomedical engineering aimed for the regeneration of muscular tissue, which requires the
knowledge of cell-substrate interaction (Alarcin et al. 2021). Additionally, this finding could
also be applied in the development of scaffolds with tunable mechanical property and

biological properties for biomedical applications.

4. Conclusion

The results presented in this chapter demonstrated the modulatory effect of H>O» in HRP-
catalysed cross-linking and polymer degradation of Gelatin-Ph hydrogel on controlling the
myogenesis. The myoblasts showed high viability on Gelatin-Ph hydrogel. Myoblasts adhesion
showed that air containing H>O>-mediated changes in hydrogels’ stiffness could control the
adhesion of the cells, with cells cultured on stiff hydrogel had more prominent elongation. Most
importantly, the myotube formation could be tuned by adjusting the stiffness of the hydrogel,
in which the soft hydrogel inhibits the myogenesis. Taken together, these results showed that
the H>O,-mediated changes on the properties of the Gelatin-Ph could govern the myogenesis.
The findings of this study could be useful for skeletal muscle tissue engineering to control the
cell fate to form new muscle cells. Additionally, this finding could be applied to cell studies

and the development of functional tissues and artificial organs.
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Chapter IV

Modulation of Cell-Cycle Progression by Hydrogen Peroxide-Mediated

Cross-Linking and Degradation of Cell-Adhesive Hydrogels

1. Introduction

Based on the findings in Chapter II-III, in this chapter, the effect of H,O> to control the
cross-linking and degradation is investigated to hydrogel composite consisted of two different
materials: Gelatin-Ph/hyaluronic acid (HA)-Ph. Using this system, the effect of hydrogel
properties to modulate cell-cycle progression is studied.

The cell-cycle is an intricate process for cell growth. Regulation of the cell-cycle is
fundamental to successful cell culture technology and tissue engineering. Additionally,
dysregulation of the cell-cycle is a hallmark of cancer cells. Thus, cell-cycle modulation of
cancer cells has been a target for developing anticancer drugs (Stewart et al. 2003; Jingwen et
al. 2017).

In the cellular microenvironment, physical cues including mechanical property of the
substrate and biochemical cues in the form of cell-adhesive ligands are known to modulate
cellular behaviours including adhesion (Ni and Chiang 2007; Sun et al. 2018) and proliferation
(Hadjipanayi et al. 2009; Yeh et al. 2012; Kalli and Stylianopoulos 2018). Gelatin and HA are
abundantly found in various tissues of humans and animals (Lebl et al. 2007; Camci-Unal et
al. 2013; Lee et al. 2020), and are important biomaterials that facilitate strong biological
activities (Fraser et al. 1997; Jiang et al. 2007; Gomez-Guillen et al. 2011). The scaffolds
composed of multiple polymers provide the microenvironment with multiple properties,
attributed to each polymer. For example, gelatin/HA mixture could combine the cell-adhesive
property of the RGD sequence and degradability of the gelatin with the physicochemical

properties and regulation of cell behaviour and immune response function of HA. Therefore,
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various studies have reported the usefulness of gelatin/HA composite hydrogel scaffolds in
tissue-engineering applications for biomimicking of the extracellular matrix (ECM) of the
native tissues (Li et al. 2006; Camci-Unal et al. 2013; Rezaeeyazdi et al. 2018; Lam et al. 2019).

The biological activities of HA are related to its molecular weight. HMW-HA is required
for wound healing (Nyman et al. 2013), while sHA act as an activator of dendritic cells and
macrophages during inflammation (Termeer et al. 2000; Termeer et al. 2002). More
importantly, the molecular weight of HA also governs oncogenesis: HMW-HA inhibits the
progression of tumour growth, while LMW-HA has an opposing effect (Fuchs et al. 2013; Liu
et al. 2019; Ooki et al. 2019).

Hydrogen peroxide (H20.) is widely used for degrading high-molecular-weight HA, gelatin,
and various other polymers, through oxidative cleavage of the bonds (Chang et al. 2001; Li et
al. 2010; Liu et al. 2014a; Chen et al. 2019). Apart from polymer degradation, H>O> is also
used as to induce the cross-linking in horseradish peroxidase (HRP)-mediated reaction
resulting in gelation of aqueous solutions of polymers with phenolic hydroxyl groups
(Polymer-Ph), including Gelatin-Ph and HA-Ph. As mentioned in Chapter II & III, the
contradictory function of H>O» can affects the mechanical property of hydrogels, which leads
to changes in adhesion of the human adipose-derived stem cells (hASCs) and rat fibroblast
cells as well as myoblasts differentiation. However, the contradictory effect of H.O> on
regulating other cell behaviours, such as cell-cycle progression, has not been investigated.

Cell-cycle modulation by the physical microenvironment of the cells has recently garnered
great interest (Gérard and Goldbeter 2014; Walker et al. 2018). Although previous studies have
reported the cell-cycle modulation by HA in collagen matrix (Greco et al. 1998), methacrylated
gelatin (Arya et al. 2016), and chitosan-gelatin complex (Mao et al. 2004), no studies have
investigated the cell-cycle modulation by Gelatin-Ph/HA-Ph composite hydrogel. This is

particularly important considering that Gelatin and HA are known to be the component of the
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cancer microenvironment (Sheu et al. 2003; Walker et al. 2018). Therefore, in this chapter, the
effect of H20O, to induce HRP-mediated cross-linking and degradation-inducing oxidant of

Gelatin-Ph/HA-Ph composite hydrogels on the cell-cycle progression is investigated (Fig. 4-

1).
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Fig. 4-1 Schematic illustration of H,O>-mediated hydrogelation of Gelatin-Ph/hyaluronic

acid (HA)-Ph composite through horseradish peroxidase (HRP)-mediated cross-linking of
Ph moieties and polymer degradation, and its subsequent effect on cell adhesion and the

cell-cycle. Reprinted from (Mubarok et al. 2022b) with permission from MDPI.

