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CHAPTER 1 GENERAL INTRODUCTION
1.1 Hydrogel scaffold and the polymer choice

Untangling complex biological systems is still a major challenge for scientists
despite over a hundred years of modern researches’. Mimicking a specific convoluted
system is one of the best approaches to understand and valorize it for research
purposes and applications benefitting a variety forms of life?2. In recent years, bottom-
up approaches including cellular scaffolding have been studied in tissue engineering,
which could be the best path forward to initially mimicking the complexity of cellular
environment. A rise in demand of this technology to treat chronic diseases is expected
to drive a research, impelling the market growth through to 2027. Grand View
Research Inc. has reported a perceived tendency of cell culture market in 2027. The
world cell culture market value is forecasted to attain USD 3.2 billion, broadens at a

compound annual growth rate of 11.3%*.
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Fig. 1.1 Summary of different technological cell culture technology approaches. Reproduce
by permission from ref° Copyright 2018 Elsevier.

Over the last decade, a variety of cell culture platforms have been developed to
achieve versatile cell culture system as a research model, especially for the preclinical
drug discovery and the development of tissue engineering itself. The cell culture

technology was initiated by two-dimensional (2D) monolayer cell culture under



adherent conditions. At the same time, three-dimensional (3D) cell culture systems
have been designed to sufficiently mimicking the physiological conditions of natural
structures of the tissue. Current approaches in 3D cell culture platform are mainly
represented by two strategies, scaffold-free and scaffold-based platform, where each
having their advantages and posing intrinsic limitations (Fig 1.1). By integrating the
lack of each system, it is desirable to constructively generate a smart scaffold while
covering their drawbacks.

Today, one of promising smart scaffolds for cell culture is hydrogel, known as
potential bio-based polymeric materials with dynamic chemical, physical, and
structural properties®’. Hydrogels have extensively studied by many researchers and
recognized as the most popular scaffold in the past 30 years. The search for the words
“hydrogel” and “hydrogel-cell culture” in the PubMed and Scopus database shows a

significantly increase in the number of the issued articles (Fig 1.2).
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Fig. 1.2 The growing trend in published articles identified during the past 30 years with the
keyword “hydrogel” and “hydrogel-cell culture” for the past 10 years.

Due to their unique three-dimensional (3D) hydrophilic network that is cross-linked
and swollen, hydrogels serve as a wet environment or provide fluid to recapitulate and

mimic the natural extracellular matrix (ECM) or many tissues in the body®-"°. Therefore,
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either hard or soft networks of hydrogels have shown an important class to have good
compatibility. Hydrogels have been designed to create specific properties of
biomaterial scaffolds for embedding bioactive molecules and other biological entities,
particularly as a cell culture platform (Fig. 1.3).

A Synthetic

Natural E

Polymer Growth factor

Fig. 1.3 Representation of the general strategies of hydrogel as a cell-laden scaffold. A.
Synthetic polymer create and develop the environments that mimic tissues or natural structure.
B. Hydrogel matrix able to alter with protein (such as cell adhesion peptide or growth factors)
which is mimic properties of the ECM. C. Cells are live in communities, so the chemotaxis can
be modified by attaching biochemical entities to a hydrogel that can mimic the natural
interaction. D. The mechanical properties of hydrogel can be modified by controlling the cross-
linking density and the ligand. E. Synthetic hydrogel (left; orange matrix) provide a 3D
environment for cell culture scaffold but with a lack of activated integrins and receptors of cell
(brown). Besides, hydrogel composed natural polymer (right) serve the growth factors
(orange) and integrin sites (green) that can bind with the cell surface receptors. F. Engineered
synthetic hydrogel that integrated and modified well-deveined natural compounds and
chemical moieties. Fig. A-D are reproduced by permission from ref®. Copyright 2016 Springer
Nature. Fig. E-F are reproduced by permission from ref'. Copyright 2009 John Wiley & Sons,
Inc.

In the initial report of hydrogels, the scaffold was employed to encapsulate cells by
natural polymers, such as fibrin, elastin, collagen, hyaluronic acid, gelatin, and other
proteinaceous based polymer'>='5, namely natural hydrogel. Generally, natural
hydrogel (biopolymer) can be categorized by constituents such as polysaccharide,
protein, protein/polysaccharide hybrid polymers, DNA and decellularized matrices'®-

18, Several key class of natural hydrogel and their properties are described in Table 1.



Table 1. Key classes of natural compounds used as the main polymer of hydrogel
fabrication, and their main advantages and drawback properties in the cell culturing.

Polymer Class Advantages Disadvantages
Alginate Polysaccharides - Reactive handles for - Poorly adhesive
functionalization - Cation leaching leads to
- Rapid gelation with divalent dissolution
cations - Non-biodegradable
- Ease of use for 3D printing
- Abundant
Chitosan Polysaccharides - Adhesive and antimicrobial - Poor solubility at neutral
- Low immunogenicity pH
- Abundant
HA Polysaccharides - Bioactive and biocompatible - Rapidly degraded in vivo
- Binds growth factors and - Low stability without cross-
cytokines linking
- Reactive handles for
functionalization
Chondroitin  Polysaccharides - Bioactive and biocompatible - Low stability without cross-
Sulfate - Binds growth factors and linking
cytokines - Rapidly degraded in vivo
- Reactive handles for
functionalization
Collagen Proteinaceous - Adhesive and bioactive - Contamination can lead to
- Mimics native ECM immunogenicity
- Abundant and - Mechanical stability lost
biodegradable during processing
- Assembly sensitive to
modification
Gelatin Proteinaceous - Adhesive and bioactive - Mechanically weak
- Tolerant of functionalization - Requires cross-linking
- Abundant and - Contamination can lead to
biodegradable immunogenicity
Silk Proteinaceous - High mechanical strength - Slow gelation
and elasticity
- Low immunogenicity
- Adhesive
ELPs Proteinaceous - Tunable structure and - Low stability without cross-
sequence linking

Thermoresponsive (LCST)
Recombinant expression

Reproduce by permission from ref19 Copyright 2020 Royal Society of Chemistry (RSC).

As shown in Table 1, although the studies of natural hydrogels have been
established early success in cell and tissue culture, the mechanical properties,
gelation time, and degradation rate were difficult to control. Moreover, natural
compounds have diverse contents, and batch-to-batch variability in compositions and

biochemical properties lead to significant uncertainty in cellular experiments?°. For

these reasons, in recent years, synthetic materials possessing more tunable and well-
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defined structures have been explored to create hydrogels for cell and tissue
culture”?'. Synthetic polymers also show high gel strength, high capacity of water
absorption, long shelf life and generally simpler well-defined structures than that of
natural polymers, the introduction of cross-linking substrates is thus controllable.
Eventually, synthetic polymers possessing in hydrogels fabrication can be exploited to
generate the adjustable design especially in their degradation and functionalization

properties for the advanced cell/tissue culture applications’®.

Synthetic Hydrogel

Poly(lactic acid) (PLA) Poly(ethylene Other synthetic

Poly(2-hydroxylethyl
glycol) (PEG) polymers

methacrylate) (PHEMA)

Poly(vinyl alcohol (PVA)

Poly(N-isopro

Poly(caprolactone)
(PCL)

Poly(glycolic acid)
(PGA)

pylacrylamide) (PNIPAM)

Other vinyl polymers Other ester polymers

Fig. 1.4 Commonly used synthetic polymer as the hydrogel precursor for cell culture
application.

In the class of synthetic material examined thus far?>-2%, many polymers have
been used as hydrogel precursors that can be classified by chemical entities such as
polyvinyl, polyester, poly(ethylene oxide) and other synthetic polymer (Fig 1.4). One
promising hydrogel’'s backbone is polyethylene glycol (PEG)?%27. PEG is the most
commonly investigated polymer used to make synthetic hydrogels as an FDA-
approved material. Its chemical and biological inertness, highly hydrophilic nature,

controllable and homogenous microstructure as well as a wide range of polymer



architectures are attainable by synthetic chemistry?®2°. Moreover, along with the ease
of derivatization in which end-functionalization of PEG enable the inclusion of various

chemical cues that can be applied for efficiently crosslinking reaction™®.

1.2 Methods of synthesis of hydrogels

Hydrogels are mostly constructed by the crosslinking reaction of polymeric matrix.
Currently, the most attractive way to manipulate the shape, activity, and
biocompatibility of a synthetic hydrogel is by altering the cross-linking site, either by
physical or chemical means®° (Fig .1.5). Physically cross-linked hydrogels are formed
by weak and reversible intermolecular interactions, such as ionic cross-linking,
hydrogen bonds, hydrophobic interactions of thermal inclusion mediated on upper
Critical Solution Temperature (UCST)/Lower Critical Solution Temperature (LCST),
and ultrasonication assisted formation of sol-to-gel phase transition®'32. The most
important advantage of this system is its low cytotoxicity because of the absence of a
chemical reaction. However, physical hydrogels have limited mechanical properties
owing to the weak interaction involved in their cross-linking points.

On the contrary, chemical cross-linking is attained by covalent bond formation
such as click chemistry®3, free-radical photopolymerization34 and enzyme-mediated
cross-linking®>. The chemical crosslinking strategy serves higher stability and
mechanical properties than that of the physical crosslinking methods; consequently,
chemical hydrogels are more advisable for long-term cell culture and tissue
engineering applications. However, from the viewpoint of cytocompatibility, there are
a couple of shortcomings, including photoinitiators and irradiation used in
photopolymerization, which are potentially detrimental to cell survival, causing tissue

damage?®® and deactivating the incorporated proteins®”.
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Fig. 1.5 The most widely used crosslinking strategies for hydrogel construction. Including
crystallization crosslinked hydrogel, ionic crosslinking, UV crosslinking, LCST/UCST hydrogel,
dual crosslinking and enzymatic catalyzed crosslinking. Reproduced with permission from
ref*2. Copyright 2019 The Royal Society of Chemistry.

Among these existing strategies, an emerging attractive approach for the rational
and feasible design of hydrogels is enzyme-mediated hydrogelation. The enzyme-
catalyzed hydrogelation realizes a mild cross-linking reaction, making it suitable with
the incorporation of therapeutic proteins, drugs and typically for living cells3®-4°. The
kinetic manipulation of hydrogel formation could be realized by controlling the catalytic
behavior of enzymes in crosslinking reaction by adjusting reaction prameters. Despite

hydrogel formation by an enzymatic reaction is a relatively recent concept, the interest



of an enzyme-based cross-linking is not only providing the strong and dynamic
covalent bond but also exhibit the fast gelation under physiologically relevant and mild
oxidative conditions.

So far, several enzymes have been studied for their abilities to control and provide
advanced hydrogelation systems, such as lysyl oxidase3®, transglutaminase*!,
sortase*?, laccase*3*, phosphatases*®, R-lactamase*®, plasma amine oxidase?*’,
thrombin“8, thermolysin*?, kinase/phosphatase®%5, phosphopantetheinyl
transferase®?, tyrosinase®?, a-chymotrypsin®4, and peroxidases®. Among these group
of enzymes, peroxidases that catalyze a variety of oxidative transformations using
hydrogen peroxide or other peroxides as oxidants®®, and horseradish peroxidase
(HRP) extracted and isolated from horseradish roots is one of the most studied,
favored and used enzymes in hydrogel fabrication-5°. HRP is widely applied as a
biocatalyst due to the fast reaction kinetics, moderate substrate specificity, and ability
to control the cross-linking density, that can be tailored by simply altering the precursor
reactants®:57.60-62_|n fact, another enzyme demonstrates weak mechanical properties,
lower biorthogonality, less specific binding site and lack of immunogenicity.
Conversely, because HRP is plant-based derived peroxidase that can offer relatively
low immunogenicity risk, thus HRP has been authorized by the U.S. Food and Drug
Administration (FDA) for biomedical applications®® and commercially accessible. It

was predicted that HRP could become the greatest enzyme for the next decade®.

1.3 Designation of horseradish peroxidase (HRP)-catalyzed hydrogels
Hydrogels have transitioned from being a static and passive material to a

dynamic, bio-based, and stimuli-responsive biomaterial for use in cell-seeding

technology®°%. Recent advances towards such biologically active hydrogels have

been directed to design biomaterials with superior feature for higher-order cell culture
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than conventional 2D culture. As previously described, in the term of cellular scaffold
development, HRP is promising biocatalyst because of its hydrogelation abilities. Thus,
many HRP-mediated hydrogel systems have been proposed for 2D or 3D cellular
scaffolds, which were deeply discussed in a recent review by Sakai and Nakahata®’,
such as cell-laden microcapsules, solid- and hollow-core hydrogel fibers, approaching
in single-cell hydrogel coating and biofabrication in 3D bioprinting.

1.3.1 Horseradish peroxidase (HRP)

HRP is an oxidoreductase comprising of 308 amino acid residues, 4 disulfide
bonds between cysteine residues, a single heme group [iron(lll) protoporphyrin IX]
and two calcium ions (Fig 1.6-A)%”. Basically, HRP-catalyzed reaction is described by
the following equation, in which AH and AH> imply a radical product and its reducing

substrate, respectively®”-68.

H20, + 2AH, —> 2H,0 + 2AH

The reaction cycle initiates from the binding of H2O- to the vacant octahedral
position on the iron atom of HRP (Fig. 1.6-A), and subsequently the oxidized HRP
(compound I/lIl) oxidizes a reducing substrate and returns to its original form.
Consequently, the created phenol radicals allow covalent bond formation within
aromatic rings structure (Fig. 1.6-B)®®. HRP recognizes indoles, sulfonates,
phenylamines, and phenol as reducing substrates, which are converted to radicals to
react with each other via a radical coupling reaction. These reducing substrates are
introduced to polymers for the formation of hydrogels via cross-linking. Details of the
HRP structure and its complex catalytic mechanism have been elegantly described in

the recent literature56.67.69-73,
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Fig.1.6 A. The heme as an active center of peroxidases structure. B. The catalytic cycle of
horseradish peroxidase (HRP). A Reproduce from Refs.”® with permission from Elsevier 2019.
B. Reproduce from ref®® with permission from John Wiley & Sons, Ltd. 2014

1.3.2 Horseradish peroxidase (HRP)-mediated hydrogel formation through
cross-linking between phenol groups

The crosslinkable substrate is one of the most important considerations to
increase the stability of polymer crosslinking through HRP-catalyzed hydrogelation. In
fact, despite many functional groups, for instance phenolic acids, aromatic phenols,
and amines can be applied as the reducing substrate®”. Currently, the introduction of
phenolic groups is the most commonly used method to improve HRP-mediated
hydrogelation in many polymers®3 because it is a common form of industrial waste®8.
Various phenol derivatives are introduced to the backbone of hydrogels such as
tyrosine’, tyramine’®, phenylalanine, 4-hydroxyhneyl acetic acid’® and hydroxyphenyl

propionic acid’”-"® to form cross-linking in the hydrogels.
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Precursor that works in phenol-mediated cross-linking has wide range of polymer
type, either natural or synthetic moieties could be conjugated and modified through its
sites®3. Conjugation of phenol moieties in hydrogel network can be selected according
to the chemical cues of each polymer. Generally, water soluble carbodiimide
hydrochloride (WSDC) is utilized in the reaction between carboxyl group and a primary
amine (e.g. tyramine)’® (Fig. 1.7-A). An alternative method is also using WSDC within

the reaction of polymer consisting amine group and propionic acid (Fig. 1.7-B).

A) - .
OH
WSCD/NHS
+ N
0 L MES (pH 6) |
| o
NH,
Polymer with Tyramine Polymer conjugating with
carboxyl group phenolic hydroxyl groups
B) OH \
O
NH, ¢‘/<
+ - WSCD/NHS
_—>
MES (pH 6)
O/I\o&
O
Polymer with primary 3-(4-hydroxyphenyl) Polymer conjugating with
amine group propionic acid phenolic hydroxyl groups

Fig. 1.7. Schematics illustration of synthesis of phenol polymer using water soluble
carbodiimide hydrochloride (WSDC/NHS). Reproduce from ref’® with permission from Royal
Chemistry Society 2018.

From the viewpoint of the compatibility of the main polymer, the bound phenol
moieties in HRP system work in many types of polymers because of the reasonable
design and substrate specificity of HRP. Natural compounds for instance collagen®?,
hyaluronic acid®!, gelatin®, chitosan®?, silk3, chondroitin sulfate®s, dextran®,
alginate®’, and various combinations among them have been used as compatible

substrates polymer in HRP-mediated hydrogelation. However, as described in the
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previous section due to the low mechanical properties of natural-based polymer, it will
predict limits of the application on the biomedical field where the mechanical aspect is
crucial. To overcome the limitation, the synthetic polymer has been obtained to
construct hydrogel backbone, and among all the synthetic material, functionalized
polyethylene glycol (PEG) is widely involved as a base polymer for HRP-mediated
hydrogelation due to highly controllable and homogenous microstructure?®2°.

1.3.3 Timeline and research evolution of the HRP-mediated hydrogelation as a
cell culture scaffold

Historically, the first report of the valorization of an HRP-catalyzed oxidation in a
hydrogel system was reported by Kaplan et al. in 2002, where they demonstrated the
fabrication of poly(aspartic acid) modified with phenol as a gel precursor using an HRP
catalysis system®®. Since then, many researchers have followed the same concept to
construct hydrogels based on HRP catalysis either using natural polymer or synthetic
po|ymer22,23,87—96,24,55,80—85_

A significant improvement was reported by Kurisawa and coworkers in 200576 in
the application of a hyaluronic acid-tyramine conjugate to produce an injectable
hydrogel, where HRP induced oxidative coupling, resulting in hydrogelation. In their
report, the classical HRP cycle could interact with hydrogen peroxide (H202) to form
highly intermediate product as oxidants. The results show HRP mediated
hydrogelation can support the injection of hydrogel as a minimally invasive technique.
However, in general, these development of HRP-mediated hydrogelation systems
involves H20O2 in the equal ratio as HRP amount to the fabrication of cell-laden

hydrogel scaffold (Fig. 1.8).

12



9

Phenol-rich polymer

Tissue defect Tissue defect filled with
in situ-forming hydrogel

Fig.1.8. HRP-catalyzed crosslinking reaction with phenol-rich polymer and H.O2as a common

cell encapsulation strategy in the fabrication of hydrogel in the tissue engineering field.
Reproduce from ref® with permission from John Wiley & Sons, Ltd. 2014.

It should be pointed out that HRP-catalyzed cross-linking of several reaction
type has been reported and discussed in thousands of research papers in various
points of view®¢:57.70.73.79  However, from the viewpoint of cytotoxicity, removal of
residual H202 in the HRP-mediated hydrogelation system for mild conditions to cells
and increase in the cytocompatibility of hydrogel system are required.

Despite the development of HRP-mediated preparation hydrogel has been
conducted since more than twenty years ago, the trend of published paper during 2000
to 2010 certainly reveals that the study and progress of HRP-hydrogels are still at an
early development phase, against with the considerably steps taken to totally remove

the use of H20: in its system (Fig 1.9). The continuous work has been settled to adapt
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and integrate the facile HRP preparation system with the another chemical/biological
entity as well as the significantly effort to advance the different compartment in cell

culture application.

First report on preparation of
polymer hydrogels by cross-
linking between phenol groups
through HRP catalysis (ref 55)

Demonstration of the hydrogels based on natural
polymers modified with phenol groups by HRP with
exogenous H,0, for tissue engineering (ref 80-87)

Preparation of hydrogels based on
phenol groups-modified polymer via dual 2005-2010 Demonstration of hydrogels based on
enzyme-catalyzed reaction without synthetic polymers modified with
exogenous H,0, (ref 24, 92) phenol groups by HRP with

2010-2015 exogenous H,0, (ref 22, 23, 25, 90,
91)

Preparation of redox-responsive hydrogels based
on thiol groups-modified polymer via HRP without

exogenous H,0, (ref 93) This study >> Adapting and integrating the facile

HRP preparation system with
anotherinclusion of chemical/
biological entities and with different
shape of compartment to advance
the cell-cell and cell-matrix
interactionsin cell culturing.