This study focuses on the cell-cycle progression of cervical cancer cells, due to its high
clinical prevalence worldwide, and being one of the highest causes of death in low-income
countries (Vu et al. 2018). Additionally, there is an effort to accelerate the cervical cancer
elimination worldwide (Canfell 2019). Hydrogel itself, including hyaluronic acid and gelatin,
has been applied to tumour sites following tumour removal surgery to prevent tumour
recurrence (Lan et al. 2016; Qian et al. 2021). Herein, the cell-cycle progression of human
cervical cancer cells is studied using HeLa cells expressing genetically encoded fluorescent
ubiquitylation-based cell-cycle indicator (Fucci2). HelLa cell is selected since it has been
extensively used in biomedical study and research on cell-cycle regulation (Ma and Poon

2011), while HeLa/Fucci2 cell has been used to study cell response following drug-induced
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cell-cycle arrest (Sakaue-Sawano et al. 2011). Fucci2 is composed of two chimeric fluorescent
proteins, mCherry-hCdtl and mVenus-hGem. Reciprocal accumulation of these two proteins
turns cell nuclei red-fluorescent in G1 phase and green-fluorescent in the S/G2/M phases.
Additionally, the cell-cycle progression of non-transformed mouse mammary gland
epithelial cell line (NMuMG) expressing Fucci2 was also investigated. NMuMG is widely used
to study the epithelial-to-mesenchymal transition (EMT), a physiological change that is
necessary for cancer invasion and metastasis (Meyer-Schaller et al. 2019; Shin et al. 2019). In
addition, previous study has reported that HeLa/Fucci2 and NMuMG/Fucci2 have different
cell-cycle response following chemical treatment (Sakaue-Sawano et al. 2011). Therefore,
HeLa/Fucci2 and NMuMG/Fucci2 cell-cycle are studied to investigate whether cell type-
specific phenomenon also occurs when cultured on Gelatin-Ph/HA-Ph composite hydrogel

with different mechanical property.

2. Materials and Methods
2.1 Materials

Gelatin (Type B; ca. 225 g bloom, bovine skin) and insulin were purchased from Sigma—
Aldrich (St. Louis, MO, USA). Sodium hyaluronate (HA, MW ~ 1000 kDa) was purchased
from Kewpie (Tokyo, Japan). HRP (140 U mg™"), NHS, DMF, HPPA, H>O> aqueous solution
(31% w/w), and catalase from bovine liver were purchased from Wako Pure Chemical
Industries (Osaka, Japan). WSCD-HCI was obtained from Peptide Institute (Osaka, Japan).
Tyramine hydrochloride was purchased from Chem-Impex Int’l. Inc. (Wood Dale, IL, USA).
DMEM was purchased from Nissui Pharmaceutical (Tokyo, Japan). Calcein—~AM was
purchased from Nacalai Tesque Inc. (Kyoto, Japan) and propidium iodide (PI, Cellstain®) was
purchased from Dojindo (Kumamoto, Japan). CytoPainter Phalloidin—iFluor 488 Reagent

(ab176753) was purchased from Abcam (Cambridge, UK).
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2.2 Polymer-Ph Preparation
Gelatin-Ph (1.9 x 10~* mol-Ph g-Gelatin-Ph™') and HA-Ph (1.5 x 10~* mol-Ph g-HA-Ph™!)
were prepared by conjugating HPPA with gelatin and tyramine hydrochloride with HA,

respectively, using WSCD / NHS as previously reported (Hu et al. 2009; Sakai et al. 2015).
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Fig. 4-2 Stress—strain curves of Gelatin-Ph/HA-Ph hydrogel obtained from 3.0% w/v

Gelatin-Ph + 0.5% w/v HA-Ph and 1 U mL~' HRP exposed with various air containing H,O»
exposure time. Reprinted from (Mubarok et al. 2022b) with permission from MDPI.

2.3 Mechanical Property Measurement

An aqueous solution (600 pL well™") containing 3.0% w/v Gelatin-Ph, 0.5% w/v HA-Ph,
and 1 U mL~' HRP was poured into a well of 12-well plate. The well-plate was then put into a
plastic box (13.5 cm x 9.5 cm % 7 cm) and exposed to air containing H>O» for 15, 30, 45, 60,
90, and 120 min. The air containing H,O, was prepared by bubbling air into a solution
containing 1 M H>O». Concentration of the air containing H>O> was measured at 16 ppm using
gas detector (C-16 PortaSense II, Analytical Technology, Inc., Collegeville, PA, USA). The
Young’s moduli of the resultant Gelatin-Ph/HA-Ph composite hydrogels were measured using

a material tester (EZ-Test, Shimadzu, Kyoto, Japan) by compressing the hydrogels with a probe
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(diameter, 8 mm) at a compression rate of 6.0 mm min~'. The Young’s modulus was calculated

from the data obtained in the range 1 — 10% compression strain (Fig. 4-2).

2.4 Molecular Weight Measurement

A solution containing 3.0% w/v Gelatin-Ph or 0.5% w/v HA-Ph was incubated with 0, 0.003,
0.03, 0.06, and 0.15% w/v H>O» overnight at 60 °C. The molecular weight of the Gelatin-Ph
and HA-Ph were then measured using HPLC (LC-20AD, Shimadzu, Kyoto, Japan) equipped

with RI detector (RID-20A, Shimadzu, Kyoto, Japan).

2.5 Cell Culture

HeLa/Fucci2 and NMuMG/Fucci2 cell lines were obtained from RIKEN Bio-Resource
Center (Ibaraki, Japan). HeLa/Fucci2 was cultured in DMEM containing 10% v/v FBS.
NMuMG/Fucci2 was cultured in DMEM supplied with 10% v/v FBS and 10 pg mL™" insulin

(Sakaue-Sawano et al. 2011). Cells were cultured at 37 °C in a 5% humidified CO> incubator.

2.6 Cell Adhesion and Cell-Cycle Analysis

Hydrogel sheets were fabricated from PBS containing 3.0% w/v Gelatin-Ph, 0.5% w/v HA-
Ph, and 1 U mL~'HRP. The solution was added to a 12-well plate at 600 pL well™ and exposed
to air containing 16 ppm H»>O, for 15, 60, and 120 min. One millilitre culture medium
containing 1 mg mL™! catalase was then layered on the fabricated hydrogels overnight to
degrade the remaining H>O» into H>O and O». The cell-cycle was synchronised to S-phase by
incubating the cells in medium containing 4 mM hydroxyurea for 24 h (Apraiz et al. 2017).
After the synchronization, cells were harvested and seeded on the fabricated gel sheet at 1.0 x
10* cells well™ (2.6 x 103 cells cm™2). The cell-cycle was observed at 1 and 2 days after seeding

based on the fluorescence expression of the mCherry-hCdtl (red) and mVenus-hGem (green)
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of the Fucci2, using fluorescence microscope (BZ-9000, Keyence, Tokyo, Japan). Red
fluorescence indicates G1, yellow indicates G1/S, and green indicates late S/G2/M phase (Fig.
4-3). The number of cells on each phase was counted using ImageJ (2.1.0/1.53c, NIH, Bethesda,

MD, USA) from 5 — 10 randomly selected areas.
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Fig. 4-3 Diagram of the Fucci2 expression and representative confocal laser-scanning

microscope observation of the Fucci2 expression. mCherry-hCdtl is expressed in G1 phase
shown as red fluorescence, mVenus-hGem expressed in late S/G2/M phase, and G1/S
transition observed as yellow fluorescence (co-expression of red and green). Scale bar: 10

um. Reprinted from (Mubarok et al. 2022b) with permission from MDPI.