Facile preparation of cell-friendly redox-
responsive hydrogels via HRP without
exogenous H,0, (ref 94-96)

2015-2020

Fig 1.9. Timeline chart of the evolution of HRP-mediated preparation of hydrogels based on
natural and synthetic polymers and the current goal of this study. Reproduced and redrawn
from ref®* with permission from the Springer Nature 2020.

In the previous section, it was discussed that H2O- is necessary in the HRP-
mediated hydrogelation. However, the amount of H202 is crucial concern for harsh
impact in cytocompatibility, thus the consumption of H2O> amount should be
decreased. However, the low H2O2> dosage and the short cell exposure time to H20>
may not provide milder condition especially when the system uses as the cellular
scaffold. The further approach to solve the problem is using glucose oxidase (GOx),
where oxidizing glucose to glucono-6-lactone by consuming oxygen could suppress
the high concentration of H20,%2. Nevertheless, the remaining GOx in the system
might still produce H202 and react with glucose, thus predict gives negative impact to
the cell. Indicating in the in vivo application this technique may face potential problem,
as the glucose is a common molecule in ECM, GOx in the hydrogel will subsequently

oxidize the excess of glucose molecules and create undesired H20o.
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Another important report came from Singh and colleagues, where they found that
the thiol groups incorporated into the polymer promoted hydrogelation induced by
HRP, without recruitment of H.02% Under aerobic condition, mixture of HRP and thiol
can generate hydrogelation reaction of phenol compound via autooxidation in the
redox sensitive hydrogel. This basic gelation concept is in the presence of thiol, thinly
radical was dimerized to form disulfides or interact with the disulfide radicals after
reacting with oxygen. However, in this system the hydrogelation condition occurs in
the pH 8.5, which may not suitable with the physiological condition in ECM. Moreover,
the gelation time of the polymer solution was also slow (41-110 min), even at high
HRP concentration and high concentration of polymeric substrates.

To date, the next impactful research developed from our group, where the
dramatic improvement of the HRP-catalyzed hydrogelation of thiolated polymers is
realized®*. The main concept of the gelation system was the improvement of phenolic
compounds as the substrates for HRP catalysis. The rate of second-order constant of
HRP compound Il with the general thiol substrate cysteine is < 50 M' s 97, while that
with phenolic compounds is usually in the range of 10°-107 M" s7' 9 _indicating that
the inclusion of thiolated polymers as an HRP substrate would lead to much slower
gelation kinetics than phenolated ones. Nevertheless, in the incorporation of phenolic
substrates, radical exchange between the phenol radicals produced by HRP catalysis
and thiols occurs with a rate constant at pH 7.15 is reportedly 10 M-' s™'. Therefore,
in the HRP-cycle, the presence of single electron oxidation from thiol occurs when
generated the phenol radicals and that thiols radical then transformed to disulfides
after interacting with the oxygen. Eventually, the resultant phenolic compounds should
accelerate the HRP-mediated fabrication of disulfide-crosslinked hydrogels without

exogenous H202%* (Fig. 1.10).
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Fig. 1.10. HRP-mediated hydrogel system without exogenous H>O using thiolated polymers.
(A) Proposed scheme of hydrogelation in the presence of a phenolic compound as a direct
HRP substrate. (B) Hydrogel formation using 4-arm-PEG-SH, HRP, and tyramine at pH 7.4.
(C) Degradation of the redox-responsive hydrogel by soaking in DTT solution for 15 min.
Reproduced from ref®* with permission from the Springer Nature 2020.

This strategy was the first report of disulfide-cross-linked hydrogels prepared by
HRP catalysis at neutral pH without the addition of exogenous H20:z. In this HRP
hydrogelation system, the inclusion of phenolic compound is aid and amplify the
autooxidation of the thiol groups. Indicating this phenolic compound plays a significant
and crucial role as the direct substrate in the HRP catalytic cycle and in the preparation
of the redox-responsive disulfide-cross-linked hydrogels. Obviously, the design of

formation and degradation of the disulfide cross-linking in this system can effectively
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encapsulate and release living cells, which might be highly beneficial for the
development of cell culture platform®+.
1.4 Aim and outline of the thesis

The aim of this research is to integrate and develop the facile HRP preparation
system in redox responsive hydrogel with the inclusion of chemical/biological entities
and with different shapes of compartment to advance the cell-cell and cell-matrix
interactions in cell culturing.

In Chapter 1, a general introduction was described on the development of
scaffold to better mimic the natural life form and the increase of hydrogel research as
a cell culture platform in history which constructed based on the variety of polymer. A
brief review of the polymer choice and the crosslinking strategy for precious
hydrogelation in hydrogel was included as well. The designation of HRP as the
selected biocatalyst in hydrogelation and their improvement year by year as the
cellular friendly scaffold was also discussed.

In Chapter 2, the feasibility of using HRP hydrogelation system in the PEG-based
hydrogel as the main polymer was discussed with functionalized gelatin and heparin.
By varying the gelatin type and heparin concentration, the capture of growth factors in
hydrogel system and cell adherence as well as the rapid fabrication of cell sheet on
the redox responsive hydrogel were studied.

In Chapter 3, the performance of obtained cell sheet on the redox responsive
hydrogel is utilized to wrap and encapsulate other cells and biological entities to form
heterogeneous of multicellular structure. Cell sheet detachment from hydrogel and
their wrapping behavior induced by cysteine were studied. By changing the density of
cell or the number of carcinoma spheroids, the cell number of endothelial cell and the

collagen beads number, the properties and the resultant of heterogenous 3D cellular
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structure were investigated.

In Chapter 4, functionalized gelatin in facile HRP-mediated preparation was
adapted to transform the liquid marble system to hydrogel marble as a scaffold for 3D
cell culture. With this new hydrogel marble system, the carcinoma spheroid
fabrication process was described.

Finally, in Chapter 5 the findings of this research are outlined and
discussed further research direction related to the next development of HRP hydrogels

as a scaffold and their prospect in medical application and tissue engineering fields.
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CHAPTER 2 ENZYMATICALLY PREPARED DUAL FUNCTIONALIZED
HYDROGELS WITH GELATIN AND HEPARIN TO FACILITATE CELLULAR

ATTACHMENT AND PROLIFERATION

2.1 Introduction

Mimicking the structure and function of natural extracellular matrices by synthetic
materials is of great interest to promote the field of biomaterial scaffolds for tissue
engineering and numerous studies have shown the potential of hydrogels as cell
culture platforms’. The most attractive feature of synthetic hydrogels is that their
physicochemical properties can be manipulated by altering the chemical components
of the water-swollen three-dimensional (3D) polymeric network?. Many different
approaches have been proposed to prepare biologically active hydrogels3. A major
obstacle in the fabrication of engineered hydrogels is development of methods for in
situ crosslinking of gel precursors without impairing bioactive agents. Enzyme-
mediated hydrogelation is a recent popular approach for this purpose because of the
mild crosslinking reaction conditions and compatibility with drugs, therapeutic proteins,
and living cells*®. As a relatively recent concept, several enzymes have been found to
perform advanced hydrogelation in scaffold design®. Because horseradish peroxidase
(HRP)-mediated crosslinking provides mild gelation conditions (e.g., physiological
conditions), it is one of the best studied enzymes to trigger hydrogelation in a variety
of biomedical applications including tissue engineering’”-® and a range of natural and
synthetic polymers have been designed for HRP-mediated crosslinking®.

Properly functionalized 4-arm polyethylene glycol (PEG) is widely employed as a
base polymer for hydrogelation'®. The incorporation of bioactive factors into scaffolds
should facilitate cells to adhere and grow''. Recently, our group developed an HRP-

catalyzed gelation system to prepare a redox-responsive PEG-based hydrogel
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consisting of a thiolated synthetic polymer. Formation of the disulfide bonds proceeds
by simply mixing thiolated 4-arm PEG (PEG-SH), HRP, and small phenolic
compounds without exogenous addition of H2O.'2. This hydrogelation system is
cytocompatible and could prepare 3D spheroids of human liver cancer (HepG2) cell
line'® or fabricate a 2D cell monolayer (i.e., cell sheet') of fibroblast (L929) cells using
the bioactive hydrogel co-crosslinked with PEG-SH and thiolated gelatin (Gela-SH)'S.
Gelatin-based materials are an excellent bioactive compound to support the
proliferation of cells with correct biological signals for cellular activity'®. Gelatin is also
suitable to sustain cellular adhesion and proliferation, because it contains the cellular
binding motif Arg-Gly-Asp (RGD)"". Gelatin itself, has been extensively studied and
widely used in a range of hydrogel scaffolds because of their biocompatibility and
biodegradability'. In addition, chemically modified gelatin was employed to tune
mechanical properties of hydrogel'®. Nevertheless, the incorporation of bioactive
signaling compounds into hydrogel networks to mimic an ECM should expand the
properties of this simple HRP-mediated hydrogelation system to the formation of
engineered tissues®.

In addition to the increase in cellular adhesion that is closely related to cell-cell and
cell-matrix interactions, growth factors (GFs) influence cell behaviors markedly. In
well-established cell culture techniques, because of the fast degradation of signaling
compounds, which reduces their stimulation, periodic addition of GFs to culture
medium is mandatory?'. However, GFs solely in medium can reduce their bioactivities
because of the difficulty in conserving their native state and controlling the orientation
for adequate interaction with target receptors. However, immobilization of GFs on a
substrate for direct contact to the cell surface is presumed to decrease downregulation

of cell receptors and support intracellular signal transduction??. A simple method to
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provide biomimetic functionality in a PEG-SH-based hydrogel is to introduce another
polymeric component that accommodates GFs in the hydrogel network. Heparin is a
highly sulfated, anionic polysaccharide of repeating disaccharide (1,4)-linked
glucosamine and uronic acid residues and know to bind GFs?3. Importantly, it protects
GFs from denaturation and enzymatic degradation in vivo. | thus selected heparin as
a bioactive component to capture basic fibroblast growth factor (bFGF), because it
accelerates the regeneration of several tissues such as skin, bone, cartilage, and
nerves. bFGF is also a potent mitogen and chemotactic factor for human fibroblasts?4.
The first report on the heparin immobilization into hydrogel by Tae and coworkers?®
was followed by a broad-spectrum of studies?®?”. The incorporation of heparin was
accomplished either via covalent conjugation or via non-covalent interaction to the
polymeric network in hydrogel?5-28,

As shown above, both gelatin and heparin have been actively incorporated in
hydrogels to acquire the superior intrinsic feature such as cellular adhesiveness and
immobilization of bioactive molecules. However, only a specific combination of gelatin
and heparin has been used so far (for example, type-A gelatin and heparin?® or type-
B gelatin and heparin®®). To the best of our knowledge scientific and systematic
comparison has not been available on the combined use of gelatin and heparin in
HRP-mediated preparation of PEG-based hydrogels.

In this manuscript, our goal was to develop a simple but effective method to
manufacture PEG-SH-based hydrogels functionalized with various biochemical
properties, cellular attachment (Gela-SH), and a GF-capturing ability (Hepa-SH) to
enhance cellular adhesiveness and proliferation. The gelatin type that can maintain
physical and biological properties of hydrogel is explored. | also hypothesize that

thiolation chemistry via HRP-mediated hydrogelation allows the stable incorporation
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of gelatin and heparin into hydrogels, leading to accelerate formation of higher order
cellular aggregates.

Here, the effect of combined incorporation of different type of Gela-SH and Hepa-
SH into PEG-based hydrogels on adherent cell culture is systematically evaluated.
Evidently, the type of gelatin strongly affected the biological activity of hydrogels.
Specifically, thiolated type-B gelatin had much higher compatibility with Hepa-SH
compared with thiolated type-A gelatin, resulting in a shorter gelation time and higher
storage modulus of hydrogels observed in physicochemical characterization. Finally,
incorporation of GFs into dual functionalized hydrogels under optimized conditions
was validated by the proliferation and morphological change of NIH-3T3 cells and
HUVECs seeded on the hydrogels and accelerated formation of 2D cellular sheets for

cell sheet-based tissue engineering.

2.2 Experimental
2.2.1 Materials.

PTE-200 SH (Sunbright®) {4arm PEG, -[(CH2)2>-SH]4, MW 20 kDa} was purchased
from NOF Corporation (Tokyo, Japan). Glycyl-L tyrosine hydrate and 1-ethyl-3-(3
dimethyl aminopropyl) carbodiimide (EDC) were purchased from Tokyo Chemical
Industry (Tokyo, Japan). HRP (100 U/mg), 1,4-dithiothreitol (DTT), and heparin
sodium salt (200 U/mg, MW 15 kDa) were purchased from Wako Pure Chemical
Industries (Osaka, Japan). 1-Hydroxybenzotriazole (HOBt) was purchased from
Watanabe Chemical Industry (Hiroshima, Japan). Gelatin from porcine skin (type A,
acid-treated gelatin) and gelatin from bovine skin (type B, alkaline-treated gelatin)
were purchased from Sigma Aldrich. 5,5"-Dithiobis (2-nitrobenzoic acid) (DTNB) and

a Cellstain-double staining kit were purchased from Dojindo (Kumamoto, Japan).
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NIH3T3 mouse fibroblasts was obtained from the Riken Cell Bank (Tsukuba, Japan),
and human umbilical vein endothelial cells (HUVECs) was purchased from KURABO
(Osaka, Tokyo). Recombinant human basic fibroblast growth factor (bFGF, RSD) was
acquired from Funakoshi (Tokyo, Japan). Trypan blue (0.4%), minimum essential
medium (MEM), GlutaMAX™-I, and 10% fetal bovine serum (FBS) were purchased
from Thermo Fisher Scientific (Waltham, USA). Cysteamine (2-mercaptoethylamine
hydrochloride), cystamine, 1% antibiotic-antimycotic, trypsin 0.25%/1 mM EDTA, and
Dulbecco’s phosphate buffered saline [D-PBS (-)] were purchased from Nacalai
Tesque (Kyoto, Japan). EGM-2 supplemented with FBS, hydrocortisone, growth
factors, such as bFGF, VEGF, R3-IGF-1, and hEGF, ascorbic acid, and GA-1000 was
supplied by Lonza (Walkersville, USA). Human FGF DuoSet ELISA kit was acquired
from R&D systems (Minneapolis, USA). Milli-Q® water was used in experiments.
2.2.2 Synthesis of Hepa-SH and Gela-SH.

Briefly, heparin was dissolved in Milli-Q water at 10 mg/mL, and then EDC and
HOBt were added. The molar ratio of reactants was 1:1:1:2 (heparin:HOBt:EDC:
cysteamine)?®3'. The pH of the reaction mixture was adjusted to 6.8 with 0.1 M NaOH
and/or HCI solutions, and the reaction was allowed to continue for 5 h with stirring at
room temperature. Then, a 10-fold molar excess of DTT (moles per COOH of heparin)
was added to reduce the disulfide groups and generate free thiol groups. The reaction
was performed for 3 h at pH 7.5 that was adjusted to pH 3.5 by addition of 1 N HCI.
The solution was dialyzed against HCI (pH 3.5) containing 100 mM NaCl, followed by
lyophilization. Gela-SH was prepared by following the protocol in our previous study®.
Free thiol groups in gelatin samples were measured by Ellman’s reagent assay. DTNB
reacted with a free sulfhydryl group to yield a mixed disulfide and 2-nitro-5-thiobenzoic

acid (TNB). The absorbance of Gela-SH samples was measured with a microplate

31



reader (Power Wave X, Bio-Tec Instruments Inc., USA) at 412 nm. A cysteine solution
was used to estimate free thiols. A calibration curve to quantify free thiol groups was
obtained by measuring the absorbance of known concentrations of cysteine solutions
(Fig. 2.1). Hereafter, Gela-SH samples obtained from type A and B gelatin are
abbreviated as Gela(A)-SH and Gela(B)-SH, respectively.
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Fig. 2.1. Calibration curve obtained by measuring the absorbance of the cysteine solution.

2.2.3 Arginine density of gelatin.

The amount of free arginine side chains is measured using a fluorometric technique
adapted from previous studies®*34. The arginine density in Gel-SH (from bovine or
porcine gelatin) was quantified by reacting arginine groups with 9,10-
phenanthrenequinone to produce a fluorescent compound. Several diketo
compounds, such as 2-amino-1H-phenanthrol[9,10-d] imidazole and 9,10-
phenanthrenequinone, form a stable fluorescent compound upon reaction with
arginine. 9,10-phenanthrenequinone has been shown to react with arginine and
related compounds containing quanidinium groups. Briefly, 1 mg/mL gelatin or gel-SH
was mixed with 300 pL of an ethanol solution of 9,10-phenanthrenequinone (150 uM)
and 50 yL of an NaOH aqueous solution (2 N). The mixture was incubated at 60 °C in

the dark for 3 h. Then, 200 uL of the gelatin solution was mixed with 200 yL HCI (1.2
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N), and the mixture was allowed to stand at room temperature in the dark for 1 h.
Fluorescence emission of the mixture was measured at 355 nm with an excitation
wavelength of 312 nm by a LS-55 spectrofluorometer (Perkin Elmer, USA).

2.2.4 Heparin loading amount in hydrogel system.

The incorporation of Hepa-SH in the hydrogels was evaluated by using Toluidine
blue O (TBO) assay®®. After hydrogelation and incubation for 6 h at 37°C,
PEG/Gela/Hepa hydrogels were washed twice in phosphate buffered saline PBS
(PBS) for five minutes each. After the second wash, 10 mM of Cys were added to
PEG/Gela/Hepa_hydrogels and incubate for 30 min. Subsequently, the sol solutions
were recovered for the further TBO assay (0-day samples). While, other
PEG/Gela/Hepa_hydrogels were immersed in PBS for 24 h at 37°C and after one day
of incubation, the hydrogels were degraded with 10 mM Cys for 30 min at 37°C. The
recovery solutions were collected for the further TBO assay (1-day samples). The
incorporation of Hepa-SH in hydrogel system at the 0-day and after one day incubation
(1-day) were evaluated by TBO assay. The final results of Hepa-SH grafting efficiency
were evaluated by comparing the Hepa-SH density (ug/cm?) at 0 and 1 day to initial
amount of Hepa-SH in hydrogel system.

Detailed procedure of Hepa-SH detection by Toluidine blue assay as follow.

Briefly, 0.04 wt.% TBO solution was prepared by dissolving the TBO powder in
aqueous 0.01 M HCI/0.2 wt.% NaCl, and then the samples were incubated in 5 ml
TBO solution under static conditions at 37 °C for 4 h and rinsed three times with UP
water. Subsequently, the Hepa—TBO complex that formed on sample surface was
eluted and dissolved in 5 ml 80% ethanol/0.1 M NaOH mixture (4/1 v/v) solution.

Ultimately 150 pl of the supernatant was transferred to a 96-well plate and the
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absorbance was measured at 530 nm by a microplate reader and the Hepa-SH density
on the sample surface was evaluated using a calibration standard curve.

For standard curve preparation, 2 ml 0.04 wt.% TBO was first added to 2 ml of a known

concentration Hep solution (0.0001%-0.1% of Hepa-SH) and incubated at 37 °C with
gentle shaking for 4 h, the Hepa-SH--TBO complex spontaneously formed and
precipitated in the mixture. Then the mixture was centrifuged at 3500 rpm for 10 min,
the supernatant was removed, and the precipitate was carefully rinsed twice with
aqueous 0.01 M HCI/0.2 wt.% NaCl. Finally, 5 ml 80% ethanol/ 0.1 M NaOH mixture
(4/1 vlv) solution was added to dissolve the precipitate and the absorbance was
measured at 530 nm.

2.2.5 Fabrication of hydrogels.

The hydrogel was prepared by HRP-mediated crosslinking of thiolated polymers
with a slight modification'®'s. In brief, 4-arm PEG-SH (5%, w/v), Gela(A)-SH, or
Gela(B)-SH (0.1%, w/v) and Gly-Tyr (5 mM) were dissolved in phosphate buffered
saline (PBS) (pH 7.4). Hepa-SH (0-0.1%, w/v) and bFGF (1-100 ng/mL) were mixed,
and then the solution was added to the above solution. Subsequently, the aqueous
solution of HRP (5 U/mL) was added to the mixture, followed immediately by gentle
pipette mixing. The reaction and hydrogelation proceeded by incubation at 37 °C for 6
h. Hydrogels are abbreviated as follows: PEG_hydrogel is the base PEG-SH hydrogel,
PEG/Gela_hydrogel is the PEG-SH hydrogel with Gela-SH;
PEG/Gela/Hepa_hydrogel is the dual functionalized PEG-SH hydrogel with both Gela-
SH and Hepa-SH.

The physical properties of hydrogels formed using different types of Gela-SH were
evaluated. The hydrogels contained PEG-SH (5%), Gly-Tyr (5 mM), HRP (5 U/mL),

Hepa-SH (0.01, 0.05%, and 1%), and different types of gelatin [Gela(A)-SH or Gela(B)-
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SH] at a fixed concentration (0.1%). The concentrations of Hepa-SH and Gela-SH
were optimized. The gelation time, fibroblast proliferation, and immobilization of bFGF
were evaluated. The hydrogel was fabricated by addition of Hepa-SH (0-1%) and
bFGF (1, 10, and 100 ng/mL), and cell morphology assessment was performed.
2.2.6 Measurement of gelation time and rheological properties.

The gelation time of the hydrogel precursor solution was determined by a stirring
magnet bar method'%%6. Each sample was dissolved in PBS (pH 7.4). The polymer
solution was transferred into a 48-well plate (lwaki, Tokyo, Japan) at 200 pL/well, and
the mixtures were stirred at 200 rpm using magnetic stirrer bars (length: 7 mm; width:
3 mm). The effects of the different Gela-SH types and Hepa-SH concentrations were
evaluated at constant concentrations of Gly-Tyr (56 mM) and HRP (5 U/mL). Finally,
the sol-gel transition time when a stirrer bar in the gel did not move was recorded as
the gelation time.

Viscoelastic properties of the hydrogels were evaluated by rheological
measurements on a MCR302 rheometer (Anton Paar, Graz, Austria) using a cone
plate (diameter: 25 mm; 2.003°) in the oscillatory mode (EMS/TEK 500 disposable
dishes). First, 1500 yL of the hydrogel solution was poured onto rheometer stage
(PP50-SN31036). After the hydrogelation by incubation at 37 °C for 6 h. the
measurement was started. The frequency and strain were set at 0.1 Hz and 0.1%,
respectively. The measurement was allowed to proceed until the storage modulus (G’)
reached the equilibrium value.

2.2.7 Swelling behavior of PEG/Gela/Hepa_hydrogels.

The hydrogels contained PEG-SH, Gela-SH, Gly-Tyr, and HRP at 5% (w/v), 0.1%

(w/v), 5 mM, and 5 U/mL, respectively. Gela(A)-SH and Gela(B)-SH were used. The

hydrogels were shaped into a disk (diameter: ~1.5 cm; thickness: 3 mm) and incubated
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in 10 mL PBS (pH 7.4) at 37 °C for 4 days to reach equilibrium. The mass of the
hydrogels was measured after swelling (Ms). The hydrogels were then dried in an oven
and their dry masses (Mp) were measured. The equilibrium swelling ratio (Qu) was
calculated after excluding the effect of the weight of solutes in PBS according to Eq®”.
2.2.8 {-potential measurements.

The C-potentials of gelatin and heparin in Milli-Q water were estimated using a
Zetasizer Nano ZSP (Malvern Instruments Ltd., Worcestershire, UK). The heparin and
gelatin concentration were 0.1%, temperature was set at 25 °C, and the (-potential
was measured at pH 7.4 using a DTS1070 folded capillary cell.

2.2.9 Adhesion and proliferation of cells on hydrogels.

Cell adhesion was measured to evaluate the effect of Gela-SH in the PEG-SH-
based hydrogel. The polymer solution (250 pL) was prepared in a 24-well culture plate.
The hydrogel was supplied with minimum essential medium (MEM) containing 10%
fetal bovine serum (FBS) and a 1% antibiotic-antimycotic solution. Then, the cells were
seeded on the hydrogel sheets at 5 x 10* cells/cm? to evaluate cell adhesiveness after
6 h. To this end, the cells were rinsed with 500 yL D-PBS(-) and recovered by trypsin
treatment (200 uyL). The number of adherent cells was then determined. The
proliferation assay was performed in a 24-well culture plate. The cells were seeded on
hydrogel sheets at 5 x 103 cells/cm?. The medium was changed after 1 day of
incubation, and the number of cells was evaluated after 3 days of incubation. Cell
viability on the hydrogel was determined by a trypan blue counting method. The cells
were collected by trypsin treatment (5 min) and stained with 0.4% trypan blue and live
cells were determined by an automated cell counter (Bio-Rad, USA).

Cellular proliferation on PEG/Gela_hydrogel with or without Hepa-SH was

evaluated using NIH3T3 cells. First, we evaluated the effect of the Gela-SH type in the
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presence of Hepa-SH on cell proliferation, the proliferation of NIH3T3 cells was
determined by the trypan blue counting method. Various concentrations (0, 0.01%,
0.05%, and 0.1%) of Hepa-SH in hydrogels were used in the absence of bFGF. The
effect of Hepa-SH was evaluated in the presence of bFGF, concentrations of Hepa-
SH were 0.00001%—-1% with 10 ng/mL bFGF. Then, the effect of the bFGF
concentration (1, 10, and 100 ng/mL) on cell proliferation was evaluated under the
optimized concentration of Hepa-SH (0.01%) using a WST-8 assay for 7 days of
culture.

Live/dead staining was performed to evaluate cell viability in hydrogels using a
Cellstain Double Staining Kit (Dojindo Laboratories, Tokyo, Japan). After 1 and 7 days
of culture, the cell-laden hydrogel disks were washed with PBS and incubated in
serum-free medium containing calcein-AM (2 pM) and propidium iodide (4 uM) for 15
min. Then, the live and dead cells in the interior areas of hydrogels were observed
under a fluorescence microscope (BZ-9000, Keyence, Osaka, Japan). To characterize
cell morphology, cells were stained with calcein-AM. Then, the cell length and area
were quantified by NIH Image Software (Free software for Mac OS X, National
Institutes of Health, Bethesda, Maryland)3®. Results were obtained from 100 cells.
2.2.10 Immobilization strategies of growth factors.

GFs were added to hydrogels by two strategies. NIH3T3 cells and HUVECs (5x103
cells/cm?) were used to validate the strategies. The first strategy was in situ
immobilization of GFs in the PEG/Gela/Hepa_hydrogel, where GFs were immobilized
in the hydrogel (strategy I). The second strategy was surface immobilization by
physical adsorption of GFs into the PEG/Gela/Hepa_hydrogel, where GFs were added
to the hydrogel surface before seeding cells (strategy Il). Details of the two strategies

are shown below (Fig 2.2).

37



Strategy I: The hydrogel consisted of PEG-SH (5%), Gly-Tyr (5 mM), HRP (5
U/mL), Hepa-SH (0.01%), Gela(B)-SH) (0.1%), and 10 ng/mL GF(s) with a final
volume of 250 pL/well. In NIH3T3 cell culture, bFGF was used as the single GF. bFGF
(25 pL) was added and then mixed into the hydrogel before gelation. In HUVEC
culture, 25 pL of GFs including bFGF, VEGF, R3-IGF-1, and hEGF were incorporated
into the hydrogel at a ratio of 4:1:1:1, respectively. Then, other supplements
(hydrocortisone, ascorbic acid, and GA-1000) were dispersed in endothelial basal
medium-2.

Strategy Il: After hydrogelation, 25 pL GF was mixed with 75 yL PBS and
immobilized on the hydrogel surface by 4 h of incubation at 4 °C. Then, NIH3T3 cells

and HUVECs at the same density were seeded on the hydrogel.
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Fig 2.2 Schematic illustration of growth factor immobilization strategies. Reproduce with
permission from ref*2.Copyright 2019 American Chemical Society.

In positive control experiments, we used the conventional method for cell culture®.
The soluble forms of GFs were dissolved in the basal medium. The medium was
changed on the second day. In negative control experiments, cell seeding on

hydrogels without GFs was performed. Cell number evaluation for 7 days of culture
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was conducted to evaluate GF immobilization in the hydrogel-based cell culture
system. The loading amount and release profile of bFGF from
PEG/Gela/Hepa_hydrogel was evaluated by an ELISA for 7 days.
2.2.11 Antiproliferative effects of native heparin and Hepa-SH.

Heparin inhibition was evaluated by comparing fibroblast proliferation on hydrogels
with different heparin concentrations by the initial cell number on a hydrogel without
heparin incorporation. The hydrogels consisted of PEG-SH, Gly-Tyr, Gela(B)-SH,
Hepa-SH, and HRP. The concentrations of Hepa-SH were 0.00001%—1% (w/v) (AT).
All materials were mixed and added to a 96-well plate, followed by incubation for 6 h.
Cells were then seeded at 1x10* cells/well. Serum-free medium was used for cell
culturing. Three days later, fibroblasts were counted by an automated cell counter TC
20 (Bio-Rad, Singapore) using a dual chamber counting slide and trypan blue staining
(0.4%) (Gibco, USA). Experiments were performed in triplicate. Additionally, the cell
number on a hydrogel without heparin was evaluated as a control treatment (A0). The
percentage of proliferation inhibition was calculated by the following equation:

% Inhibition of cell proliferation = (A0 — AT)/A0 x 100%
2.2.12 Effect of various Hepa-SH concentrations on the numbers of NIH3T3 cells
treated with exogenous bFGF.

To confirm the effect of the different Hepa-SH concentration on cell proliferation
with growth factor (GF) immobilization, 0.1% Gel(B)-SH and 10 ng/mL bFGF were
loaded into the hydrogel system with NIHT3T cells (5%x10%/cm?). The hydrogel was
prepared with PEG-SH, Gly-Tyr, Gela-SH, Hepa-SH, and HRP. The concentration of

Hepa-SH ranged from 0.00001% to 1% (w/v).
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2.2.13 Measurement of the loading capacity of bFGF on PEG/Gela/Hepa_
hydrogels and the release profile of bFGF from the loaded hydrogels.

The amount of bFGF loaded in PEG/Gela/Hepa_hydrogel was measured by ELISA
according to a standard protocol provided by the manufacturer. Hydrogel was
fabricated by using strategy | and Il as mentioned in experimental section. Hydrogels
obtained were washed twice with PBS, then an aqueous solution of 10 mM Cys was
added. After 1 h, hydrogels were degraded, and the recovered solution was used for
ELISA assay. The loading capacity of bFGF (%) was calculated by comparing the
amount of bFGF in the recovered solution with the initial amount of bFGF in
PEG/Gela/Hepa_hydrogel.

To check the release profile of bFGF, the amount of bFGF in medium at 0, 1, 2, 3,
6, 24,48, 72, 96, 120, 144 and 168 h culture time (7 days) are measured. The amount
of bFGF in medium (MEM) was compared with the initial amount of bFGF loaded in
the hydrogel.

2.2.14 Statistical analysis.

GraphPad Prism 6 (GraphPad Software, La Jolla, CA, USA) was used for statistical
analysis and the data expressed as a meantstandard deviation (SD). One-way
analysis of variance was used to assess the gelatin type or heparin concentration in
terms of hydrogel properties. Significant differences were analyzed by the Tukey’s

HSD post-hoc test for multiple comparisons.

2.3 Results and discussion
2.3.1 Synthesis and characterization of dual functionalized hydrogels
Because cellular adhesiveness is affected by the chemical and physical properties

of hydrogels*?, basic characteristics of the PEG/Gela_hydrogels were evaluated by

40



varying the type of gelatin, (Gela(A)-SH or Gela(B)-SH). In addition, the effect of Hepa-
SH in PEG/Gela_hydrogels on gelation time, charge compatibility, storage modulus,
and equilibrium swelling ratios of hydrogels are assessed.

First, Hepa-SH and Gela-SH were synthesized by EDC chemistry. To prepare
Hepa-SH, the molar ratio of heparin (-COOH), HOBt, EDC, and cysteamine was set
at 1:1:1:2 according to a previous report showing that the resultant Hepa-SH has
sufficient fibrinogen adsorption and anticoagulant activity?”. The incorporation of
Hepa-SH in the hydrogels by using Toluidine blue O (TBO) assay was confirmed. The
incorporation of Hepa-SH in hydrogel system at the 0-day and after one day incubation
(1-day) were evaluated by TBO assay. The results of Hepa-SH grafting efficiency were
evaluated by comparing the Hepa-SH density (ug/cm?) at 0 and 1 day to initial amount
of Hepa-SH in hydrogel system (Fig. 2.3).
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Fig. 2.3. Hepa-SH grafting efficiency profile on different concentration of Hepa-SH and
gelatin type by TBO assay evaluation (mean + SD, N=4).

From the Fig.2.3, more than 90% of heparin was incorporated to all the hydrogel
at the 0.1% Hepa-SH after hydrogelation (i.e. at 0 day). Even after 1-day incubation,
PEG/Gela(B)/Hepa_hydrogel retained more than 90% of the initial heparin loaded.

To prepare Gela-SH, two types of gelatin, acid-treated porcine gelatin and alkaline-
treated bovine gelatin were used. The amounts of thiol groups modified in porcine

gelatin [Gela(A)-SH] and bovine gelatin [Gela(B)-SH] were ca. 0.39 and 0.50 mmol-
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SH/g-gelatin, respectively (Fig. 2.2). The results were comparable with those obtained
in our previous report’. In addition, regardless of the type of gelatin, the chemical

modification with thiol groups showed little change in arginine contents (Fig. 2.4).
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Fig. 2.4. Arginine density-photoluminescence spectra of 9,10-phenanthrenequinone after
reacting with native gelatin and thiolate gelatin. Reproduce with permission from ref*.
Copyright 2019 American Chemical Society.

The circular dichroism (CD) spectroscopy to characterize the secondary structure
and compare Gela(A), Gela(B) and the thiolated forms (Gela(A)-SH and Gela(B)-SH)
were conducted (Fig 2.5). The CD spectra of Gela(A) and Gela(B) showed different
peaks, a negative peak at 208 nm (Gela(A)) and 213 nm (Gela(B)) which would have
the different random coil conformations between the gelatin type. After thiolation,
Gela(A)-SH and Gela(B)-SH revealed the altered spectral shape with different peak

positions at 214 nm and 218 nm, respectively.
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Fig. 2.5. Effect of thiolation on different gelatin type by circular dichroism (CD) profile in the
wavelength region from 200-250 nm. All gelatin concentrations were 0.1 (% wt).

Gelation time of PEG_hydrogels was significantly decreased in the presence of
Gela-SH (Fig. 2.6-A). PEG/Gela(B)_hydrogels exhibited the shortest gelation time
(23.3 £ 0.8 min). This result might be due to the difference in the thiol groups number
of Gela(A)-SH and Gela(B)-SH. In particular, Gela(B)-SH, which has higher thiol
groups contents, which mainly contributes to the stability of network formation and
increasing cross linking density, resulting in a shorter gelation time of hydrogels.

The gelation time was significantly increased when dual functionalized
PEG/Gela/Hepa_hydrogels were prepared with 0.1% Gela(A)-SH and 0.05% Hepa-
SH (Fig. 2.6-B). In contrast, the effect of Hepa-SH on the gelation time was not
significantly altered and increased slightly at 33—45 min when combined with Gela(B)-
SH.

The C-potential measurements showed that Hepa-SH was negatively charged (-18.8
1+ 0.6 mV), whereas Gela(A)-SH and Gela(B)-SH had slightly positive (3.8 £ 0.7 mV)
and negative (-5.5 = 0.7 mV) charges, respectively. These results indicated that
electrostatic complexation between Hepa-SH and Gela(A)-SH in the aqueous

mixture*!.
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Fig 2.6. (A) Gelation time of the PEG_hydrogel and PEG/Gela_hydrogels with different types
of Gela-SH (0.1%); (B) Effect of the Hepa-SH concentration on gelation time of
PEG/Gela/_hydrogels; The gelation time was determined by a stirring magnet bar method. (C)
Storage modulus (G") of PEG/Gela(A)_hydrogels (left) and PEG/Gela(B)_hydrogels (right)
with various concentrations of Hepa-SH. Black circle is PEG_hydrogel. Empty circle, square,
triangle, and diamond are the PEG/Gela/Hepa_hydrogel with 0%, 0.01%, 0.05%, and 0.1%
Hepa-SH, respectively. Error bars denote standard deviation (N = 3) (**p < 0.01, and ***p <
0.001). Reproduce with permission from ref*?. Copyright 2019 American Chemical Society.

In fact, increased turbidity and precipitation were observed in the
PEG/Gela(A)/Hepa precursor mixture (Fig. 2.7 [b, b1]), whereas little change was
observed in the precursor solution with Gela(B)-SH even at the highest concentration
of Hepa-SH (0.1%) (Fig. 2.7 [c, ¢1, c2]). These results suggest incompatibility of
Gela(A)-SH with Hepa-SH in the preparation of a dual functionalized hydrogel, as

reflected by the marked increase in gelation time.
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Fig. 2.7. Compatibility charge of Hepa-SH (0.1%) and Gela-SH (0.1%) in the PEG-SH
hydrogel system. (a; a1) PEG_hydrogel, (b; b1) PEG/Gela(A)Hepa_hydrogel, (c; c1)
PEG/Gela(B)/Hepa_hydrogel, (d) PEG/Gela(A)_hydrogel, (e) PEG/Gela(B)_hydrogel, (f)
PEG/Hepa_hydrogel, and (g) PBS. Experiments were also conducted with Hepa-SH (0.1%)
and a lower Gela-SH concentration (0.01%): (b2) PEG/Gela(A)/ Hepa_hydrogel and (c2)
PEG/Gela(B)/Hepa_hydrogel. Reproduce with permission from ref*2. Copyright 2019
American Chemical Society.

The storage modulus (G’) of PEG/Gela(A)_hydrogels containing 0.1% Hepa-SH
showed a drastic change from 2580 Pa to the lowest G’ value (350 Pa). The same
trend was observed for PEG/Gela(B) _hydrogels; however, the storage modulus was
decreased steadily from ~2700 to 2291, 1703, and 1303 Pa with increasing Hepa-SH

concentrations (Fig. 2.6-C).
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Fig 2.8. Swelling evaluation of PEG/Gela/Hepa_hydrogels with different Gel-SH types and
Hepa-SH concentrations. Reproduce with permission from ref?. Copyright 2019 American
Chemical Society.
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We also evaluated equilibrium swelling ratios (Qwm) (Fig. 2.8), which related to the
crosslink density of a hydrogel. The swelling ratio of the PEG/Gela_hydrogel was
increased as the crosslink density was decreased, especially for
PEG/Gela(A)_hydrogels. The incompatibility of Gela(A)-SH and Hepa-SH in the
precursor solution may have resulted in heterogeneous crosslinking with PEG-SH,
thus increasing in the sol fraction of hydrogels and affecting the physical properties*2.