For live imaging, cells were observed using confocal laser-scanning microscope (C2; Nikon,
Tokyo, Japan). The 12-well plate containing cells on fabricated hydrogel were placed in a
stage-top incubator (STXG-WSKMX; Tokai Hit, Shizuoka, Japan) set at 37 °C supplied with
5% CO2 + 20% O> + N,. Time-lapses were conducted for 48 h. Cell adhesion analysis was
conducted by analysing the morphology of the cells including cell area, perimeter, aspect ratio,
and circularity of more than 50 cells for each set of conditions using ImagelJ. Aspect ratio was
defined as the ratio between major axis / minor axis of the fitted ellipse. Circularity was
calculated using the formula: 4m x (area/perimeter?). Higher aspect ratio indicates elongated

morphology. Higher circularity value (near 1.0) indicates a circular shape.
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2.7 Viability Analysis

Viability of the cells was analysed by staining the cells with Calcein—AM and PI. Cells were
incubated with PBS containing 3.3 ug mL~! Calcein—AM and PI for 10 min at 37 °C. Live cells
stained with Calcein—AM and dead cells stained with PI were observed using fluorescence
microscope. Number of viable and dead cells were counted using Imagel from micrographs
taken on 6 randomly selected areas. Viability was calculated as percentage of number of live

cells / total number of cells.

Cells with stress fibers Cells with no stress fibers

Fig. 4-4 Representative image of cells with stress fibres and no stress fibres. Cells with
stress fibres are characterised by the visible fibres in the cell’s cytoplasm and nucleus. Cells:
NMuMG/Fucci2 cells. Scale bars: 50 pm. Reprinted from (Mubarok et al. 2022b) with

permission from MDPI.

2.8 F-actin Analysis

F-actin of the cells was stained with CytoPainter Phalloidin—iFluor 488 Reagent. Briefly,
cells were fixed with 4% paraformaldehyde (PFA) in PBS, permeabilised in HEPES (pH 5.5)
and stained with CytoPainter Phalloidin-iFluor 488 Reagent (1X) according to the
manufacturer’s protocol. The number of cells with stress fibres was counted using Imagel
based on the presence/absence of visible stress fibres (Fig. 4-4). F-actin fluorescence intensity
was measured using ImageJ by measuring integrated density defined as sums of all the intensity

in the pixel of the selected areas.

66



2.9 Statistical Analysis

Data were statistically analysed using Microsoft® Excel® 2019 (Version 1808, Microsoft
Corp., Redmond, WA, USA). Statistical analysis was conducted using one-way analysis of
variance (ANOVA) followed by post hoc #-test using Tukey HSD. Data were considered

significantly different if p < 0.05.
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Fig. 4-5 Gelation time of 3.0% w/v Gelatin-Ph / 0.5% w/v HA-Ph solutions containing 1,
5, and 15 U mL~' HRP exposed to air containing H>O,. Bar: S.E. (n = 5). ***p < 0.0005,
compared to 1 U mL™!, ##p < 0.0005 compared to 5 U mL~!, Tukey HSD. Reprinted from
(Mubarok et al. 2022b) with permission from MDPI.

3. Results and Discussion
3.1 Mechanical Property

First, the effect of H,O» exposure time (15—120 min) on the stiffness of Gelatin-Ph/HA-Ph
composite hydrogels was investigated by measuring the Young’s modulus. Using this setup,
hydrogel could be fabricated within 40 s (Fig. 4-5). The result obtained from this experiment
showed that H,O> exposure time governed the Young’s modulus of the composite hydrogels
(p <0.005) (Fig. 4-6). The Young’s modulus of the hydrogels increased as the exposure time

to H2O, was extended to 45 min, from 0.20 = 0.01 kPa and 0.20 £+ 0.03 kPa at 15 and 30 min
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of the exposure, respectively, to 0.44 + 0.02 kPa at 45 min of the exposure. Extending the
exposure time to 60 min resulted in the hydrogel with the highest Young’s modulus of 1.27 +
0.30 kPa. Prolonging the exposure time to 90 and 120 min, however, resulted in the decrease

of Young’s modulus to 0.41 &+ 0.05 kPa and 0.40 + 0.04 kPa, respectively (Fig. 4-6).
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Fig. 4-6 Effect of exposure time to H2O2 on the Young’s modulus of Gelatin-Ph/HA-Ph
composite hydrogels obtained from 3.0% w/v Gelatin-Ph, 0.5% w/v HA-Ph, and 1 U mL"!
HRP. Bars: S.E. (n =3). *p <0.05, **p < 0.005, n.s.: no significant difference (p > 0.05),
Tukey HSD. Reprinted from (Mubarok et al. 2022b) with permission from MDPI.