Additionally, it was reported that natural type-B gelatin (Gela(B)) contained the
slightly higher amount of Pro and Hyp compared with that of porcine (Gela(A)),
resulting in structural differences and leading to higher sol-gel temperature.
Furthermore, higher content of arginine (Fig. 2.4) and other amino acids with free
hydroxyl groups (serine, threonine and tyrosine) of Gela(B) may contribute to form
more hydrogen bonding than Gela(A) that will affect the physical properties of a

resultant hydrogel'®43-45,

2.3.2 Cell proliferation assay on dual functionalized hydrogels

The abilities of cells to attach, spread, and proliferate on a hydrogel are important
for a cell culture scaffold. First, the adhesiveness of NIH3T3 cells on
PEG/Gela_hydrogels was evaluated. NIH3T3 cells (5 x 10%/cm?) were seeded on the
hydrogels. After 6 h of incubation, almost no adherent cells were observed on the
PEG_hydrogel as a negative control. In contrast, most cells had adhered on
PEG/Gela_hydrogels (Fig. 2.9), indicating that incorporation of thiolated gelatin was

effective to promote the adhesion of fibroblasts™®.
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Fig. 2.9. NIH3T3 cells adhesion evaluation after 6 h of culture on PEG/Gela_ hydrogels.
Reproduce with permission from ref*2. Copyright 2019 American Chemical Society.

At the highest Gela-SH concentration (0.1%), the cell adhesion percentages were
93.2 + 1.7% and 98.1 + 0.7 % for PEG/Gela(A) and PEG/Gela(B)_hydrogels,

respectively. Better adhesion of NIH3T3 cells on hydrogels containing Gela(B)-SH is
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possibly because of the slightly higher storage modulus (G') of Gela(B)-SH than that
of Gela(A)-SH. In terms of Hepa-SH concentration, the cellular adhesiveness was
more than 80% for all hydrogel prepared in the presence of 0.01 and 0.05% (w/v)
Hepa-SH. However, 0.1% of Hepa-SH exhibited lower adhesiveness than other

hydrogels, especially in the PEG/Gela(A)/Hepa_hydrogel (Fig. 2.10-A).
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Fig. 2.10. (A) Cellular adhesiveness (cell adhesion ratio) after 6 h incubation of NIH3T3 cells
and (B) Proliferation profile of NIH3T3 cells on PEG/Gela/Hepa_hydrogels. Error bars denote
standard deviation (N = 3) (**p < 0.01, ***p < 0.001, **** p < 0.0001). Reproduce with
permission from ref*2. Copyright 2019 American Chemical Society.

To determine the number of cells that proliferated on PEG/Gela/Hepa_hydrogels,
the cell proliferation assay was conducted. NIH3T3 cells (5 x 10%/cm?) were incubated
for 3 days. Fig. 2.10-B shows that the number of proliferated cells on the hydrogels
was affected by addition of Hepa-SH. PEG/Gela(B)/Hepa_hydrogels had higher cell

numbers than PEG/Gela(A)/Hepa_hydrogels. Regardless of the presence of Hepa-
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SH, hydrogels containing Gela(B)-SH had better affinity for cells. The trend of the
decrease in cell number was more pronounced when the Hepa-SH concentration was
increased in PEG/Gela_hydrogels. It has been reported that heparin has
antiproliferative effects*®47. In fact, addition of both heparin and Hepa-SH resulted in

growth inhibition (Fig. 2.11).
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Fig. 2.11. Anti-proliferative effect of native heparin (Hepa) vs Hepa-SH in a

PEG/Gela(B)/Hepa_hydrogel. Reproduce with permission from ref*2. Copyright 2019
American Chemical Society.

A lower inhibition rate of Hepa-SH compared with that of native heparin suggested
immobilization of Hepa-SH through disulfide bonds in the hydrogel, which reduced the
antiproliferative effect caused by free heparin. Considering that 0.1% Hepa-SH caused
about a 20% reduction in proliferation (Fig. 2.11), the marked decrease of cell number
from 0.05% to 0.1% caused by Hepa-SH in PEG/Gela(A)/Hepa_hydrogel could be
mainly attributed to the incompatibility between Gela(A)-SH and Hepa-SH (Fig. 2.7).

Hence, Gela(B)-SH was chosen for further experiments based on the physical and

biological characteristics of the resultant hydrogels.
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2.3.3 In situ immobilization of bFGF in dual functionalized hydrogels
To better understand the effect of Hepa-SH on the PEG/Gela(B)/Hepa_hydrogel,
the hydrogel was prepared in the presence of bFGF (10 ng/mL) and changing the
Hepa-SH concentration. By following strategy |, bFGF was immobilized in situ in the
PEG/Gela(B)/Hepa_hydrogel with various Hepa-SH concentrations to evaluate the
proliferation of NIH3T3 cells (Fig. 2.12). A gradual increase in the cell number was
observed at the lower range of Hepa-SH concentrations (up to 0.05%), implying that
the binding affinity between Hepa-SH and bFGF may contribute to stabilize bFGF*®,
thus increasing the cell number.
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Fig. 2.12. Effect of various Hepa-SH concentrations on the numbers of NIH3T3 cells treated
with exogenous bFGF (10 ng/mL). Cells were seeded on a PEG/Gela(B)/Hepa_hydrogel
containing 5% PEG-SH, 0.1% Gel(B)-SH, and various concentrations of Hepa-SH. Error bars
denote standard deviation (N = 3). Reproduce with permission from ref?. Copyright 2019
American Chemical Society.

Further increases in the Hepa-SH concentration (0.1%—-1%) significantly decreased
the cell number because of the increase in the antiproliferative effect of Hepa-SH on

NIH3T3 cells*. Thus, 0.01% Hepa-SH was selected for the subsequent experiments.
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To assess the effect of the bFGF concentration on the proliferation rate, further
proliferation assays with a range of bFGF concentrations were conducted. The
number of cells was increased by increasing the amount of bFGF (Fig. 2.13).
Significant differences in the proliferation rate were observed among 1, 10, and 100
ng/mL bFGF after 3 day of culture with 100 ng/mL inducing the highest proliferation
rate. However, no significant difference was observed in cell proliferation between 10

and 100 ng/mL bFGF after 5 days of culture.
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Fig. 2.13. Effect of bFGF immobilization (0, 1, 10, and 100 ng/mL) on NIH3T3 cell proliferation
by WST-8 assay (based on the absorbance at 450 nm) for 7 days of culture in the
PEG/Gela(B)/Hepa_hydrogel. The hydrogel contained 5% of PEG-SH, 0.1% Gela(B)-SH,
0.01% Hepa-SH, and various bFGF concentrations. Error bars denote standard deviation (N
=3) (*p < 0.05 **p < 0.01 and ***p < 0.001). Reproduce with permission from ref*2. Copyright
2019 American Chemical Society.

To evade the inhibitory effect of Hepa-SH and bFGF at a high concentration®°,
10 ng/mL bFGF was selected as the optimal concentration for further experiments. It
has been reported that, in one cell cycle, bFGF exerts a mitogenic effect on NIH3T3
cells and stimulates maximal DNA synthesis at 0.5 ng/mL%". By immobilization of 10

ng/mL bFGF in the dual functionalized hydrogel system, the NIH3T3 cell proliferation

rate was increased by ~38% after 3 days of culture (Fig. 2.13). The rate of increase in
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proliferation was comparable with that in a previous report with a bFGF-conjugated

acryloyl-PEG-RGDS hydrogel prepared by photopolymerization®2.
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Fig. 2.14. Photographs of NIH3T3 cells cultured on hydrogels after culture for 24 h (A) and 6
h (B). Cells were stained with calcein-AM (live cells: green) and propidium iodide (dead cells:
red). (C) Evaluation of the morphological change of NIH3T3 cells by average cell length (left)
and (D) cell area (um?) (right). Cell lengths were quantified by measuring the longest end-to-
end distance on a cell using Imaged software. (N =100, ****p < 0.0001). Scale bars in (A) and
(B) are 100 ym. Reproduce with permission from ref*?. Copyright 2019 American Chemical
Society.
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To gain further insights into the effects of Gela-SH and bFGF on cell proliferation,
time course observations of morphological changes of the cells were performed. Fig.
2.14-A shows the dynamics of morphometric parameters of NIH3T3 cells on different
hydrogels during spreading for 24 h. Because an antiproliferative activity of
PEG/Gela(B)/Hepa_hydrogel without exogenous bFGF was observed (Fig. 2.11), the
cellular morphology on PEG/Gela(B)_hydrogel as the standard and compared it with
that on PEG/Gela(B)/Hepa_hydrogel in the presence of bFGF was used. Interestingly,
significant differences in the orientation and morphology of cells were observed with
co-immobilization of Hepa-SH and bFGF by strategy | (Fig. 2.14-B). It has been
reported that bFGF induces a phenotype transformation of NIH3T3 cells to a thin and
dendritic shape®3. The transformation of the cell phenotype was indeed observed in
the case of cells spread on PEG/Gela(B)/Hepa_hydrogels containing bFGF.

To quantitatively analyze cell spreading over time, average cell length and area
were measured by NIH ImagedJ software (Fig. 2.14-C). The average length of cells
treated with bFGF for 6 h (84.8 ym) was longer than that of control cells (20.8 uym),
suggesting that bFGF entrapped in the hydrogel exhibited biological activity. In
contrast, the cell areas of the PEG/Gela(B)/Hepa_hydrogel and
PEG/Gela(B)_hydrogel were similar after 24 h, possibly because NIH3T3 cells were
transformed into a refractile shape. The quantitative analysis of cell viability was also
conducted by the trypan blue counting method. After 24 h, the viability of NIH3T3 cells
on PEG/Gela(B) and PEG/Gela(B)/Hepa_hydrogel are 99.3+1.2 % and 99.7+0.6 %,

respectively.
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2.3.4 Administration of GFs in different hydrogel systems for adherent cell
culture
To validate the effective immobilization pathway of GFs to sustain the cell culture

on the functionalized hydrogels, different techniques of GF administration were tested

(Fig. 2.15).
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Fig. 2.15. (A) Effect of GF administration on cell growth. Negative control treatment (i),
strategy | (ii), strategy Il (iii), and positive control (iv) (right). Red square/line marker is NIH3T3
cells treated with a single GF (bFGF), blue circle/line marker is HUVECs treated with multiple
GFs (bFGF, VEGF, R3-IGF-1, and hEGF). (B) Bright field images of NIH3T3 cells at 1, 2 and
3 days of culture and HUVECs at 1, 3 and 5 days of culture (magnification, x10). (C) Live
NIH3T3 cell and HUVEC sheets after reaching confluency using strategy | (ii). Cell sheets
were stained using a Live/Dead staining kit (calcein-AM and propidium iodide) (magnification,
x4). Scale bars are 200 um. Reproduce with permission from ref*?. Copyright 2019 American
Chemical Society.

Two types of GF localization strategies were explored, namely in situ
immobilization of GFs by Hepa-SH-mediated binding in the PEG/Gela/Hepa_hydrogel

(strategy I) and surface immobilization by physical adsorption of GFs on the

54



PEG/Gela/Hepa_hydrogel (strategy Il). A conventional method to culture cells in GF-
containing medium was used as a positive control. In the negative control, cells were
seeded on hydrogel without GFs (Fig. 2.2). Two types of adherent cells were
employed: fibroblasts (NIH3T3) and endothelial cells (HUVECS).

Strategy | provided faster cell growth, resulting in a higher number of NIH3T3 cells
than both the positive control and strategy Il (surface immobilization) (Fig. 2.15--A).
Strategy | thus allowed NIH3T3 cells to reach confluency after 2.5 days. However, in
the positive control, strategy Il and negative control, cells reached confluency after 3,
5, and 6 days, respectively. These results indicated the sustained release of
biologically active bFGF from inside to the outside of the PEG/Gela(B)/Hepa_hydrogel
induced faster cell proliferation compared with other systems. It was likely that the

binding of Hepa-SH to bFGF leaded to stable and long-term stimulation of NIH3T3

cells®.
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Fig. 2.16. (A) Loading capacity of bFGF on PEG/Gela/Hepa_hydrogels prepared by strategy
I and II; (B) Release profile of bFGF from PEG/Gela/Hepa_hydrogels prepared by strategy |
and 1. Reproduce with permission from ref*?. Copyright 2019 American Chemical Society.
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The amount of bFGF loaded in PEG/Gela/Hepa_hydrogel (strategy |) was about
96.3% whereas that of strategy |l had lower loading capacity (78.6%) (Fig. 2.16-A).
The release profile of bFGF from the hydrogel showed that strategy | exhibited the
sustained release over 7 days while strategy Il showed the burst release in 2 days
(Fig. 2.16-B). These results implied that strategy | is effective to load bFGF
quantitatively in the hydrogel and to retain biological activity of bFGF much longer than
that of strategy Il

In addition to NIH3T3, HUVEC cells were cultured on the hydrogels to assess the
biological characterization of the hydrogels. It is known that HUVECs require multiple
growth factors and supplements for sufficient growth.>® HUVECs had an extremely low
cell proliferation rate without the multiple GFs because of increased susceptibility to
apoptosis. Although strategy | did not reach the same level of effectiveness as the
positive control culture of HUVECs, it allowed HUVECs to reach confluency at the
same time (5 days) as the positive control (Fig. 2.15-B). Moreover, the
PEG/Gela/Hepa_hydrogel immobilized other heparin-binding GFs, such as bFGF,
VEGF, R3-IGF-1, and hEGF, to further enhance the adhesion, growth, and
differentiation of HUVECs.

Our results showed enhanced cell proliferation and differentiation by simple
modulation of the scaffold design consisting of thiol-modified PEG, gelatin, and
heparin (strategy |). The resultant hydrogels had mitogenic and chemotactic activities
regulated by the gradual release of GFs entrapped in hydrogel matrices. Because of
the ability to shorten the cell culture period and enhance cell confluency, NIH3T3 cells
and HUVECs were cultured using strategy | to fabricate the live cell sheets (Fig. 2.13-
C). The trypan blue counting method also revealed that the number of viable NIH3T3

and HUVEC cells in 2D sheets are 94.7+4.9% and 89.31+1.5%, respectively. Because
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few dead cells were observed in both cases, our strategy would allow efficient and

effective use of GFs, which in turn could reduce the cost of a cell culture system.

2.4. Conclusion

A multifunctional PEG-based hydrogel prepared feasibly by HRP-mediated
hydrogelation was developed. Chemically modified gelatin and heparin with thiol
groups, Gela-SH and Hepa-SH, can be incorporated within the PEG-SH hydrogel
through disulfide linkage. Interestingly, the type of gelatin had a significant effect on
the physical and biological aspects of hydrogels. The concentration of Hepa-SH
should be optimized because of its conflicting properties observed in the incorporation
of Gela-SH hydrogels and its intrinsic anti-proliferative effect were also described.
Taken together, our results suggest that 0.1% Gela(B)-SH and 0.01% Hepa-SH were
the most suitable condition to immobilize GFs and sustain cell proliferation. This
hydrogel system also facilitated faster fibroblast and endothelial cell confluency, which

makes it possible to fabricate cellular sheets efficiently.
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CHAPTER 3 CONSTRUCTION OF HIGHER-ORDER CELLULAR MICRO-
STRUCTURES BY A SELF-WRAPPING CO-CULTURE STRATEGY USING A

REDOX-RESPONSIVE HYDROGEL

3.1 Introduction

Recreation of the three-dimensional (3D) architecture of viable cells is an
emerging technology'? for developing tissue-like structures with functions in the field
of tissue engineering and as a new cell-based tool in the early phase of drug
discovery®#. These bottom-up approaches®’ have attracted significant attention for
use in the fabrication of 3D cellular microstructures, including the cell sheet?, and muilti-
cellular aggregate technologies such as microstructure blocks®, fibers’, spheroids®
and organoids’®. However, the construction of a fully viable, heterogeneous tissue-like
structure using 3D cell culture techniques has yet been challenging'~'3. Thus, it
remains a major challenge to establish efficient and effective ways to upgrade recent
technologies for 3D cell culture techniques'-'6, where co-culturing of different types
of cells is a promising approach to formulate and to better mimic a natural tissue with
a complex heterogeneous 3D cellular microstructures. Additionally, development of a
3D co-culture approach holds great potential for fundamental research efforts and its
application toward monoculture systems?. Current combinatorial methods for the
development of 3D co-culture systems are mainly classified by scaffold-free or
scaffold-based techniques?'”. Form the viewpoint of cell-to-cell interaction, the co-
culture techniques can be categorized by cell contact orders? such as simple and
randomly mixed co-culture, segregated co-culture (culturing cells in different plates),
sandwich or layered co-culture, cell patterning approach using a designed platform,

and cell encapsulation techniques'®.
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Although scaffold-free co-culture techniques have shown a great progress in
terms of viability and functionality of various cell sources, from the engineering
perspective it is hard to attain the spatial distribution and organization of cells in a 3D
cellular microstructure. Conversely, scaffold-based techniques such as transwell plate,
bioreactor, microfluid technology, micropatterningand other methods?%-23,
require a specialized method, require more resources, is labour-intensive, and require
costly medical procedures®-2%. In particular, it requires specialized equipment that
may not be readily accessible to a standard laboratory. From this context, a cost-
effective alternative approach for the construction of 3D cellular microstructures with
standard equipment should be of great interest from basic studies to practical
applications in biomedical fields?.

To date, the configuration of encapsulation-based co-culture system that enables
covering cells with another cell prevised a promising technique to increase the cell-to-
cell contact during culturing of multiple cells. These systems have been used to
evaluate the cellular movement on continual regulation and the response to the
physiologic stimuli, e.g., cell invasion, migration, angiogenesis and metastasis in
complex tissues. Since the pioneering work of cell encapsulation with another cell
coating'®, cells are often encapsulated within biomaterial-based scaffolds. However,
the incomplete adherence of cells on the culture substrate and the difficulties to control
the cell density and cellular movement on the outer membrane layer of encapsulated
cell have been reported in this system?°2'. One simple solution to overcome this
limitation is to encapsulate target cells directly with an established cell layer from other
origins without the aid of scaffold materials.

Cell sheet engineering itself is another powerful approach to co-culture cells®?-24.

Cell sheets are thin confluent monolayers of cells connected to each other in a flat,
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sheet-like manner?®, and overlaying the cell sheets enables the construction of
heterogeneous 3D cellular structures®. In the field of tissue engineering, this system
also has been used to graft a cell sheet onto an organ surface, which attenuates
deleterious host immune responses toward encapsulated cells used in autologous cell
therapy applications?’~2°.