This result is in accordance with the results observed in Gelatin-Ph hydrogel shown in
Chapter II & III (Mubarok et al. 2021; Mubarok et al. 2022a). The mechanism of the exposure
time-dependent transition of the stiffness of the hydrogels can be explained by the correlation
between the degrees of the progress of cross-linking formation catalysed by HRP, HRP
inactivation, and Gelatin-Ph/HA-Ph degradation, which all involve H>O,. The inactivation of
HRP (Sakai and Nakahata 2017), and degradation of organic molecules including Gelatin and
HA by H>O, have been reported (Takahashi et al. 1998; Chang et al. 2001; Li et al. 2010). In
this study, H-O> was supplied continuously to the system containing Gelatin-Ph/HA-Ph and
HRP. Thus, the content of the cross-linked Ph moieties should increase by extending the

exposure time to H>O», unless HRP inactivation and Gelatin-Ph/HA-Ph degradation occurred.
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Therefore, the results shown in (Fig. 4-6) that demonstrate the decrease of Young’s modulus
with increasing the exposure time from 60 to 120 min, indicate the occurrences of Gelatin-
Ph/HA-Ph degradation. Indeed, degradation of the Gelatin-Ph and HA-Ph polymer by H20>
was confirmed based on the molecular weight measurement (Fig. 4-7). Taken together, a
tunable control of Gelatin-Ph/HA-Ph Young’s modulus was achieved by simple control of the

exposure time to H>O» contained in the air.
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Fig. 4-7 Degradation of Gelatin-Ph and HA-Ph polymer by H>O». (a) Intensity-time curve
of 3.0% w/v Gelatin-Ph and 0.5 w/v% HA-Ph treated by 0, 0.003, 0.03, 0.06 and 0.15%
(w/v) H20; solution. (b) Molecular weight of 3.0% w/v Gelatin-Ph and 0.5% w/v HA-Ph
after overnight incubation with H;O,. Reprinted from (Mubarok et al. 2022b) with

permission from MDPI.

3.2 HeLa/Fucci2 Cell Adhesion and Cell-Cycle Progression

Next, the adhesion and cell-cycle progression of cervical cancer cells was investigated by
using HeLa/Fucci2 cells. In the initial experiment, the viability of the cells was investigated.
HeLa/Fucci2 cells showed high viability regardless of the exposure time to air containing H>O»
(Fig. 4-8 (a)). This result could be attributed to the well-known biocompatibility of both

Gelatin-Ph and HA-Ph (Le Thi et al. 2017; Sakai et al. 2019).
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Fig. 4-8 Viability and morphology of HeLa/Fucci2 cell on Gelatin-Ph/HA-Ph composite
hydrogels obtained through different exposure time to H>O». (a) Viability of HeLa/Fucci2
cells calculated based on Calcein—~AM/PI staining. Bar: S.E. (n = 6). (b) Micrograph of
HeLa/Fucci2 cells on the composite hydrogels after 1 day cultured on well-plate (control)
and the hydrogels obtained through 15, 60, and 120 min exposure to H2O,. Scale bars: 100
um. (c) Area, (d) perimeter, (e) aspect ratio, and (f) circularity of HeLa/Fucci2 cells. Bar:
S.E. (n > 100 cells). **p < 0.005, ***p < 0.0005, n.s.: no significant difference (p > 0.05)
based on Tukey HSD. Reprinted from (Mubarok et al. 2022b) with permission from MDPI.
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Next, HeLa/Fucci2 cell adhesion was investigated by analysing the morphology of the cells.
HeLa/Fucci2 cells had different morphology on the hydrogels (Fig. 4-8 (b)). The cells cultured
on the hydrogels obtained through 15 min and 120 min exposure to H>O» showed no significant
difference (p > 0.05) in the cell area (Fig. 4-8 (c)), perimeter (Fig. 4-8 (d)), aspect ratio (Fig.
4-8 (e)), and circularity (Fig. 4-8 (f)). These cells appeared to be small and circular indicated
by the smallest area and perimeter, lowest aspect ratio, as well as the highest circularity.
Meanwhile, the cells cultured on the hydrogel obtained through 60 min of exposure to H>O»
showed a larger area and perimeter, highest aspect ratio, and the lowest circularity, indicating
large and elongated morphology, relatively similar to those control cell cultured on cell culture

dish.

a Before seeding b Day 1

Phase contrast Fluorescence Phase contrast Fluorescence
o .

Hydroxyurea-
synchronized
Control

15 min

SIG2IM (%)
o [~}
g g

S
S

30

20
Before 1 2
seeding Time in culture {days)

120 min

-o-Control -#-15min -4--80 min —- 120 min

Fig. 4-9 Exposure time to H»O;-dependent changes in Gelatin-Ph/HA-Ph composite
hydrogel stiffness could modulate the cancer cell-cycle progression. (a) Phase-contrast and
fluorescence observation of the HeLa/Fucci2 before seeding, showing cell synchronised in
S-phase, and (b) cells at day 1 to day 2 after seeding on the hydrogels. Cells cultured on
well-plate were used as control. Fluorescence expression of Fucci2: red indicates Gl1,
yellow indicates G1/S, and green indicates late S/G2/M phase. Scale bar: 100 um. (¢)
Percentage of HeLa/Fucci2 cells in S/G2/M phase. Bar: S.E. (n = 10). #p < 0.0005, 15 min
compared to control; *p < 0.05, 120 min compared to control, using Tukey HSD. Reprinted
from (Mubarok et al. 2022b) with permission from MDPI.

71



Next, the cell-cycle progression of HeLa/Fucci2 cells was investigated. Fucci2 allows
observation of the expression of mCherry-hCdt1 (red) and mVenus-hGem (green), observed at
G1 and S/G2/M, respectively. G1/S transition could be observed as yellow fluorescence.
Before seeding, the cell-cycle was synchronised with hydroxyurea. After 24 h of 4 mM
hydroxyurea exposure, HelLa/Fucci2 predominantly found in S-phase, shown as green
fluorescence (Fig. 4-9 (a)). The cells were then seeded on the composite hydrogels obtained
through the different time of exposure to H>O2, and the cell-cycle was observed for two days
after seeding (Fig. 4-9 (b)).

Cell-cycle analysis shows that the cells on cell culture well-plate (control) showed
progression of the cell-cycle marked by a continuous decrease in the percentage of cells at
S/G2/M phase, from 97.8% before seeding to 58.8% at day 1 and 47.4% at day 2 (Fig. 4-9 (c¢)).
The cells cultured on the hydrogel obtained through 60 min of exposure to H>O, showed a
similar trend as those on cell well-plate (control, p > 0.05), with a decreasing percentage of
cells at S/G2/M phase, to 32.4% at day 2 after seeding. In contrast, the cells cultured on the
hydrogels obtained through 15 and 120 min of the exposure remained at S/G2/M phase, with
82.7% and 68.5% of the cells were found in S/G2/M phase at day 2, respectively (Fig. 4-9 (c)).