The advance of current manipulation methods of living cells motivated us to
propose a new way to encapsulate living cells within a confluent monolayer of cells
(i.e., cell sheet). To the best of our knowledge, there has been no report on the
utilization of a live cell sheet as a foldable cell layer to initiate the co-culture process.
Herein, a facile method using a two-dimensional (2D) cell sheet to wrap 3D cellular
aggregates and other biological entities was demonstrated. As a proof-of-concept
study, a redox-degradable PEG-based hydrogel linked by disulfide bonds3°-33 that
degrades under mild, cell-friendly reductive conditions was used. | found that by simply
altering the concentration of cysteine (Cys) the degradation of the redox-responsive
hydrogel can be controlled, indicating that detachment of the cell sheet can be
regulated. In the present study, the self-folding process of a 2D fibroblast (NIH3T3)
cell sheet to wrap 3D HepG2 spheroids and other cells (human umbilical vein
endothelial cells (HUVECs)) and/or collagen beads into higher-order cellular
microstructures are optimized (Fig. 3.1). The aggregated human hepatocellular
carcinoma (HepG2) spheroids were employed as a model of small tissue. Increase in
the hepatic function of co-cultured HepG2 cells affords opportunities to create a unique
microenvironment for multicellular aggregates to promote direct cell-cell contacts,
which will benefit further development of a simple, microplate-based co-culture

technology. | called the new self-wrapping co-culture strategy ‘cellular Furoshiki’, in
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which, a cell sheet is used to wrap other cellular aggregates, like the traditional

Japanese fabric Furoshiki.

3.2 Experimental

3.2.1 Materials.

PTE-200 SH (Sunbright) (4arm PEG-((CH2)2-SH)4, Mw 20 kDa) was supplied by
the NOF Corporation (Tokyo, Japan). Glycyl-L tyrosine hydrate and 1-ethyl-3-(3
dimethyl aminopropyl) carbodiimide (EDC) were purchased from Tokyo Chemical
Industry (Tokyo, Japan). Horseradish peroxidase (HRP; activity 100 unit/mg) was
purchased from Wako Pure Chemical Industries (Osaka, Japan). Gelatine type A was
purchased from Sigma-Aldrich (St Louis, MO, USA). 5,5'-Dithiobis (2-nitrobenzoic
acid) (DTNB) and the Cell Stain-Double Staining kit were purchased from Dojindo
(Kumamoto, Japan). L-Cysteine (Cys) was supplied from TCI Chemicals (Tokyo,
Japan). Trypan blue (0.4%), Minimum Essential Medium (MEM) (1x) + GlutaMAX-I,
10% fetal bovine serum (FBS) and MEM Non-Essential Amino Acids solution were
purchased from Thermo Fisher Scientific (Waltham, MA, USA). Cystamine, 1%
antibiotic-antimycotic, trypsin 0.25%/1 mM EDTA and Dulbecco's phosphate buffer
saline (D-PBS) were purchased from Nacalai Tesque (Kyoto, Japan). Endothelial
growth medium (EGM-2) in the presence of FBS, hydrocortisone, growth factors
(including hFGF, VEGF, R3-IGF-1 and hEGF), ascorbic acid and GA-1000 was
supplied by Lonza (Walkersville, MD, USA). Collagen type | (bovine skin), the urea
quantification assay kit (DIUR-100, BAS) and the human albumin ELISA quantitation
set were purchased from Funakoshi (Tokyo, Japan). The Vybrant DiD Cell-Labeling
solution kit was acquired from Biotium (Fremont, CA, USA). Elplasia micro space cell

culture plates (MPC 3506) were purchased from Kuraray (Okayama, Japan) and

65



Prime Surface non-adherent 96-well plates MS-9096 U were from Sumitomo Bakelite
(Tokyo, Japan). Ultra-high pure water was used during experiments (Milli-Q Integral
MT3S.kit, Tokyo, Japan).

3.2.2 Fabrication of the redox responsive hydrogel.

The hydrogel was prepared by HRP-mediated crosslinking of thiolated polymers
with a slight modification®', and Gela-SH was prepared by following the protocol in our
previous study®2. In brief, a specific amount of 4-arm PEG-SH (5%, w/v), Gela-SH
(0.01%, w/v) and Gly-Tyr (5 mM) were dissolved in D-PBS (pH 7.4). Subsequently, an
aqueous solution of HRP (5 U/mL) was added to the mixture and mixed immediately
by gentle pipetting. The reaction and hydrogelation proceeded by incubation at 37 °C
for 4 h.

3.2.3 Cell lines and cell-culture conditions.

The NIH3T3 (RBRC-RCB1862) and HepG2 (RBRC-RCB1648) cell line were
obtained from the Riken Cell Bank (Tsukuba, Japan), and HUVECs (KE-4109P10)
was purchased from KURABO (Osaka, Japan). All cells were maintained as
recommended. Briefly, NIH3T3 were maintained in MEM (1x) + GlutaMAX-I and 10%
FBS. HepG2 cells were cultured in MEM supplemented with non-essential amino
acids (NEAA) and 10% FBS. All media were further supplemented with 1% antibiotic-
antimycotic. HUVECs were maintained in EGM-2. For long-term co-culturing of the
cell sheet, HepG2 and HUVECS, the heterogeneous cell mixture was prepared in
Dulbecco's minimum essential media (DMEM, Gibco) and EGM-2 (HUVEC basal
medium) at a ratio of 1:1, supplemented with the F-12 nutrient mixture (Gibco) and
recommended growth factors. Cells were maintained in a humid atmosphere at 37 °C

with 5% COs..
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3.2.4 Preparation of the NIH3T3 cell sheet, HepG2 spheroids, HUVECs and
collagen beads.

The NIH3T3 cell sheet was prepared by seeding the cells on the redox
responsive hydrogel. The redox responsive hydrogel was fabricated in 96-well non-
adherent plates (MS-9690U). The total volume of the hydrogel was 20 uL per well.
After hydrogelation, 100 uL of MEM was added, which contained NIH3T3 cells (3.4 x
10* cells/mL) and incubated for 3 d. HepG2 spheroid cells were fabricated by using
the 6-well plate Elplasia system that has 648 microholes. The HepG2 cells density
was 2.4 x 10* cells/mL or 150 cells/microhole. The cells were cultured with MEM-
NEAA and the medium was changed on the second day. The addition of HepG2
spheroids to the cell sheet was calculated by diluting the 648 spheroids stock to the
targeted spheroid number (0—100 spheroids per well). HUVECs were cultured and
maintained in EGM-2 medium for 5 d, followed by subculturing to obtain 4.0 x 10°
cells/well. Collagen beads or collagen microparticles were prepared by the membrane
emulsification method3435, and the number of beads was counted by using a

haemocytometer.

3.2.5 Observation of the wrapping process and cell viability characterization.
The required Cys concentration (1-50 mM) as a reductant was examined by
measuring the duration time of hydrogel degradation, the initial time of cell sheet
detachment and the folding behaviour of the cell sheet. The required time for complete
degradation of the hydrogel was determined by measuring the duration time during
transformation from the gel state to the solution state. The start time and lapping
images were recorded using a Keyence Microscope BZ-9000 from BIOREVO (Tokyo,

Japan).
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The behaviour of cell sheet detachment in the presence of other cells was
evaluated by integrating HepG2 spheroids on the cell sheet. The co-cultured cells
were incubated for 4 h at 37 °C with 5% CO2 to ensure the spheroids adhered to the
cell sheet. After 4 h incubation, the medium was removed and 100 uL Cys solution (20
mM) was added to each well. Observation of the initial wrapping process was conduct
just after Cys addition. The initial wrapping process was recorded every 15 min and
after 1 h the wrapping process was recorded at 3, 6, 12 and 24 h incubation time points
by using the Keyence Microscope. Optimization of the wrapping process was
performed in the absence and presence of 5, 15, 25, 50 and 100 spheroids per cell
sheet, and observations were conducted using a confocal laser scanning microscope
(CLSM) LSM-700 from ZEISS (Tokyo, Japan) after 1 d of culturing.

The imaging of cell viability was performed by double stain Calcein-AM for live cell
and propidium iodide red staining for recognition of dead cells. Fifteen HepG2
spheroids, 4.0 x 102 cells/well HUVECs and 50 collagen beads were added onto the
cell sheet. The wrapped cellular structure was fabricated by adding 20 mM Cys. Only
HepG2 spheroids and only NIH3T3 samples in the wrapped and unwrapped
conditions were prepared in wells as controls. The medium was changed every day,
and observations were conducted using the CLSM at 1, 3 and 5 d of co-culturing. The
collagen bead number was increased to 50, 150 and 250 beads per well, and the cell
viability ratio was quantified using a Cell Counting Kit-8 (WST-8; Dojindo Laboratories)
according to the manufacturer’s protocol. After incubation for 5 d, the absorbance of
WST-8 at 450 nm was measured using a microplate reader. The cell viability ratio was
defined as:

Cell viability ratio = {Absaso (5" day living cell) — Absaso (blank)}/{Absaso (15t day cell
number) — Absasso (blank)}
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To validate the function of the wrapped cellular structure as a co-culture system,
comparison of a wrapped co-culture and unwrapped co-culture were defined by
measuring particular metabolic markers for 7 d culturing. The amount of albumin and
urea was measured using the Human Albumin ELISA Quantitation Set and
QuantiChrom Urea Assay Kit, respectively, and according to the manufacturer's
instructions. To evaluate the DNA content, the collected co-culture cells were
suspended in 0.5 mL 0.2% Triton X-100 solution, sonicated in an ice bath and
centrifuged at 5000 x g for 5 min (4° C). Then, 20 uL of the cell lysate was diluted with
80 uL Tris-EDTA buffer (pH 9) and incubated with 100 pL of the working solution of
dsDNA reagent in 96-well plates for 2-5 min at room temperature. The DNA
concentration in the cell lysate was determined using a Quant-iT Picogreen dsDNA
assay kit (Invitrogen, Thermo Fisher Scientific). The DNA content of each sample was
determined by measuring the florescence intensity of the mixed well with a
SpectraMax i3x Multi-Mode microplate reader (Molecular Devices, Osaka, Japan),
with excitation at 480 nm and emission at 520 nm. Data were analysed by plotting

fluorescence intensity versus DNA concentration.

3.2.6 Immunofluorescence staining of HUVECs

Direct immunofluorescence staining was conducted to visualize the distribution of
HUVECs in the wrapped cellular structure. Briefly, after 7 d co-culture of cell, the
wrapped cells were washed three times with PBS, and fixed with 4%
paraformaldehyde for 30 min at 4 °C. The samples were then incubated in 0.1% Triton
X-100 in PBS for 20 min at room temperature. Wrapped cells then incubated for 1 hour
with the mouse anti-human platelet endothelial cell adhesion molecule (PECAM-1) or
cluster of differentiation 31 (CD31) antibody conjugate with FITC (eBioscience, clone

390, USA), at a dilution of 1:20 in PBS. After washing with distilled water, the samples
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of the wrapped cells were then ready for observing using CLSM-700 as above under
excitation and emission wavelengths of 490 nm and 530 nm for FITC. The
fluorescence signal was merged with the phase contrast image to confirm the position
of HUVECs in the wrapped structure.

3.2.7 Statistical tests.

Significant differences of monocultures compared with that of dual and triple co-
cultured cells were determined using a Tukey’s multiple comparison test following a
one-way analysis of variance. The secretion of albumin and urea, and DNA
concentration data from wrapped cells and unwrapped cells were compared by t-test
analyses. Data analysis was conducted with Graph Pad Prism 6 and the level of

significance was set at *p < 0.05, **p < 0.01, ***p < 0.001 and ****p < 0.0001.

3.3 Results and discussion
Most studies have explored how to harvest intact cell sheets from scaffolds??:36.
In contrast, there are only a few studies that have attempted to fold a cell sheet by
cells detaching from the substrate, especially to manipulate the wrapping-process to
form 3D or higher-order cellular microstructures by co-culturing with other cells. In the
previous reports showing the immune response of transplanted tissues layered with a
cell sheet'%37:38 a cell scraper had been used to harvest the cell sheet, which may
weaken the cell junctions and ECM condition. It is well reported that in the harvesting
step, cell sheet needs a supporting material and manipulation technique to prevent
the shrinking and folding of cytoskeleton during the detachment processes®.
Eventually, the harvesting process of cell sheets is hard to control in general, thus it
was not feasible to stratify the cell sheet to the other cells, spheroids, or small tissue.
Inspired by previous encapsulation technologies of cells, herein a self-wrapping

technique with a cell sheet was proposed (Fig. 3.1). Fibroblast cell sheet was utilized

70



as a model of confluent monolayer cells to wrap the immortal liver cells (HepG2
spheroids). The underlying idea behind this work is the cell-cell interaction theory
where encapsulation of living cells with other cells should extend cellular functions®.
When the cell sheet detaches from the basement of the culture substrate, a contractile
force produced by actin filaments pulls the neighbouring cells and 3D spheroids on
the cell sheet, which leads to the wrapping process, that is, a core-shell type higher-
order cellular aggregate is obtained. This design and construction of a co-culture
system by the wrapping cell sheet process should provide an alternative cell culture
system was postulated. A stimuli-responsive cell culture substrate based on polymeric

materials to achieve this goal was utilized*%-42,
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Fig. 3.1. Overall schematic illustration for the fabrication of the ‘cellular Furoshiki’ using redox
responsive hydrogels. Step 1: Enzymatic preparation of a redox responsive hydrogel. Step 2:
Seeding of NIH3T3 cells on the hydrogel. Step 3: Seeding of collagen beads, HepG2 and
HUVECSs. Step 4: The cells adhere to the cell sheet surface. Step 5: Hydrogel degradation.
Step 6: Self-wrapping of the co-cultured cells. Reproduce with permission from ref*®. Copyright
2020 Springer Nature.

1
1
! 4-arm-PEG-SH Gela-SH

Hydrogelation

........................

3.3.1 Kinetic analysis of the detachment of a cell sheet from the redox-
responsive hydrogel.

The redox-responsive hydrogel system is a promising stimuli-responsive matrix
that has been used to fabricate live fibroblast cell sheets®'4445, Biological entities
cultured on the disulfide-linked PEG-based hydrogel were harvested by cleaving the
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S-S bonds in the polymeric network. Cysteine was selected because it is a mild
reductant under physiological conditions when compared with that of glutathione, 3-
mercaptoethanol, dithiothreitol and other reducing agents®'4647_ Previously the redox-
responsive hydrogel degradation rate and complete detachment of the cell sheet

typically occur ~30 min after incubation with 5 mM Cys were showed?'.

Fig. 3.2. A. NIH3T3 Cell sheet formation on the redox responsive hydrogel after 3 d incubation.
B. Hydrogel was degraded after the addition of 5 mM Cys. Cell sheet shrunk and folded after
the detachment from the redox responsive hydrogel (Scale bar is 200 um). Reproduce with
permission from ref*3. Copyright 2020 Springer Nature.

However, the effect of the Cys concentration on harvesting, specifically the folding
process of the fibroblast cell sheet, has not been examined. Therefore, the kinetic
behaviour of cell sheet detachment from the hydrogel by varying the Cys concentration
was examined. The shrinking ability of the cell sheet is mediated by the interplay
between the wrapping behaviour of the cell sheet by redox responsive degradation
and the state of other entities including cells on the cell sheet. Initially, NIH3T3 cells
were cultured on the redox-responsive hydrogel for 3 d to fabricate the cell sheet (Fig.
3.2).

Because the rate of degradation of the redox-responsive hydrogel is affected by

the reductant concentration, the folding behaviour of the cell sheet detachment from
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the hydrogel was evaluated by varying the Cys concentration (1-50 mM). In addition,

the time required for the complete degradation of hydrogels was assessed.
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Fig. 3.3. Kinetic behaviour of the detachment of a cell sheet from the redox-responsive
hydrogel. (A) Effect of cysteine (Cys) concentration on the duration time of cell sheet
detachment from the redox responsive hydrogel (n = 3). Inset: enlarged figure after 30 min in
the presence of 10-50 mM Cys. (B) Observation of cell sheet detachment behaviour.
Hydrogels were degraded using 1-50 mM Cys. Photo (i), (ii) and (iii) present images of the
cell sheet wrapping behaviour after adding 1-5, 10-20 and 30-50 mM Cys, respectively. All
photos were captured by Keyence BZ-9000 microscope. Scale bar is 200 ym. Reproduce with
permission from ref*3. Copyright 2020 Springer Nature.

The results showed that the initial time point for detachment of the cell sheet
decreased as the concentration of Cys increased (Fig. 3.3-A), whereas the required
time for the complete degradation of the hydrogel increased as the Cys concentration
decreased. At the highest Cys concentration (50 mM), the cell sheet detached

immediately from the hydrogel upon transition to the sol state (within 1 min). In contrast,
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at the lowest Cys concentration (1 mM), the cell sheet started to fold at 57 £ 6 min,
and had completely degraded after incubation for 124 + 6 min.

The folding behaviour of the cell sheet was observed to gain further insights into
the effects of the Cys concentration on cell sheet detachment. Using 1 and 5 mM Cys,
cells detached from the hydrogel under mild conditions; however, the detachment only
occurred from one side of the cell edge (Fig. 3.3-Bi, Fig. 3.2-B). Interestingly, in the
presence of 10 and 20 mM Cys, detachment occurred from the outer edge of the cell
sheet, as expected (Fig. 3.3-Bii). Further increases in the Cys concentration to 30, 40
and 50 mM dramatically reduced the starting time of cell sheet detachment (less than
1 min); however, the folding process was difficult to control (Fig. 3.3-Biii). These results
demonstrated that solely adjusting the Cys concentration without disrupting the cell-
to-cell connection could control the detachment and shrinkage behaviour of the
NIH3T3 cell sheet layer. Twenty millimolar Cys was selected for subsequent
experiments because gentle cell sheet detachment behaviour was observed at this
Cys concentration.

3.3.2 Self-wrapping behaviour of the cell sheet upon detachment from the
redox-responsive hydrogel.

Hepatocellular carcinoma spheroids (HepG2) were immobilize on the cell sheet
surface to test the possibility of wrapping other cells on the cell sheet layer during the
folding process. Initially, HepG2 spheroids were fabricated by using Elplasia at a
specific density (Fig. 3.4). The harvested spheroids (119+21um in diameter) were then
co-cultured on the cell sheet (6.5+0.1 mm in diameter) for 4 h. Twenty millimolar Cys
was added to the hydrogel and time-lapse observations of wrapping cells was
conducted (Fig. 3.5). As expected, the spontaneous shrinking of the cell sheet began

within 10 min after exposure to the aqueous Cys solution (Fig. 3.5-A).
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Fig. 3.4. Fabrication of HepG2 spheroid using Elplasia system. A. Seeding the HepG2 cells
in the Elplasia™ microhole, B. Uniform HepG2 Spheroid formation after harvesting from
Elplasia plate (Spheroid size is 119+21um in diameter). Reproduce with permission from ref*3.
Copyright 2020 Springer Nature.

The folding process of the cell sheet was systematically controlled, and the
hydrogel was readily degraded with 20 mM Cys under cyto-compatible conditions.
During shrinkage, HepG2 spheroids remained attached to the cell sheet. The edge of
cell sheets started to fold around 9 min after exposure to Cys, and all HepG2 spheroids
were dispatched successfully to the centre of the well. No fragmentation of the cell
layer was observed, indicating that the NIH3T3 cell sheet could shrink and hold the
spheroids while maintaining the wrapped structure.

The visible space between spheroids on the cell sheet decreased with the self-
folding process of the NIH3T3 cell layer. After wrapping the spheroids within ~9 min,
the top part of wrapped cell aggregates showed an opened structure. Despite no
significant change in the whole wrapped structure was observed, the top part of
wrapped structure tended to fold gradually in 24 h culture (Fig. 3.5-B). Importantly, the
coexistence of the spheroids in the inner part of wrapped structure was attained after

1 d of culturing (Fig. 3.5-C) and closed completely at 7 d of co-culture (Fig. 3.5-D).
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Spheroids Cell sheet

Fig. 3.5. Wrapping spheroids with a cell sheet by the ‘cellular Furoshiki’ technique. (A) Phase
contrast time lapse imaging of HepG2 cells wrapped by a NIH3T3 cell sheet during the initial
folding process. (B) Representative images of the wrapped cellular structure at and after 1 h
incubation. (C) Co-existence of HepG2 spheroids in the NIH3T3 cell sheet. Images present
the double staining wrapping process between 30 min and 1 d incubation. (D) The closed
position of wrapped structure after 7 d culturing. Images in the right column are merged using
the image analysis software BZ Analyzer from the Keyence BZ-9000 microscope. Adapted
with permission from ref*3. Copyright 2020 Springer Nature.

Various numbers of spheroids (0, 25, 50 and 100 per well) were seeded on the
cell sheet to quantitatively analyse the number of spheroids that can be wrapped by

the cell sheet (Fig. 3.6). A large number of spheroids significantly affected the size of
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the wrapped structure and interfered with the process of cell layering. This condition
also affected the closed or opened structure on the top of the wrapped structure during
the incubation period. Incorporation of approximately 100 spheroids increased the size
of the wrapped structure to more than ~1500 um. Hence, the spheroid number to less
than 25 per well to maintain the size of the wrapped structure and increase the
possibility of incorporating another cell type into the remaining space in the wrapped

structure was reduced (Fig. 3.6-A).

0 Spheroid 25 Spheroids

50 Spheroids 100 Spheroids

Spheroid 0 Spheroid 25

Fig. 3.6. Different numbers of HepG2 spheroids in the NIH3T3 cell sheet after 1 d co-culturing;
(A) 0, 25, 50 and 100 spheroids per well and (B) 0, 5, 15 and 25 spheroids per well. 3D co-
culture images were captured by the CLSM-700. The NIH3T3 cell sheet is stained with DiD
red fluorescence and HepG2 spheroids are stained with Calcein-AM green fluorescence.
Adapted with permission from ref*3. Copyright 2020 Springer Nature.
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As shown in Fig. 3.6-B, after 1 d incubation without HepG2 spheroids, the cell
sheet formed a cellular aggregate with the size ca. ~500 ym. Similar results were
observed when five spheroids were loaded into the cell sheet. Further increases in
the spheroid number, that is, 15-25 spheroids per well, showed a small increase in
the size (i.e., ca. ~ 600 um) of the wrapped structure.

The presence of HepG2 spheroids on the cell sheet did not affect the cell
detachment behaviour but affected the size and structure (opened or closed on the
top) of the resultant wrapped structure and the viability of the co-cultured cells
significantly. Thus, controlling the spheroid number was critical for effective cellular
wrapping, and the HepG2 cell function in the spheroid form was expected to increase
heterogeneous cell-cell interactions. Here, ~15 spheroids to ensure that the size of the
wrapped structure did not increase dramatically and that bare areas were available for
the incorporation of another cell type was selected.

3.3.3 Viability of co-cultured cells in the wrapped cellular structure.

The evaluation of the viability of encapsulated cells in the wrapping network was
conducted because a co-culture system exhibits increasing complexity. In this part,
HUVECs (4000 cells/well) and collagen microparticles (50 beads) into the wrapped
structure were introduced. The results of the live/dead assay showed that after 5 d
culturing only a few dead cells were observed in the HepG2 spheroid (Fig. 3.7-A) and
NIH3T3 cell sheet (Fig. 3.7-B). However, incubation for an additional day gave a larger
number of dead cells in the monoculture (Fig. 3.7-C) and dual co-culture (Fig. 3.7-Di)
in the centre of the wrapped structure. Comparable results were found with HepG2

spheroids and collagen beads inside the network (Fig. 3.7-Dii).
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Fig. 3.7. Viability of co-cultured cells in the wrapped cellular structure. (A) Cell viability of
HepG2 spheroids, (B) the NIH3T3 cell sheet and (C) the NIH3T3 cell sheet in the wrapped
structure state after 5 d culturing. (D) NIH3T3-HepG2 co-culturing in the wrapped structure
after 1, 3 and 5 d culturing. The initial cell numbers are 15 HepG2 spheroids, 100,000 NIH3T3
cells forming a monolayer and 50 collagen beads. Viable cells are stained green with calcein-
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AM and dead cells are stained red by propidium iodide. Images were merged directly using
the image analysis software BZ Analyzer from the Keyence BZ-9000 microscope. Scale bar
is 100 ym. (E) Evaluation of the cell viability ratio for different wrapped structures after 5 d
culturing. Data of viable cells at day 5 were normalized to cell viability at day 1. The initial cell
numbers are 15 HepG2 spheroids, 100,000 NIH3T3 cells forming a monolayer and 4000
cells/well HUVECs. Collagen microparticle numbers are approximately 50 (+), 150 (++) and
250 (+++) in the wrapped cellular structures. Error bars denote standard deviation (N = 3). *p
<0.05, **p < 0.01, **p < 0.001 and **** p < 0.0001 when compared with that of the wrapped
structure without collagen beads. Reproduce with permission from ref*®. Copyright 2020
Springer Nature.

The viability ratio of the HepG2 spheroids in the wrapped structure was
significantly lower when compared with that of HepG2 cells in monoculture (Fig. 3.7-
A). The hypoxic areas found in the central part of the wrapped structure are caused
by insufficient permeation of oxygen because of the thickness of the cell sheet
structure. Although the top of wrapped cell aggregates opened to bulk culture medium,
the necrotic area in the multicellular spheroid was a predictable condition and is a
general problem in the construction of 3D cell cultures*®. According to previous report,
the size limit of normal engineered tissue is around 100-200 ym*®5° because of the
inadequate gas exchange, nutrients, and elimination of cellular waste product®'.

Collagen is a major component of the extracellular matrix (ECM) and plays an
important role in artificial scaffold developments for the alignment and organization of
cells®. Various types of collagen microparticles have been used for in vitro 3D cell
culture engineering 6345354 | thus produced collagen (type 1) beads®* and placed them
on the cell sheet before the cell sheet detachment. Inclusion of collagen beads into
the NIH3T3 cell sheet and HepG2 spheroids increased the viability of the co-cultured
cells. The necrotic area was reduced from 87% (without collagen beads) to 59% (with
collagen beads) of the total area of the wrapped structure (Fig. 3.7-Di, 3.7-Dii).

A significant increase of the necrotic zone and decrease of the quiescent zone were

observed after incubating the wrapped structure for 3 and 5 d. During the dual co-
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culture, the necrotic zone (the red fluorescent region) increased from 48% (1 d) to 87%
(5 d) in the total area of the wrapped structure (Fig. 3.7-Di), while with the inclusion of
collagen beads inside the wrapped structure, the necrotic zones were reduced from
34% to 59% for 1 and 5 d culturing, respectively (Fig. 3.7-Dii).

However, designing large 3D cellular microstructures while maintaining cell
viability still remains a challenge. Based on the ability to distribute oxygen, metabolites
and nutrient, presenting endothelial cells are favorable in tissue engineering fileld®’,
especially for promoting vascularization in the 3D cell culture®>-%’. The incorporation
of endothelial cells (e.g., HUVECs) was thus used in an attempt to improve the cellular
function of the wrapped structure (triple co-culture, Fig. 3.7-Diii)%%-%8.

Incorporating HUVECs on the cell sheet persevered cell viability. Despite the
region of the necrotic zone slightly increased from 24% (1 d) to 41% (5 d), the relative
portion of dead cells of the wrapped structure clearly reduced when compared with
those of the wrapped structures without HUVECs (Fig. 3.7-Diii). Accordingly, after 5 d
culturing, the results of cell viability with the wrapped co-culture system increased
significantly, especially when raising the number of collagen beads in dual and triple
co-culture conditions (Figs. 3.7-E and 3.8). The gradual increase in the size of
wrapped structure (initially ~ 500 um) by 7% (Fig. 3.7-Di), 13% (Fig. 3.7-Dii) and 16%
(Fig. 3.7-Diii) after 5 d culturing by introducing collagen beads and HUVECs were also
found.

Interestingly, incorporating HUVECs improved the viability of co-culture cells
when compared with the other wrapped structures without HUVECs (Fig. 3.7-D). This
is possibly because HUVECs provide a crucial role in regulating interactions between
cells by forming microvascular structures®-%°. In the presence of HUVECS, the cell

viability rate also increased when collagen beads were included (Fig. 3.7-E); however,
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this increase differed from the co-cultured group without HUVECs. These results
indicate that cellular interactions between HepG2 and HUVECs achieved a superior
performance when compared with just HepG2 and NIH3T3 cells®6'. Although NIH3T3
cells have been shown to support hepatocytes in maintaining their differential function
for long periods, NIH3T3 cells or fibroblasts are not in physical contact with
hepatocytes in native liver tissue®'62. Naturally, hepatocytes and HUVECs together
account for more than 80% of the liver of mass®.

Since the increasing number of collagen beads either in dual or triple co-culture
conditions gave significant effect to the cell viability of the wrapped structure (Fig. 3.7-
E), collagen beads might work as a spacer and concurrently as a scaffold in the
wrapped structure. Yamada and coworker3*3% reported that collagen beads have
function to create an internal conduit space for the effective diffusion of nutrients and
oxygen to the center of the cellular aggregates. The increase in the cell viability is
strongly related to the opened structure of wrapped cell, where the increase in the
number of collagen beads result in the larger opened structure of that system (Fig.

3.8).

50 beads 150 beads 250 beads

Fig. 3.8. Various number of collagen beads inside the wrapped structure. Reproduce with
permission from ref**. Copyright 2020 Springer Nature.
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Organization of collagen beads might facilitates the diffusion of the culture
medium to the centre of the wrapped structure®'. Owing to the adhesive property of
collagen type | to enhance cell adhesion on the surface, collagen beads have also
played a role as a scaffold to promote the growth of HUVECs. Accordingly, the
inclusion of HUVECs could enhanced cell-ECM interactions to increase the cell
viability. Importantly, the wrapped cellular structure of HepG2, HUVECs, and collagen
beads inside the NIH3T3 cell sheet (triple co-culture with collagen beads) gave
significantly higher cell viability than HepG2 spheroids alone, indicating that this self-
wrapping technique is capable of maintaining healthy conditions for co-culturing cells
by appropriate combinations of different cell types.

3.3.4 Metabolism of co-cultured cells inside the wrapped cellular structure.

To assess the function of HepG2 spheroids under triple co-culture conditions inside
the wrapped structure, the metabolism from the co-culture cells in unwrapped and
wrapped groups was evaluated. The triple co-culture cells consisted of 15 spheroids
of HepG2, 4000 cells of HUVECs and 50 collagen beads on the confluent of NIH3T3
cell sheet. Comparison of the wrapped structure (triple co-culture with collagen beads)
with the unwrapped structure was performed for 7 d of culturing. The results showed
not only clear differences in morphology, but also significantly improved urea and
albumin secretion as the HepG2 specific functions for the wrapped co-culture system

(Fig 3.9-A; B).
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Fig. 3.9. Comparison of metabolism of co-cultured cells between the unwrapped and wrapped
cellular structures. Unwrapped (A) and wrapped (B) groups of triple co-cultured HepG2,
HUVECs and collagen beads on the NIH3T3 cell sheet. Representative phase contrast
images of unwrapped group (A-i) and wrapped group (B-i) after 1 d of co-culture (images were
taken at 4X magnification). Representative phase contrast images of unwrapped group (A-ii)
and wrapped group (B-ii) after 7 d of co-culture (images were taken at 10X magnification). The
existence of NIH3T3, HepG2 spheroid, and collagen beads are indicated by white arrows and
labelling. Representative images of CD31 staining (green fluorescence) of HUVECs on the
unwrapped structure (A-iii) and within the wrapped structure (B-iii) (images were taken at 4X
magnification). A connected part of HUVECs is indicated by an orange arrow. The co-culture
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images were captured by CLSM-700. Scale bar is 500 pm. Albumin (C) and urea (D) secretion
from wrapped and unwrapped triple co-cultured cells for 7 d. (E) Quantitative data for
proliferation of the triple co-cultured cells as determined by DNA content. Error bars denote
standard deviation (N = 3) and *p < 0.05, **p < 0.01, ***p < 0.001. Reproduce with permission
from ref*3. Copyright 2020 Springer Nature.

In the unwrapped group, cells were cultured on the hydrogel without the
degradation process (2D culture) (Fig. 3.9-Ai, 3.9-Aii), whereas in the wrapped group
cells were adhered onto the NIH3T3 cell sheet and were wrapped and packed after
the addition of 20 mM Cys (Fig. 3.9-Bi, 3.9-Bii)). In the wrapped structure, the HepG2,
HUVECs and collagen beads were surrounded by the cell sheet and were packed into
a higher-order microstructure. The large contact area among cells provided an
increase in cell-to-cell interactions to enhance the higher cellular functions of HepG2.
In contrast, in the unwrapped group, HepG2 cells adhered to form spheroidal
structures on the surface of HUVECs and NIH3TH cells after 7 d of culturing.

HUVECs were randomly attached to the surface of collagen beads in the
unwrapped structure (Fig. 3.9-Aiii), in contrast in the wrapped structure the beads were
fully covered with adhered HUVECSs, which results in the formation of a capillary-like
structure under the culture period (Fig. 3.9-Biii). The distribution of HUVECs was
clearly visualized by the CD31, a marker protein highly expressed on the endothelial
cell membrane®. Fig. 3.9-B-iii shows that HUVECs proliferated around the collagen
beads and well-dispersed in the wrapped structure. The adherence behavior and
distribution of cells on the collagen beads surface was similar to that found in previous
report'®. Since the positive stain of CD31 relates to the initial step of angiogenesis and
migration®®, HUVECs located in the interspace of collagen beads could form a
capillary-like structures®'66:67,

In general, hepatocyte (either normal cell or immortal cell) is a cell of the main

parenchymal tissue of the liver®®® One of the detoxifying functions is to modify
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ammonia into urea for excretion. While albumin is often employed as an important
secreted protein in the liver metabolism®. Both of urea and albumin is generally
employed as a marker of hepatocyte metabolic activity in vitro and to evaluate the
liver-specific function.

The effect of the two different culturing conditions by measuring the secretion of
albumin, urea and DNA contents for 7 d of culturing were examined (Fig. 3.9-C; D; E).
The secretion of albumin in both unwrapped and wrapped groups increased as the
culturing period increased with the secretion level in the wrapped group significantly
higher (*p < 0.05) than that in the unwrapped group after 5 and 7 d of culturing (Fig.
3.9-C) were observed. Urea secretion decreased during the culturing period for both
groups with a significant difference (***p < 0.001) in urea secretion between the
unwrapped and wrapped groups observed after 7 d incubation with values of 1.6 and
3.4 ug/mL/d/5500 cells, respectively (Fig. 3.9-D). The quantitative data of cellular
proliferation within co-cultured HepG2 spheroids and HUVECs on the NIH3T3 cell
sheet were examined by measuring DNA content. DNA synthesis was observed to
increase for both groups over the 7 d culturing period with the wrapped group showing
higher levels of cell proliferation (Fig. 3.9-E). At 7 d, the wrapped group had a 38.4%
greater level of DNA synthesis when compared with the unwrapped group (**p <0.01).

The wrapped structure showed marked increases in the secretion of albumin (1.3-
fold), urea (2.1-fold) and DNA content (1.4-fold) when compared with that of the
unwrapped structure. A similar trend were reported in previous works where the
presence of hepatocyte in connected culture with endothelial cell gave a positive effect
on the urea and albumin synthesis compared with a monoculture system®-71. Since
DNA content is a measure of cell proliferation’?, dsDNA was selected as the

representative of the proliferation rate of wrapped structures. The increase in
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metabolism and DNA content indicated a better interplay among the wrapped cells,
HepG2, HUVECs and collagen during the co-culturing. It is notable that the number of
HepG2 spheroid, the amount of collagen beads, and the presence of HUVECs that
affects cellular morphology and physiological responsiveness of the resultant wrapped
structure.

Finally, ‘Furoshiki’ is recognized as a perfect fabric design for wrapping valuable
items. Inspired by the traditional engineered Japanese item, a self-folding NIH3T3 cell
sheet that wrapped biological entities and termed this the ‘cellular Furoshiki’ technique
was presented. As demonstrated, the cell sheet was capable of wrapping other cells,
and thus the cellular Furoshiki should provide an alternative approach for constructing

complex, higher-order cellular microstructures.

3.4 Conclusions

The cellular Furoshiki technique as a new construction technique for the design
of a higher-order cellular microstructure composed of a NIH3T3 cell sheet, HepG2
spheroids, HUVECs and collagen beads were demonstrated. Compared with the
conventional co-culture system (i.e., unwrapped system), the cellular Furoshiki
provided an increase in cell viability and metabolism of cellular components. The
present concept is based on a simple microplate-based cell culture technique, which

is accessible to standard laboratories.
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CHAPTER 4 REDOX-RESPONSIVE FUNCTIONALIZED HYDROGEL MARBLE

FOR THE GENERATION OF CELLULAR SPHEROIDS

4.1 Introduction

Liquid marbles (LMs) are tiny liquid droplets wrapped in and stabilized by
hydrophobic microparticles with low surface tension that form a liquid—air interface2.
LMs are a bioinspired concept that mimic the water droplets on a lotus leaf or the
powdery wax marbles produced by aphids®. The valorization of LMs in biological
applications is attracting more and more attention, especially for realizing miniaturized
artificial milieus that are both complex and controllable*-°. LMs can be made with small
volumes (e.g., microliter scale) and have key properties that enable the flexible
adjustment of volume to achieve a desired density, allow them to easy to be formed,
controlled, and moved, and prevent independent LMs from mixing with each other%-1".

Since the pioneering work on developing LM compartments more than two
decades ago', few studies have been done to optimize this system as a
microbioreactor for three-dimensional (3D) cell culture. An important study by Arbatan
and Shen'?, demonstrated the fabrication of cancer cell spheroids in LMs using a pearl
drops system. Although the microenvironment of LMs allows gas exchange and cell
growth, it is not clear that formation of spheroid has been achieved because of the
free of cell-cell interactions or because of the gravitational sedimentation of cells in
culture. Further, as they are in a liquid state, LMs may lose their spherical shape, dry
out, or shrink?”1314 pecause of mass evaporation and changes in the humidity
conditions, which is predicted to be unfavorable for long-term cell culture. Moreover,
in this culture format, it is difficult to exchange the culture medium and more laborious
to evaluate cell growth without breaking the hydrophobic shell’?. One interesting

approach to overcome these limitations of the LM culture system is to integrate a gel
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constituent in the marble form, replacing the liquid state with a hydrogel sphere and
removing the hydrophobic shell layer. These modifications are expected to improve
the applicability of LM as a cell-culture platform.

Hydrogels' have been described in many different ways over the years, but they
can be simply defined as a swollen network of polymer gels in which the solvent is
water. They have attracted considerable attention from researchers due to their
potential as dynamic materials that can support and embed cells'® and even bioactive
molecules'” '8, Although hydrogels have proven to be practical in a range of cell culture
platforms, our collective understanding of such applications is limited to two
dimensional (2D) films, 3D free-swelling bulk gels comprising hydrogel and nanofibers,
hydrogels in microplates, and injectable materials™. Yet, continuously adapting
hydrogels into new platforms, such as LMs, may bridge the gap between the simplicity
of conventional cell culture systems and the complexity of the biological extracellular
matrix (ECM). Moreover, miniaturizing the cell culture system from bulk hydrogel to
LMs also offers better compartmentalization, which may improve our understanding of
how cells respond to modulating scaffold properties.