To further confirm this observation, a live-imaging experiment was conducted by observing
the HeLa/Fucci2 cells from 8 — 48 h post-seeding. Live-imaging observation showed higher
mitosis frequency in HeLa/Fucci2 cells cultured on 60 min composite hydrogel and control.
Additionally, cell growth was analysed by calculating the cell density on day 1 and day 2 post-
seeding. Cells cultured on hydrogel obtained from 15 and 120 min of the exposure showed no
significant growth in cells density from day 1 to day 2 (p > 0.05). On the other hand, cells
cultured on hydrogel obtained from 60 min exposure time to H>O; and control cultured on

well-plate showed a significant increase in cell density (p < 0.05) (Fig. 4-10).
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Fig. 4-10 Density of HeLa/Fucci2 cells on Gelatin-Ph/HA-Ph composite hydrogel obtained
from different H>O> exposure time. Bar: S.E. (n = 5). *p < 0.05, n.s.: no significant

difference (p > 0.05), Tukey HSD.

Based on these results, HeLL.a/Fucci2 cells had a mechanical property-dependent changes in
cell adhesion (Fig. 4-8) and cell-cycle progression (Fig. 4-9). The stiffness-dependent change
in cell morphology is consistent with the results of previous studies using human adipose-
derived stem cells cultured in Gelatin-Ph/HA-Ph hydrogel (Sakai et al. 2019) and fibroblast
cells on DNA-cross-linked hydrogel (Previtera et al. 2012), which showed a spherical shape
on soft substrates and an elongated shape on stiff substrates. Based on these results, H,O»
exposure time-mediated changes to Gelatin-Ph/HA-Ph stiffness could govern the adhesion of
HeLa/Fucci2 cells.

As for the cell-cycle progression, the result of this study showed that a stiffer hydrogel is
required for HeLa/Fucci2 cell-cycle progression. This result is consistent with the result by
Paszek et al which reported that cancer cells cultured on soft collagen gel have lower growth
and adhesion (Paszek et al. 2005). Wall et al. reported that melanoma cells cultured on fibrillar
collagen have a cell-cycle arrest in G2 (Wall et al. 2007). The progression of cell-cycle on

stiffer substrates observed in this study is consistent with the results reported by Klein et al.
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about the cell-cycle progression on stiff polyacrylamide hydrogels, but not on soft hydrogels,

after nocodazole-mediated G2/M arrest (Klein et al. 2009).

a Control 15 min 60 min 120 min

(x10% a.u.)

40

F-actin integrated density

_
X
]
4
o
=
2
¢ 60 1
]
7]
=
e
2
2
©
o

N
o

o

Control 15 60 120 Control 15 60 120
Air containing H,0, exposure time Air containing H,0, exposure time
(min}) (min)

Fig. 4-11 F-actin reorganization in HeLa/Fucci2 cells cultured on Gelatin-Ph/HA-Ph
composite hydrogels obtained through 15, 60, and 120 min of exposure to H>O». (a)
Fluorescence observation of the F-actin of HeLa/Fucci2 cells cultured on well-plate
(control) and the hydrogels. Scale bar: 100 pum. (b) Percentage of cells with stress fibres.
Bar: S.E. (n = 6). (c) F-actin integrated density. Bar: S.E. (n = 45 cells). *p < 0.05, **p <
0.005, ***p <0.0005, n.s.: no significant difference, Tukey HSD. Reprinted from (Mubarok
et al. 2022b) with permission from MDPI.

The difference in cell-cycle progression of the cells cultured on each hydrogel might be
mediated by the cytoskeleton reorganization. Therefore, the F-actin of the cells was stained,
and the formation of stress fibres was investigated (Fig. 4-11 (a)). Most of the cells cultured
on cell culture well-plate (control) and those on the hydrogel obtained through 60 min of

exposure to H>O» had stress fibres. However, cells cultured on the hydrogel obtained through
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15 and 120 min of the exposure had a significantly lower percentage of cells with stress fibres
(p <0.0005) (Fig. 4-11 (b)). A similar trend was observed in F-actin integrated density with
cells cultured on the hydrogel obtained through the 60 min of exposure to H>Ox: the cells had
significantly higher integrated density (p < 0.05) compared to those on the hydrogel obtained
through 15 and 120 min of the exposure to H,O; (Fig. 4-11 (¢)).

Previous studies have reported that actin plays a key role in mitosis (Reshetnikova et al.
2000; Kunda and Baum 2009). More importantly, actin disruption is reported to induce G2/M
arrest in transformed cancer cell line IMR-90 and MCF-7 cells (Shin et al. 2011; Shrestha et
al. 2018). Accordingly, cells cultured on composite hydrogel obtained through 15 min and 120
min of H»O»-exposure that showed a reduction in stress fibres assembly (Fig. 4-11) also
showed G2/M arrest (Fig. 4-9). This indicates that one of the possible causes of cell-cycle
arrest at G2/M phase observed in the HeLa/Fucci2 cells cultured on soft hydrogel obtained
through 15 min and 120 min of exposure to H>O> is due to the reduction in stress fibres

assembly.

3.3 NMuMG/Fucci2 Cell Adhesion and Cell-Cycle Progression

Next, the adhesion and cell-cycle progression of NMuMG/Fucci2 cells was investigated.
Similar with the result in HeLa/Fucci2 cells, NMuMG/Fucci2 cells showed high viability from
day 1 to day 2 on the Gelatin-Ph/HA-Ph composite hydrogel, independent of the H,O» exposure
time (Fig. 4-12 (a)). The morphology of the NMuMG/Fucci2 cells on the composite hydrogel
was then investigated. The cells on the surface of the well-plate (control) and those on the
hydrogels obtained through 60 and 120 min of exposure to H,O elongated similarly (Fig. 4-
12 (b)). The cells on the hydrogel obtained through 15 min of the exposure showed a small and
round morphology attributed to the smallest area (Fig. 4-12 (¢)) and perimeter (Fig. 4-12 (d)),

aspect ratio near 1.0 (Fig. 4-12 (e)), and highest circularity (Fig. 4-12 (f)).
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Fig. 4-12 Viability and morphology of NMuMG/Fucci2 cells on Gelatin-Ph/HA-Ph
hydrogel obtained through different exposure time to H>O; in the air. (a) Viability of
NMuMG/Fucci2 cells on day 1 and day 2 of culture. Bar: S.E. (n = 6). (b) Representative
phase-contrast image of NMuMG/Fucci2 cells on the hydrogels obtained through 15, 60,
and 120 min of the exposure. As a control, cells were cultured on plastic surface of the well-
plate. Scale bars: 100 um. (c) Area, (d) perimeter, (e) aspect ratio, and (f) circularity of
NMuMG/Fucci2 cells. Bar: S.E. (n > 50 cells). *p <0.05, **p <0.005, ***p <0.0005, n.s.:
no significant difference, Tukey HSD. Reprinted from (Mubarok et al. 2022b) with

permission from MDPI.
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The cells on the hydrogel obtained through 60 min of the exposure showed significantly
larger and elongated shapes attributed to a larger area and perimeter (Fig. 4-12 (c-d)), higher
aspect ratio (Fig. 4-12 (e)), and lower circularity (Fig. 4-12 (f)), compared to cells on hydrogel
obtained through 15 min of the exposure. Interestingly, the cells on the hydrogel obtained
through 120 min of the exposure had no significant differences (p > 0.05) in their
morphological characteristics as to those cultured on the hydrogel obtained through 60 min of
the exposure (Fig. 4-12 (b-f)). This result is different with the cell adhesion of HeLa/Fucci2
cells. This phenomenon is similar to the result in Chapter II in which human adipose-derived
stem cells (hASCs) and rat fibroblast (3Y1) cells cultured on Gelatin-Ph hydrogel showed
elongated morphology on the hydrogel obtained through 60 min of exposure to H>O» despite
having similar stiffness with hydrogel obtained through 15 min of the exposure (Mubarok et

al. 2021).
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Fig. 4-13 Phase separation in Gelatin-Ph/HA-Ph composite hydrogel fabricated after
exposure to H>Oz for 15 to 120 min. Notice the cloudy appearance of the hydrogel in
extended exposure time, indicating phase-separation occurrence. Scale bar: 5 mm.

Reprinted from (Mubarok et al. 2022b) with permission from MDPI.

This phenomenon could be attributed to other factors such as mesoscale topographical

changes and mesh size (Scott et al. 2020). In the prolonged exposure time to H>O», the phase-
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separation phenomenon might occur, resulting in the formation of a domain. Phase-separation
could be observed from the cloudy appearance of the fabricated hydrogel (Fig. 4-13). This
phase-separation could induce clustering of cell surface receptors (see (Case et al. 2019) for

review), which could induce alteration of cell shape.
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Fig. 4-14 NMuMG/Fucci2 cell-cycle progression on Gelatin-Ph/HA-Ph composite
hydrogels obtained through different exposure time to H>O». (a) Representative micrograph
of NMuMG/Fucci2 cells before seeding, synchronised by hydroxyurea to S-phase, and (b)
NMuMG/Fucci2 cells on Gelatin-Ph/HA-Ph hydrogel and well-plate (control) for 2 days.
Scale bars: 100 um. (c) Percentage of NMuMG/Fucci2 cells in G1 phase. Bar: S.E. (n >5).
#p<0.05, 15 min compared to control; *p < 0.05, **p < 0.005, 120 min compared to control,

using Tukey HSD. Reprinted from (Mubarok et al. 2022b) with permission from MDPI.

Another factor that could induce better adhesion in the cells cultured on the hydrogel
obtained through 120 min of the exposure is the low molecular weight fragments out of the
polymer. As shown in Fig. 4-7, H>O» could degrade both Gelatin-Ph and HA-Ph. HA is well-
known to have different modulatory effects based on their molecular weight (Termeer et al.

2000; Termeer et al. 2002; Nyman et al. 2013). LMW-HA is reported to induce better adhesion
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in human epithelial cells HT1080, mediated by receptor for hyaluronic acid-mediated motility
(RHAMM) (Kouvidi et al. 2011). LMW-HA also induces EGF-induced branching of
mammary epithelial cells EpH4 and NMuMG cells, while the HMW-HA inhibits the
morphological changes, a process that is mediated by HA receptors CD44 and RHAMM (Tolg

etal. 2017).
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Fig. 4-15 NMuMG/Fucci2 cell density cultured on Gelatin-Ph/HA-Ph hydrogel obtained
from varying H>O> exposure time. Bar: S.E. (n = 5). *p < 0.05, **p < 0.005, n.s.: no
significant difference, Tukey HSD.

Next, the cell-cycle progression of NMuMG/Fucci2 cells on the composite hydrogels was
investigated. Hydroxyurea synchronization before seeding resulted in 84.0% S-phase cells
(Fig. 4-14 (a)). Cell-cycle observation based on the Fucci2 expression (Fig. 4-14 (b)) showed
that the cells on the hydrogels obtained through 15 and 120 min of exposure to H>O> had a
significantly higher (p < 0.05) percentage of cells at G1 phase from day 1 to day 2 on the
hydrogels compared to those on cell well-plate (control) (Fig. 4-14 (c)). In contrast, the
percentage of G1-phase cells on the hydrogel obtained through 60 min of the exposure was not

significantly different from that of control (p > 0.05) (Fig. 4-14 (c)). Time-lapse observation
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also showed higher mitotic cells in control and those cultured on composite hydrogel obtained
from 60 min H>O» exposure time, compared to cells on 15 min and 120 min hydrogel. Cell
growth analysis also showed significant cell density increase only in cells cultured on well-

plate (control) and 60 min hydrogel (Fig. 4-15).
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Fig. 4-16 F-actin reorganization of NMuMG/Fucci2 cells cultured on Gelatin-Ph/HA-Ph
composite hydrogel obtained through different exposure time to H>O> in the air. (a)
Representative fluorescence micrograph of the F-actin of NMuMG/Fucci2 cells cultured on
Gelatin-Ph/HA-Ph hydrogel obtained through 15-120 min of exposure to H20.. Cells
cultured on well-plate were used as control. Scale bars: 50 um. (b) Comparison of
percentage of cells with stress fibres. Bar: S.E. (n > 5). (¢) F-actin integrated density of
NMuMG/Fucci2 cells. Bar: S.E. (n = 50 cells). *p < 0.05, *p <0.005, ***p <0.0005, n.s.:
no significant difference based on Tukey HSD. Reprinted from (Mubarok et al. 2022b) with

permission from MDPI.