Herein, the potential to stabilize LMs by making them with a hydrogel i.e., creating
a hydrogel marble (HM) are explored. The potential of HMs as a compartment for
cancer cell spheroid formation is further exploited. An established redox-responsive
hydrogelation system?°-2% as the base scaffold of the HM is employed (Fig. 4.1).
Enzyme-mediated hydrogelation was used to promote disulfide crosslinking of tetra-
thiol-modified polyethylene glycol (PEG-SH) with thiolated gelatin (Gela-SH) to
facilitate spheroid formation in the HMs. The cell-laden scaffolds can then be degraded
under reducing conditions to recover the spheroids. The cellular functions of the

spheroids recovered from the HMs were compared with those of cells cultured in a
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conventional hydrogel, LM, and 2D cell culture system. Herein, the compatibility of
enzymatic hydrogelation to convert LMs to HMs with viable cells and characterize the
flexible physical properties and redox-responsive chemical characteristics of the HMs,
which is expected to lead to new avenues in the field of cellular spheroid research are

experimentally evaluated.

4.2 Experimental

4.2.1 Materials

PTE-200 SH (Sunbright®) (4-arm PEG-((CH2)2-SH)4, Mw 20 kDa) was purchased
by the NOF Corporation (Tokyo, Japan). Gelatin type A and poly(tetrafluoroethylene)
(PTFE; particle size: 1 ym) were supplied by Sigma-Aldrich (St Louis, MO, USA).
Horseradish peroxidase (HRP; activity: 100 unit/mg) was supplied by Wako Pure
Chemical Industries (Osaka, Japan). Glycyll-tyrosine hydrate (Gly-Tyr), L-cysteine
(Cys), 1-ethyl-3-(3 dimethyl aminopropyl) carbodiimide (EDC), and squalene oil were
acquired by Tokyo Chemical Industry (Tokyo, Japan). Cell Stain-Double Staining kit
and 5,5'-dithiobis (2-nitrobenzoic acid) (DTNB) were supplied by Dojindo Laboratories
(Kumamoto, Japan). Minimum Essential Medium (MEM) (17) + GlutaMAX™-I, 10%
fetal bovine serum (FBS), MEM Non-Essential Amino Acids (MEM-NEAA) solution,
and nuclei stain (Hoechst 33342 and trypan blue, 0.4%) were supplied by Thermo
Fisher Scientific (Waltham, MA, USA). Dulbecco’s phosphate buffer saline (PBS),
trypsin 0.25% with 1 mM EDTA, 1% antibiotic-antimycotic solution, and cystamine
were purchased from Nacalai Tesque (Kyoto, Japan). The human albumin enzyme-
linked immunosorbent assay (ELISA) quantitation kit and the urea quantification assay
kit (DIUR-100, BAS) were supplied by Funakoshi (Tokyo, Japan). A commercial oil-

blotting sheet was purchased from Mandom Corp. (Tokyo, Japan). Ultra-high-purity
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water was used during the experiments (Milli-Q Integral MT3S.kit, Merck Milipore,
Tokyo, Japan).
4.2.2 Fabrication and Hydrogelation of HM.

Gela-SH was prepared as described in the protocol outlined in our previous
study?'-?4. A solution of 5% w/v 4-arm PEG-SH, 0-1% w/v Gela-SH, and 5 mM Gly-Tyr
was prepared in PBS (1X, pH 7.4), and HRP was added at a concentration of 5 U/mL.
Then, cells were added at the desired cell density to 20 pL of the mixed solution. The
cell-laden solution was then dropped onto a PTFE powder bed in a 6-well plate (35-
mm well diameter, Thermo Fisher Scientific K. K., Tokyo, Japan). The droplet was
spread and rolled several times until the entire surface was covered with PTFE. The
coated droplet was then transferred to a 96-well plate (Thermo Fisher Scientific K. K.,
Tokyo, Japan) containing 100 yL of MEM-NEAA and incubated for 6 h at 37 °C. After
gelation, the resulting HMs were washed with squalene oil and PBS several times,
then subsequently scrubbed with an oil-absorbing sheet to remove all hydrophobic
components from the surfaces of the HMs. The HMs were then moved to a new 96-
well plate and immersed in 150 yL of the MEM-NEAA medium for cell culture (Fig.
4.1).

4.2.3 Equilibrium swelling ratio (Qm) and gel content.

The equilibrium swelling ratio (Qw) and gel content were measured as described
previously??. HMs (20 pL) were immersed in 10 mL of PBS and incubated at 37°C for
two days to all them to reach equilibrium, and their mass was measured (Ms). The
HMs were then dried, and the mass was measured again (Mp). Thus, Qu was
calculated as the ratio Ms/Mp. The gel content was evaluated by measuring the mass
of the HMs after hydrogelation (Wp). The obtained HMs were subsequently immersed

in MilliQ water (10 mL) for three days to remove the salts and uncrosslinked polymer.
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The HMs were then dried, and their mass was measured (Wb). The gel content was

calculated as Wp /Wp x 100%.

4.2.4 Gelation time.

The gelation time of the HMs was determined by the stirring magnet bar method?".
The HM polymer solution (200 pL) was transferred to each well of a 48-well plate
(Iwaki, Tokyo, Japan) and stirred at 200 rpm using magnetic stirrer bars (length: 7 mm;
width: 3 mm). Solutions with different Gela-SH concentrations and constant
concentrations of PEG-SH (5% w/v), Gly-Tyr (5 mM), and HRP (5 U/mL) were tested.
The sol-gel transition time was determined as the time at which when the motion of
the stirrer bar in the gel was hindered, and the sample appeared swollen; this time
was recorded as the gelation time.

4.2.5 Rheological evaluation.

The rheological properties of the HMs, i.e., elastic modulus (G') and viscous
modulus (G") were assessed using a rheometer MCR302 (Anton Paar, Graz, Austria).
A parallel plate (diameter: 25 mm; 2.003°) in oscillatory mode (EMS/TEK 500
disposable dishes) was set up, and the gel precursor solution was applied to it.
Hydrogelation was induced by incubation at 37°C for 6 h before the measurement.
The strain and frequency were set at 1% and 0.1Hz, respectively.

4.2.6 Cell lines and cell culture conditions.

The human hepatocellular carcinoma cell line (HepG2 cells, RCB1648) was
obtained from the RIKEN Cell Bank (Tsukuba, Japan) and maintained as
recommended. Briefly, HepG2 cells were cultured in MEM-NEAA supplemented with
10% FBS and 1% antibiotic-antimycotic. HepG2 cells were maintained in a humid
atmosphere at 37 °C with 5% CO2. The number of cells was counted with an

automated cell counter (BioRad Laboratories, Inc., Hercules, CA, USA).
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For HM encapsulation, 3000 or 6000 cells were added to 20 uL of the gel
precursor solution. Then, cell-laden HMs were seeded in MEM-NEAA (200 pL) in a
96-well plate, with a single HM placed in each well. In case of the cell encapsulation
using LMs, we followed a protocol described in a previous study °. Briefly, to culture
cells in LMs, the cells were diluted at 6000 cells in MEM-NEAA, and the cell-containing
MEM-NEAA (20 pL) was then dropped onto a PTFE powder bed in a 6-well plate. The
droplet was rolled several times until the entire surface was covered with PTFE
particles. The LMs were then transferred to a 96-well plate and submerged in 150 pL
of MEM-NEAA medium in a humid atmosphere at 37 °C with 5% COZ2. The medium
was changed every 2-3 days over long-term culture. For the evaluation of cellular
functions cultured in LMs, the hydrophobic PTFE layer was broken with a needle to

release the spheroids.

4.2.7 Evaluation of cultured cells and spheroids.

To degrade the HMs, 100 uL of Cys solution (6 mM) was added to each HM well.
The HepG2 spheroids were then harvested after incubation for 20 min and observed
using a confocal laser scanning microscope (LSM700, Zeiss, Oberkochen, Germany).
The spheroid size was evaluated by measuring more than 100 spheroids under the
microscope and quantified by NIH ImageJ Software (Free software for Mac OS X,
National Institutes of Health, Bethesda, MD, USA).

Live/dead staining was performed using a Cellstain Double Staining Kit (Dojindo
Laboratories) to evaluate cell viability in the HMs. After 1 or 7 days of culture, the HMs
containing HepG2 spheroids were washed with PBS and incubated in serum-free
medium containing calcein-AM (2 uM) and propidium iodide (4 uM) for 15 min. Then,
the live and dead cells within each spheroid were observed under a fluorescence

microscope (BZ-9000, Keyence, Osaka, Japan). To visualize the spheroid distribution
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in the HMs, HMs containing spheroids were stained with Hoechst 33342 from Thermo
Fisher Scientific.

To evaluate the cell functions in the harvested spheroids, two metabolic markers
(urea and albumin secretion) and the total dsDNA content were measured after 3, 12
and 30 days in culture. Supernatants of culture media at the predetermined days were
collected, centrifuged at 1500 rpm for 10 minutes at 4 °C to remove cell debris and
stored at —80 °C. The amount of urea and albumin secreted were determined by using
the QuantiChrom™ Urea Assay Kit and Human Albumin ELISA Quantitation Kit,
respectively. In parallel, harvested spheroids were treated with trypsin to disperse
them into single cells and the number of cells was counted with an automated cell
counter (BioRad Laboratories, Inc., Hercules, CA, USA). Amount of urea and albumin
were normalized by 6000 of viable cells per day of cultivation (ug or ng/mL/day/6000
cells). The total DNA concentration of spheroids were determined using a Quant-iT™
Picogreen™ dsDNA assay kit (Invitrogen, Thermo Fisher Scientific). All quantification
procedures were carried out according to the manufacturer’s instructions.

4.2.8 Morphology analysis of hydrogel marbles.

Scanning electron microscopy (SEM) SU3500 (Hitachi High-Tech Coporation,
Tokyo, Japan) was used to observe the morphology of freeze-dried HMs. Briefly, HMs
were frozen rapidly in liquid nitrogen followed by wetting-off, then freeze dried. Cross-
sections of freeze-dried HMs were observed using SEM imaging.

Scanning probe microscopy (SPM) was conducted to evaluate the original
structures of the HMs in the gel (semi-wet) state. A 5-uL sample of the HM solution
was placed onto mica (Nilaco Corp., Tokyo, Japan) and incubated for 6 h at 37°C to
induce gelation. The mica was then rinsed with ultrapure water and dried under

ambient conditions. SPM images of HM surfaces were captured using a Nanocute
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(Hitachi High-Tech Science Corp., Japan) with a SI-DF3P2 microcantilever (Hitachi)
in dynamic force mode. The pore size of the HMs in the dried and semi-wet (gel) states

were measured using NIH ImageJ software.

4.2.9 Statistical test.
Statistical significance was evaluated by one-way analysis of variance (ANOVA)
followed by Tukey’s post hoc test using Graph Pad Prism 6 software. The significance

levels were set at p < 0.05 (denoted by *), p < 0.01 (**), and p < 0.001 (***).

4.3 Results and Discussion

Many approaches have been proposed for the fabrication of 3D cellular
spheroids?>2°. Among them, hydrogels have been the most widely studied as 3D cell
culture in the past decade as they enable biomimetic extracellular matrix3°. Normally,
the hydrogelation process requires hydrogen peroxide (H202) for HRP-catalyzed
gelation. However, too much H202 may negatively impact the biological components
in the hydrogel system?'. Therefore, in previous studies, our group developed a novel
enzyme-mediated hydrogelation system based on HRP enzymatic fabrication3'-34.
The technique utilizes phenol moieties to generate disulfide bonds without exogenous
H20-, yielding a redox-degradable hydrogel under physiological conditions. In another
study, we demonstrated the use of this new enzymatic hydrogelation to fabricate a
matrix for spheroid formation3'. However, the size of the harvested spheroids was
limited to about 60 ym in diameter after seven days in culture, which suggests that
there was room for further optimization. Furthermore, one of the emerging trends in
cell scaffold technology is the miniaturization of cell culture systems from bulk to tiny
compartment systems. For this objective, LMs have been considered a useful and

unique platform as a micro-bioreactor for many applications®%. However, as previously
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described, this system suffers from the evaporation phenomenon'3'4, which limits its
application for cell culture.

To overcome the limitations of our previous PEG-based hydrogel system and the
LM system in general, Gela-SH to the previous PEG-based hydrogel as a natural
moiety to facilitate cellular spheroid formation is incorporated. | then implemented this
new enzymatic hydrogelation system to replace the liquid phase in LMs in order to
mitigate the evaporation problem and enhance their biophysical properties. This
approach gave rise to novel HMs, which can be used as a unique cell culture platform.
4.3.1 Physicochemical properties of hydrogel marbles prepared by HRP
catalysis under various Gela-SH concentrations

The physicochemical properties of HMs depend on the intrinsic properties of the

polymer backbone. The HMs were prepared by incorporating four components (4-arm
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Fig. 4.1. Fabrication of three-dimensional cellular spheroids in disulfide-based redox-
responsive cell-laden hydrogel marbles (HMs). (A). Schematic illustration of the preparation
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of HMs by enzyme-mediated hydrogelation (B) (i) Photograph of a HM rotated in circular
motions to coated it with PTFE in a powder bed, (ii) Top-view micrograph of HMs with different
volume during the PTFE removal process using squalene oil and a horizontal-view micrograph
of HMs with different volumes showing their floating behavior in the culture medium.
Reproduce with permission from ref*>. Copyright 2020 Elsevier.

PEG-SH, Gela-SH, HRP, and Gly-Tyr) for hydrogelation and covering a droplet of this
solution in a superhydrophobic powder (Fig. 1A, Bi). The HMs can be produced with
any desired volume between 10 and 50 pL (Fig. 1B-ii), which results in HMs with
diameters around 2.5 to 4.5 mm, respectively. Drops with large volumes (50 pL) of
aqueous polymer tended to form non-spherical HMs. Conversely, those prepared with
a volume of 20 uL were easier to handle and exhibit appropriate volume to abridge the
evaporation phenomena during hydrogelation process. Therefore, a 20-uL volume
was determined as the optimal volume for the subsequent experiments.

The physicochemical properties of HMs were initially evaluated. The equilibrium
swelling ratio and gelation time of the HM precursor solution decreased as the Gela-

SH concentration increased (0—1% w/v) under the experimental conditions (Table 1).

Table 1. Equilibrium swelling ratio, gel content, gelation time, elastic and viscous

moduli of hydrogel marble under various Gela-SH concentration.

Gela-SH Equilibrium Gel Gelation Elastic Viscous
concentration  swelling ratio content time modulus modulus
(% wiv) (Qwm) (%) (min) (G, Pa) (G", Pa)

0 38.1+27 84.2+17 255+21 2480 106

0.01 35.8+0.8 86.1+46 21.3+1.8 2572 119

0.1 314 +1.3 89.3+3.3 189+15 2904 185

1 26.2+0.3 946 +2.7 11.1+23 3480 231

Data are presented as mean * standard deviation (N = 3 for all parameters).
Reproduce with permission from ref*®. Copyright 2020 Elsevier.
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First, the influence of the Gela-SH concentration on the equilibrium swelling ratio
(Qm) of the obtained HMs was evaluated. Results showed that the Qu decreased as
the Gela-SH concentration increased from 0% to 1% w/v with a constant concentration
of PEG-SH (5 % w/v) (Table 1). Theoretically, the Qu of a polymer gel should decrease
with increasing crosslinking density. The gel content was >84% for HMs prepared with
0%, 0.01%, and 0.1% w/v Gela-SH, and 94% for HMs fabricated with 1% w/v Gela-
SH. This finding indicates that the PEG-SH underwent an acceptable crosslinking
reaction with Gela-SH (Table 1). Results also showed that the gelation time for HMs
at room temperature decreased with increasing Gela-SH concentration. The gelation
time was about 14 min faster when the Gela-SH concentration was 1% w/v than in the
absence of Gela-SH (Table 1). This change was attributed to the higher total polymer
concentration, which decreased the water uptake. Sarker et al. reported that the
gelation time of an alginate—gelatin crosslinked hydrogel decreased as the gelatin
concentration increased®¢. Another report from Truong et al.®” showed that the
presence of gelatin-MA allows rapid crosslinking in hydrogels and reduces the gelation
time. Our group previously reported that the rate of substitution for thiol groups in Gela-
SH was approximately 0.39-0.50 mmol-SH/g-gelatin?*. The presence of additional thiol
groups contributes to the formation of a more highly crosslinked network, which
improves the stability of the resulting hydrogel. Therefore, increasing the crosslinking
density is expected to result in a higher gel content and shorter gelation time in HMs.

The elastic moduli (G') and viscous moduli (G") of the HMs were determined by
rheological experiments. Results showed that G’ and G" increased with increasing of
Gela-SH concentration. G' and G" were 2480 and 106, respectively, when the Gela-
SH concentration was 0% w/v. G'and G" increased to 3480 and 231, respectively,

when the Gela-SH concentration was increased to 1% w/v. Importantly, the increase
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in the Gela-SH concentration resulted in positive trends in the other physical properties,
which indicates that almost all precursors were crosslinked without significant residual

crosslinking.
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Fig. 4.2. Effects of thiolated gelatin (Gela-SH) inclusion on the microstructure of hydrogel
marble (HM). (A). Scanning electron microscopy (SEM) images of the microstructures of HM
sections and corresponding enlarged local images of HMs in the dried state (B). Scanning
probe microscopy (SPM) images depicting phase of HM surface sections in the gel state. (i-
iv) HMs prepared with 0% (i), 0.01% (ii), 0.1% (iii), and 1% Gela-SH (iv). Reproduce with
permission from ref*®. Copyright 2020 Elsevier.

The main consideration for culturing cells in HMs is the flexibility and
degradability of the inside part of the hydrogel system, which promote cellular

adhesion and proliferation. The main chain of the original system is polyoxyethylene,
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and the PEG-SH induces little cellular adhesiveness and limited spheroid formation;
the combination of these properties initially induces cell aggregation.

The microstructures of the freeze-dried HMs were observed by SEM, and the pore
sizes of semi-wet HMs were observed by SPM (Fig. 4.2). The solid, thick structure of
PEG-SH appears to influence the size of the cellular spheroids in culture. Interestingly,
this microstructure network changed significantly with the inclusion of Gela-SH. As the
Gela-SH concentration increased, the fibrous network appeared in the HM system (Fig.
4.2-A). The pore sizes of the HMs in the gel (semi-wet) state decreased by 4.8-fold
(from ca. 330 to 70 nm) as the Gela-SH concentration was increased from 0% to 1%
w/v. The difference in the HM pore sizes in the totally dried state was more significant:
decreased from 180 to 28 um or a 6.4-fold change between 0% and 1% w/v Gela-SH.
It can be seen from the SEM and SPM images that more fibrous networks with smaller
and thinner fibrils are formed as the Gela-SH concentration increases. This
observation is consistent with the trend in the pore size of HMs in the semi-wet state

with varying Gela-SH concentration (Fig. 4.2-B).

4.3.2 Formation and distribution of HepG2 cellular aggregates in hydrogel
marbles

To demonstrate the feasibility of using HMs as a platform to generate cellular
spheroids, HepG2 cells were encapsulated and cultured for 30 days in the HMs.
HepG2 cells were mixed with the gel precursor solution, dropped onto the PTFE
powder bed, and incubated to form the HMs. Immediately after encapsulation (12 h),
single cells or aggregates of a few cells were observed to be distributed uniformly
inside each HM. After 6 days in culture, spheroids had formed and were distributed in
the HMs prepared with 5% PEG-SH and 0.1% Gela-SH (w/v), as observed using a
microscope (Fig. 4.3-A).
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The cellular spheroid size depends on the initial cell seeding density in the HM
were further demonstrated. The 20 pL of HM containing two different initial cell seeding
densities (either 3000 or 6000 cells). After 3 days of culture, the HepG2 spheroids

were recovered by degrading the HM with Cys solution (5 mM) for 20 min.
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Fig. 4.3. Focal adhesions of HepG2 spheroids in a hydrogel marble (HM). (A) Representative
images of spheroid formation and distribution in a HM with 0.1% w/v thiolated gelatin (Gela-
SH) after 3 days in culture. The initial cell seeding density was 6000 cells per 20 pL. Images
were taken at 4x magnification; scale bar: 500 um. The nuclei of the HepG2 cells were stained
with Hoechst 33342. The image in the right column were merged using the image analysis
software BZ Analyzer associated with the Keyence BZ-9000 microscope. (B) Effects of cell
seeding density and Gela-SH concentration on the sizes of the HepG2 spheroids in the HM.
Error bars denote standard deviation (N = 100). * p < 0.05. (C) Effect of Gela-SH concentration
on the HepG2 spheroid size distribution after 3 and 30 days in culture. Reproduce with
permission from ref*®. Copyright 2020 Elsevier.
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The harvested spheroids were then transferred to another well and observed under
a microscope. The spheroid size increased in the HMs containing 3000 cells as the
Gela-SH concentration increased: the spheroid size was 41, 60, 76, and 141 ym in
HMs with 0%, 0.01%, 0.1%, and 1% w/v Gela-SH, respectively. Conversely, the
spheroids were larger in the HMs containing 6000 cells than in those containing 3000
cells: the spheroid size was 61, 71, 98, and 178 uym in HMs with 0%, 0.01%, 0.1%, to
1% w/v Gela-SH, respectively (Fig. 4.3-B). The spheroids were approximately 1.4-fold
larger with an initial cell density of 6000 cells than with an initial cell density of 3000
cells after long-term culture (30 days) the HMs with 1% Gela-SH. Moreover, the
spheroids were 3—4-fold larger in the presence of Gela-SH (1%) than in the absence
of Gela-SH (Fig. 4.3-B) (p < 0.05). This result implies that the size of the resultant
spheroids is significantly influenced by the Gela-SH concentration and concurrently
strongly influenced by the initial cell density in the HMs. This fibrous network in HMs
with Gela-SH may also have contributed to the formation of larger spheroids®-3® which
mimics the fibrous structure of the native ECM#041,

To evaluate the range of the obtained spheroid sizes from each HMs, the spheroid
size distribution in HMs initially containing 6000 cells was evaluated between the early
stage of culture (3 days) and (long-term culture) 30 days (Fig. 4.3-C). Early in the
culture period (i.e., after 3 days), HMs with 1% Gela-SH formed significantly more
spheroids of the size range of 31-60 ym. Conversely, HMs containing 0% of Gela-SH
generated a high yield of spheroids in the size range of 0—-30 uym. Furthermore, after
30 days in culture, the spheroids in HMs with 1% of Gela-SH were mostly in the range
of 121-150 ym, while those in HMs without Gela-SH generated more spheroids in the

range of 61-90 um.
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Seeding higher cell densities (6000 cell/20 yL) leads to more preaggregation of the
cells, giving rise to larger spheroids (> 100 ym). This mechanism may be attributed to
the network formation in HMs containing Gela-SH, where the disulfide chains of the
fibrous network can be easily broken by HepG2 cells. Additionally, the presence of
gelatin, which is a collagen derivative, may be degraded by matrix metalloproteinase
(MMP), which is secreted from HepG2 cells*?. MMP from glioblastoma cells has also
been found to mediate the degradation of PEG-based hydrogel matrixes*3. A study by
Liang et al. described how the MMP enzyme regulates the softening of the matrix for
hepatocarcinoma cells**. Results demonstrated that exposure to MMP-1 decreased
the elastic modulus of a collagen hydrogel from 4.0 to 0.5 kPa.

It should be noted that the encapsulated cells in the HM proliferated to form
spheroids, which require soft culture substrates. The elastic modulus of a healthy liver
is about 1.5 kPa*S. As the Gela-SH concentration increased, the elasticity and viscosity
of the HMs increased. Over 30 days in culture, these rheological parameters

dramatically decreased from about 2 to 0.4 kPa (Fig. 4.4).
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Fig. 4.4. Elastic modulus (G') of hydrogel marble with various concentration of Gela-SH during
the HepG2 culturing for 4 weeks of incubation. Reproduce with permission from ref®®.
Copyright 2020 Elsevier.
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A similar trend was reported in previous studies, where gelatin inclusion in an
injectable gelatin—hydroxyphenyl propionic acid hydrogel resulted in a decrease in the

G value by 30% after 3 weeks?*.

Gela-SH 0%

Gela-SH 0.01%

Gela-SH 0.1%

Gela-SH 1%

Fig. 4.5. Photomicrographs of HepG2 spheroids recovered from HMs. Evaluation of the
HepG2 spheroid viability in HMs of different Gela-SH concentrations after 6 days in culture.
Viable cells are stained with calcein-AM (green) and dead cells are stained red with propidium
iodide (red). All images were captured using a Keyence BZ-9000 microscope. Scale bar: 500
um. Reproduce with permission from ref*®. Copyright 2020 Elsevier.

It is believed that spheroid formation in HMs is a response to changes in the functions
of the cells themselves and the degradability of the HM during the culture period.
Gelatin is similarly known as a natural component that contains RGD moieties, which

facilitate cell binding*’. Additionally, specific chemokine receptors expressed from the
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surfaces of cancer cells are particularly adept at sensing protein derivatives and
recognizing changes in the mechanical strain energy density*.

Large multi-cellular aggregates are usually limited to 100—-200 pm in size, and
this limit was reached by the spheroids cultured in HMs with 1% Gela-SH after 6 days
in culture (Fig. 4.3-B). To more clearly see the effect of Gela-SH concentration on the
size of the formed spheroids, the cell viability was compared after 6 days in culture
(Fig. 4.5). The HepG2 spheroids were harvested from the HMs by degrading the
hydrogel using a Cys solution and stained with the Cell Stain double-staining viability
kit. Most of the cells were stained with green fluorescence, indicating high viability of

the HepG2 cells in the spheroids (Fig. 4.5).

4.3.3 Evaluation of cellular functions in HMs

Three important metrics of hepatic function—urea, albumin secretion, and DNA
content—were measured as a general marker for the HepG2 metabolic activity in vitro
after given culture times (3, 12 and 30 days) in different cell culture systems (the HM
culture system versus the conventional hydrogel in 2D form, LM, and tissue culture
plate methods to generate spheroids) (Fig. 4.6). The total amount of albumin
production from HepG2 cells in HMs increased with the culture time. Additionally, the
spheroids cultured in HMs exhibited increasing albumin secretion as the Gela-SH
concentration increased (Fig. 6A). However, the spheroids in LMs showed much
higher albumin production (0.84 + 0.12 ng/mL/day/6000 cells) than the spheroids in
other culture systems (0.1-0.6 ng/mL/day/6000 cells). Surprisingly, after 12 days in
culture, the LMs shrunk, which resulted in a significant decrease in albumin secretion
compared with the spheroids cultured in HMs. This finding indicates that the shrinking
of LMs might have a negative effect on the spheroid culture. After 30 days in culture,

all spheroids in the LMs were dead.
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Fig. 4.6. Metabolism of harvested spheroids in different culture conditions. (A) Albumin, (B)
urea and (C) total dsDNA content of harvested HepG2 spheroids after 3, 12, and 30 days in
culture. The number sign (#) denotes the dead cells in the HM spheroids after 30 days in
culture. The error bars denote the standard deviation (N = 3), *p < 0.05, **p < 0.01, and ***p
< 0.001. Reproduce with permission from ref*®. Copyright 2020 Elsevier.
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Conversely, cells in the HMs containing Gela-SH exhibited higher albumin secretion
(1.9 £ 0.2 ng/mL/day/6000 cells) than those in other cell culture formats (p < 0.001),
including conventional hydrogels (1.6 + 0.1 ng/mL/day/6000 cells).

The same results were observed in the urea secretion and DNA content. After 3
days in culture, the spheroids in the LM exhibited significantly increased urea (6.0
0.5 pg/mL/day/6000 cells) and DNA (111.5 £ 9.2 ng/mL) levels compared with those
in other cell culture formats, but the levels of cells function in LM dramatically
decreased after 12 days in culture to 0.5 + 0.3 pg/mL/d/6000 cells and 30.5 £ 10.2
ng/mL, respectively. Conversely, the spheroids in the HMs demonstrated better
cellular functions over long-term culture than those the spheroids in other culture
systems. Urea secretion increased as the Gela-SH concentration increased at 3 and
12 days in culture. However, after 30 days in culture, the urea secretion did not differ
significantly between cell culture platforms. The total dSDNA content showed a similar
increasing trend as the albumin content after 30 days in culture, where spheroids in
HM exhibited highest DNA content (239 £ 13.2 ng/mL) that those DNA concentration
from spheroids in other cell culture systems (59.3-215.1 ng/mL).

The spheroids obtained from the LM system showed higher levels of albumin
production, urea secretion, and DNA content than spheroids cultured in other systems
after 3 days in culture. However, the spheroids harvested from this system were
largely non-uniform due to obvious gravitational effects leading to sedimentation of the
cells. Subsequently, after 12 days in culture, the spheroids from the LMs showed
significantly decreased cellular functions. These results could be attributed to the
shrinking of the LM, which limited the permeation of nutrients and gases to the cells.
Another possibility is that the close contact of cells with the hydrophobic shell at the

air-liquid interface of LMs might cause the cell death (as observed after 30 days of cell
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culture in LMs in Fig. 4.6). However, further studies are required to fully comprehend
these phenomena.

Conversely, the spheroids obtained from HMs showed excellent performance in
urea secretion, albumin and total DNA after 12 days in culture compared with other
systems. In particular, the spheroids cultured in the HMs exhibited slightly higher cell
functions than those in the traditional hydrogel system (Fig. 4.6). The spheroids
cultured in the HM system also had more size uniformity compared with those cultured

in conventional hydrogels (Fig. 4.7).

Fig. 4.7. Evaluation of the morphology of harvested HepG2 spheroids from hydrogel marble
(i) and conventional hydrogel (ii) after six (A) and nine days (B) in culture. Reproduce with
permission from ref**. Copyright 2020 Elsevier.

These results may be attributed to the gravitational effects, where the floating
behavior and rotational movement of HMs readily expose them to the medium on all
sides, allowing air to penetrate the spherical gel. From another viewpoint, the size of
spheroids was 3—4-fold larger in the presence of Gela-SH (1%) than in the absence of
Gela-SH, while the secretion of urea and albumin were also enhanced about 1.2-2.-
fold and 1.8—2.3-fold during the culturing period, respectively (Fig. 4.8). The formation

of larger HepG2 spheroids in HMs would also contribute to better cellular functions.
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Fig. 4.8 Effect of Gela-SH concentration on the size of HepG2 spheroids and the secretion
of urea (left) and albumin (right) after 12-day cell culture.

Conversely, in a conventional hydrogel culture system, as in all stationary culture
systems, the flow of medium only occurs in the vertical direction. Thus, diffusion of
nutrients, gasses, and waste accumulated within the hydrogel occurs more readily in
the HM system than in the conventional hydrogel system. Importantly, our results imply
that the physicochemical properties of HMs could affect to the spheroid metabolism
during long-term cell culture. Moreover, HMs appear to provide a better
microenvironment for cell culture than conventional hydrogels, LMs, and cell culture

plates.

4.4 Conclusion

In summary, the enzymatic fabrication of redox-degradable HMs for the generation
and culture of cellular spheroids was successfully demonstrated. Gela-SH can be
introduced to impart more dynamic properties and facilitate the formation of a fibrous
and viscoelastic network in the microstructure of the HMs. The Gela-SH inclusion
influenced the size of the spheroids that were formed and did not affect the viability of
the encapsulated cells. The results obtained here suggest that the redox-degradable

HMs prepared by an HRP-catalyzed approach have potential use for more accurately
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recreating the biochemical and biophysical signals of the complex biological milieu,

especially as a new cell culture platform for the preparation of cellular spheroids.
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CHAPTER 5. CONCLUSIONS

5.1 Summary

In the last several years, the challenge of mimicking cellular environment and
scaffold design is widening. As one of the excellent class of materials or platform for
the development of cellular scaffolds which can better mimic the natural life form,
hydrogel serve biocompatibility and mild and tunable reaction conditions that could
altered with desirable properties. Among the possible crosslinking reaction, enzymatic
crosslinking especially horseradish peroxidase (HRP)-catalyzed has led to significant
advancements in the fabrication of hydrogel. HRP offers cytocompatibility for the in
situ and in vitro formation of hydrogels because of its fast and easy processability and
reactivity toward a variety of substrates. Although the HRP would then widely employ
in the variety range of substrate and polymer, PEG was selected as the most
prominent synthetic polymer in the fabrication of biofunctional-HRP hydrogel.

In the viewpoint of cell cytocompatibility, this HRP hydrogelation system required
the exogenous H>0O> as an oxidant. Evidently, the use of H2O can be removed by the
presence of thiol and the inclusion of thiol moieties in the hydrogelation system' as
the requirement of environmental standard. HRP-mediated hydrogelation reactions
using phenol and thiol showed much slower reaction kinetics toward thiolated
substrates than toward phenolated substrates, while in the presence of phenolic small
compounds as additives, cross-linking between thiolated polymers was promoted,
leading to the formation of redox-responsive hydrogels without the aid of hydrogen
peroxide. However, as described in Chapter 1, the main polymer of this system is
synthetic polymers where it does not present inherent biochemical cues or binding
sites for bioactive molecules especially for the cellular signaling. Herein, to increase

performance of PEG hydrogel in this HRP-phenol based system, the development of
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HRP-mediated hydrogelation for further functionalization with other biofunctional
molecules, such as gelatin, heparin, and growth factors, was introduced as an
approach to approximate the properties of the natural ECM. Moreover, the live cell
sheets are not only success enables the rapid fabrication on redox responsive
hydrogel but also it can be utilized to wrap another biological entity, resulting the
complex and the heterogenous cellular structure. Last, the hydrogel system was
employed to fabricate a compartmentalized spheroid bioreactor in the marble form.

In Chapter 2, biologically active artificial scaffolds for cell seeding are developed
by mimicking extracellular matrices using synthetic materials. A feasible approach
employing biocatalysts to integrate natural components, that is, gelatin and heparin,
into a synthetic scaffold, namely a polyethylene glycol (PEG)-based hydrogel is
developed. Initiation of horseradish peroxidase-mediated redox reaction enabled both
hydrogel formation of tetra-thiolated PEG, via disulfide linkage and incorporation of
chemically thiolated gelatin (Gela-SH) and heparin (Hepa-SH) into the polymeric
network. | found that the compatibility of the type of gelatin with heparin was crucial
for the hydrogelation process. Alkaline-treated gelatin exhibited superior performance
over acid-treated gelatin to generate dual functionality in the resultant hydrogel
originating from the two natural biopolymers. The Gela-SH/Hepa-SH dual
functionalized PEG-based hydrogel supported both cellular attachment and binding of
basic fibroblast growth factor (bFGF) under cell culture conditions, which increased
the proliferation and phenotype transformation of NIH3T3 cells cultured on the
hydrogel. Inclusion of bFGF and a commercial growth factor cocktail in hydrogel
matrices effectively enhanced cell spreading and confluency of both NIH3T3 cells and
HUVECs respectively, suggesting a potential method to design artificial scaffolds

containing active growth factors.
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In Chapter 3, a strategy for constructing three-dimensional (3D) cellular
architectures comprising viable cells is presented. The strategy uses a redox-
responsive hydrogel that degrades under mild reductive conditions, and a confluent
monolayer of cells (i.e., cell sheet) cultured on the hydrogel surface peels off and self-
folds to wrap other cells. As a proof-of-concept, the self-folding of fibroblast cell sheet
was triggered by immersion in aqueous cysteine, and this folding process was
controlled by the cysteine concentration. Such folding enabled the wrapping of human
hepatocellular carcinoma (HepG2) spheroids, human umbilical vein endothelial cells
and collagen beads, and this process improved cell viability, the secretion of
metabolites and the proliferation rate of the HepG2 cells when compared with a two-
dimensional culture under the same conditions. A key concept of this study is the
ability to interact with other neighboring cells, providing a new, simple and fast method
to generate higher-order cellular aggregates wherein different types of cellular
components are added. The method of using a cell sheet to wrap another cellular
aggregate the ‘cellular Furoshiki’ was designated. The simple self-wrapping Furoshiki
technique provides an alternative approach to co-culture cells by microplate-based
systems, especially for constructing heterogeneous 3D cellular microstructures.

Chapter 4 focused on the adaptation of HRP hydrogelation system to another
shape so that it can be used for other applications is a necessary step to improve and
advance the hydrogelation technique. In this context, the potential of our hydrogel
system as a compartment for spheroid bioreactor is explored. Recently, liquid marbles
(LMs) have shown a great promise as microbioreactors to construct self-supported
aqueous compartments for chemical and biological reactions. However, the
evaporation of the inner aqueous liquid core has limited their application, especially in

studying cellular functions. Hydrogels are promising scaffolds that provide a spatial
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environment suitable for three-dimensional cell culture. the fabrication of redox-
responsive hydrogel marbles (HMs) as a three-dimensional cell culture platform was
described. The HMs are prepared by introducing an aqueous mixture of a tetra-
thiolated polyethylene glycol (PEG) derivative, thiolated gelatin (Gela-SH),
horseradish peroxidase, a small phenolic compound, and human hepatocellular
carcinoma cells (HepG2) to the inner aqueous phase of LMs. Eventually, HepG2 cells
are encapsulated in the HMs then immersed in culture media, where they proliferate
and form cellular spheroids. Experimental results show that the Gela-SH concentration
strongly influences the physicochemical and microstructure properties of the HMs.
After 6 days in culture, the spheroids were recovered from the HMs by degrading the
scaffold, and examination showed that they had reached up to about 180 um in
diameter depending on the Gela-SH concentration, compared with 60 pm in
conventional HMs without Gela-SH. After long-term culture (over 12 days), the liver-
specific functions (secretion of albumin and urea) and DNA contents of the spheroids
cultured in the HMs were elevated compared with those cultured in LMs. These results
suggest that the developed HMs can be useful in designing a variety of
microbioreactors for tissue engineering applications.
5.2 Future prospects

Future studies should assess the efficacy of the cell sheet system for other
therapeutic human cells as regenerative medicine models. While, although the main
focus and the initial goal of this cellular Furoshiki is to investigate the potential of a
confluent cell monolayer in a self-wrapping co-culture technique, a possible
application of this technique either in the development of in vitro disease model for the
drug screening application and or the tissue engineering for the prevention of the

rejection of immunosuppression in transplantation is envisioned. Future challenges
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include the design of tissue-like structures by integration of the cellular Furoshiki
presented herein with other cell lines toward practical applications in biomedical fields.
Notably, induced pluripotent stem cells (iPSCs), or mesenchymal stem cells as the
main cell for the cellular Furoshiki system may represent an ideal condition to generate
organoid model for the application in tissue engineering field.

Last, the HRP-mediated hydrogelation also was employed and succeeded to fabricate
a compartmentalized or smaller compartment namely hydrogel marble for spheroid
bioreactor. Future plans would be utilization of the hydrogel marble as a small
compartment in the cryopreservation of multicellular spheroids.

In addition, the hydrogel state generated by the present HRP-mediated system
are not limited to use in the bulk gel system but can be incorporated into a variety of
biomedical application and integrated with advanced instruments for cultivation,
screening and delivery of biofunctional molecules, as well as with diagnostic and

therapeutic materials.
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