Next, the F-actin organization of the NMuMG/Fucci2 cells was investigated by staining the

actin stress fibres of the cells (Fig. 4-16 (a)). Analysis of the presence of stress fibres showed
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that the cells cultured on the composite hydrogels obtained through 15 min of exposure to H>O»
had the lowest percentage of cells with stress fibres (Fig. 4-16 (b)). Similarly, these cells had
the lowest F-actin integrated density (Fig. 4-16 (c¢)). In contrast, 89.4% of the cells on the
hydrogel obtained through 60 min of the exposure had stress fibres, relatively similar to those
on cell culture well-plate (control, 96.1%) (Fig. 4-16 (b)) and significantly higher F-actin
integrated density (p < 0.05) than those on the hydrogel obtained through 15 min of the
exposure (Fig. 4-16 (c)). Interestingly, the cells cultured on the hydrogel obtained through 120
min of the exposure had no significant difference (p > 0.05) in the presence of actin stress fibres
(Fig. 4-16 (b)) and F-actin integrated density (Fig. 4-16 (¢)) compared to the cells cultured on
the hydrogel obtained through 60 min of exposure to H20:.

Based on these results, NMuMG/Fucci2 had a different cell-cycle progression with
HeLa/Fucci2 cells. While HeLa/Fucci2 cells showed cell-cycle arrest at G2/M (Fig. 4-9) in
soft hydrogel obtained 15 min (0.20 kPa) and 120 min (0.40 kPa) of H>O»-exposure,
NMuMG/Fucci2 cells showed an arrested cell-cycle at G1 phase (Fig. 4-14). This difference
was also reported in the previous report by Sakaue-Sawano et al. (2011), in which the cell type-
dependent response is observed following exposure to Cdk4 inhibitor drugs, with HeLa/Fucci2
cells arrested at G2/M phase while NMuMG/Fucci2 cells are arrested at G1 phase (Sakaue-
Sawano et al. 2011). At the moment, the intricate mechanism on how the H>O, exposure time
to Gelatin-Ph/HA-Ph hydrogel induced cell-cycle arrest at a different phase in HeLa/Fucci2
and NMuMG/Fucci2 is unknown. However, there is a possibility that NMuMG/Fucci2 cultured
on Gelatin-Ph/HA-Ph hydrogel obtained through 120 min of the exposure had an epithelial-to-
mesenchymal transition (EMT).

EMT is a physiological transition or reprogramming of epithelial cells to mesenchymal
cells, marked by a morphological change into spindle-like mesenchymal cells, which plays an

important role in the malignancy and invasiveness of cancer (Meyer-Schaller et al. 2019; Shin
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etal. 2019). Recent study by Fan et al. (2021) shows that soft substrate (0.5 kPa) promotes the
EMT in SKOV-3 ovarian cancer cells (Fan et al. 2021). This stiffness is close with the Young’s
modulus of the Gelatin-Ph/HA-Ph hydrogel obtained through 120 min of H>O»-exposure at
0.40 kPa. Moreover, LMW-HA is also known to induce the EMT in MCF-7 and MDA-MB-
231 cells (Jariyal et al. 2020). This might explain why despite both Gelatin-Ph/HA-Ph
composite hydrogel obtained through 15 min (0.20 kPa) and 120 min (0.40 kPa) of H,O»-
exposure had low Young’s modulus, but, the NMuMG/Fucci2 cells adhesion (Fig. 4-12) and
F-actin organization (Fig. 4-16) were different: the molecular weight of HA-Ph exposed to
H>O: for 120 min was probably lower due to H>O> degradation, which promotes the EMT due
to interaction with HA receptors such as CD44 or RHAMM.

As for the cell-cycle arrest in G1 observed in NMuMG/Fucci2 cells cultured on the hydrogel
obtained through 120 min of H>Os-exposure (Fig. 4-14), despite having similar F-actin
organization with cells cultured on the hydrogel obtained through 60 min of H,O»-exposure
(Fig. 4-16), this could also be explained by the EMT process. EMT is known to induce cell-
cycle arrest (Vega et al. 2004; Lovisa et al. 2015; Prakash et al. 2019). Additionally, Snail and
Snai2 which belong to the SNAIL family transcription factors that regulate the EMT process
are also known to regulate G1 phase transition (Assani and Zhou 2019).

Taken together, the contradictory effect of H>O> to induce HRP-mediated cross-linking and
degrade the Gelatin-Ph and HA-Ph polymers could affect the adhesion and cell-cycle
progression of HeLa/Fucci2 and NMuMG/Fucci2 cells in cell type-dependent manner. These
findings can be useful in biomedical field especially for creating tissues by combining cells
and hydrogels obtained through HRP-mediated cross-linking. Development of various
artificial tissues have been attempted by combining cells and the hydrogels for surgical
transplantation and in vitro model for drug screening (Gantumur et al. 2019; Pierantoni et al.

2021). The control and understanding of the cell-cycle in these engineered tissues are important
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for creating functional tissues and for accurately interpreting cellular responses to drug
candidates, including anticancer drugs. Additionally, phenomenon reported in this study could
be used to study the cancer cell behaviour affected by the mechanical property of their

surrounding ECM.

4. Conclusion

The results presented in this chapter demonstrated the H>O; effect to induce HRP-mediated
cross-linking and degrade polymer in Gelatin-Ph/HA-Ph composite hydrogel and its
subsequent effect on cell adhesion and cell-cycle progression. Young’s moduli of the Gelatin-
Ph/HA-Ph composite hydrogels could be controlled by simple adjustment of the exposure time
to H>O» contained in the air, in which the stiffness increased after extending the exposure time
from 15 to 60 min, followed by a decrease in extended exposure time to 120 min. The exposure
time-dependent changes to the hydrogel stiffness governed the adhesion and cell-cycle
progression of HeLa/Fucci2 cells and NMuMG/Fucci2 cells, in a cell-type-dependent manner.
Although soft hydrogel leads to cell-cycle arrest at G2/M phase for HeLa/Fucci2,
NMuMG/Fucci2 cells were arrested at Gl phase. Apart from hydrogel stiffness, the
NMuMG/Fucci2 cell-cycle progression was also modulated by the H>O»-mediated degradation
of HA in the composite, which produced low-molecular-weight HA. From these results, the
contradictory effects of H>O» to Gelatin-Ph/HA-Ph composite hydrogel could be used to
control the cell adhesion and cell-cycle progression, which could be used in cancer studies and

tissue-engineering purposes.
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General Conclusions

This dissertation described the influence of H>O» on the mechanical property of the hydrogel
obtained from HRP-catalysed cross-linking and its application to modulate the cell behaviour.
Chapter II of the dissertation described the influence of H>O: to the mechanical property of
Gelatin-Ph and its effect on cell adhesion. Chapter III described the application of the H,O»-
mediated changes on Gelatin-Ph hydrogels’ mechanical property to regulate myogenesis.
Chapter 1V described the effect of H>O, on the mechanical property of Gelatin-Ph/HA-Ph
composite hydrogel and its effect on cell-cycle progression. The following results were

obtained.

In Chapter II, the contradictory effect of H,O> that simultaneously induces cross-linking
while degrading the polymer was demonstrated in Gelatin-Ph. The gelation time and
mechanical property of the Gelatin-Ph hydrogel could be controlled by tuning the HRP
concentration and the exposure time to air containing H>O>. The changes in the Young’s
modulus of the hydrogels with initial stiffening followed by decreasing stiffness in extended
exposure time to air containing H>O> could be mediated by the balance of H,O; activity to
induces the cross-linking and degrades the Gelatin-Ph. The mechanical property of the Gelatin-
Ph hydrogel modulated by H>O could alter the adhesion of hASCs and fibroblast cells. The
mechanical property and molecular weight of the hydrogel that were influenced by H>O» could
be promising for tuning the cells' behaviour for cell study and biomedical applications.

In Chapter III, the H,O>-mediated changes in the properties of Gelatin-Ph hydrogel was
applied to control the formation of new muscle cells (myogenesis). Tuning the exposure time
to air containing H»O; resulted in the Gelatin-Ph hydrogels with a physiologically relevant
stiffness mimicking the native skeletal muscle tissue. The cytocompatibility of the system was

demonstrated by the high viability of the cells regardless of the exposure time to air containing
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H>0:. In addition, myoblasts' adhesion and differentiation also could be controlled by the
exposure time to air containing H>O,, in which higher stiffness was preferable for the cell
elongation and myotube formation. This finding could be useful in the biomedical engineering
field aimed at regenerating muscular tissue.

In Chapter IV, the versatility of the system to control the mechanical property was
demonstrated to Gelatin-Ph/HA-Ph composite hydrogel. This system was applied to study the
cell-cycle progression of the cancer cells. In addition to the mechanical property, the
degradation of HA-Ph in the composite hydrogel by H>O> could affect the adhesion and cell-
cycle progression of HeLa/Fucci2 and NMuMG/Fucci2 cells on the hydrogels in a cell-type
dependent manner. The possible mechanism via F-actin assembly was also reported. These
findings could be useful in cancer studies and tissue engineering purposes.

The objective of this study was thus achieved based on these investigations that the influence
of H>O» on the mechanical property of gelatin-based hydrogels obtained from HRP-catalysed
cross-linking could control various cell behaviours. These findings are expected to contribute

to the biomedical applications of hydrogels obtained through HRP-mediated cross-linking.
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Suggestions for Future Works

Based on the findings of this study, the H>O> influence on hydrogel properties can be applied

to the following studies in the future.

(1) Fabrication of Substrates with Complex Stiffness Gradient

Artificial tissue is important as in vitro model to study developmental processes and disease
progression. Artificial tissue can also be applied to directly regenerate damaged tissues or
organs. Therefore, it is essential to recreate a cell microenvironment similar to the native tissue
and organs to successfully study physiological processes in vitro. Although bulk hydrogels can
provide a platform for different cell types and applications, they often lack the ability to
replicate the optimal cell conditions. Natural tissues and organs exhibit a varying stiffness
gradient, such as osteochondral (cartilage-to-bone) interaction in the articulating joints and the
neural tube during embryonic development. Therefore, there is a need to develop a method to
fabricate hydrogel with a complex stiffness gradient.

Previous studies that reported the gradient stiffness normally yield a linear stiffness gradient
(Hadden et al. 2017; Chin et al. 2021). Based on the findings in Chapter II-IV, a non-linear
trend of the hydrogel stiffness is observed following extending the exposure time to air
containing H>O». Therefore, this system can be applied to fabricate a structure with non-linear
stiffness gradient. One proposed method is to temporally slide the mask covering the solution
containing Polymer-Ph & HRP (Fig. S-1). Using this method, a non-linear gradient stiffness
can be fabricated, with the middle point being the stiffest. Adjusting the position of the mask
also can be used to control the position of the stiffest point of the hydrogel. This system, thus,
can be used to study the cellular behaviour and mechanotransduction in response to gradient

stiffness, e.g., cell adhesion, durotaxis, and differentiation of the stem cells or progenitor cells.
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This technique is advantageous on several points. In addition to simple control of the
hydrogelation, this technique is versatile as it can be applied to fabricate hydrogel from a wide
variety of materials, such as Gelatin-Ph (Chapter II-III), composite Gelatin-Ph/HA-Ph
hydrogel (Chapter IV), and other Polymer-Ph. More importantly, the cytocompatibility of this
method demonstrated in Chapter III and IV also solves the limitations of previous techniques

that require toxic monomers and cross-linkers (Hadden et al. 2017).
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Fig. S-1 Schematic illustration of fabrication of hydrogel with non-linear gradient stiffness
utilising air containing H>O: exposure time-mediated stiffening and softening of the

substrate.

(2) Fabrication of Cartilage-to-Bone (Osteochondral) Model Fabricated by Extrusion
Printing
Osteochondral is an area around the articulating joint comprised of complex gradient

stiffness from soft cartilage to stiff bone. Utilising the system developed in this study, a large-
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scale osteochondral model with complex hydrogel stiffness can be developed (Fig. S-2).
Stiffness gradient can be fabricated using two different inks containing HRP and different
polymer solutions: Gelatin-Ph only and Gelatin-Ph/HA-Ph mixture exposed with air containing
H>0,. Gelatin-Ph/HA-Ph mixture has higher stiffness and more functional effect on cells
compared to only Gelatin-Ph. Thus, this structure will have both stiffness and functional
gradient. To fabricate a functional artificial osteochondral tissue, induced pluripotent stem cells
(iPSC) can be used. The combination of chemical cues by the biomaterials and physical
properties of the substrate can be used to control the iPSC adhesion, migration, and, most

importantly, spontaneous differentiation to bone and cartilage cells.

(i) Extrusion printing of structure with complex gradient stiffness

Low stiffness  High stiffness Stiffness and Functional Control
ink ink by Polymer Mixture
- =
] Gelatin-Ph & Gelatin-Ph/
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Air containing

HZOZ
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(ii) Generation of functional osteochondral tissue
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Fig. S-2 Schematic illustration of the fabrication of osteochondral tissue with complex
gradient stiffness by extrusion printing of gelatin-based ink exposed with air containing

H>0s.
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