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Preface

This dissertation was conducted under the supervision of Professor Shinji Sakai in the
Division of Chemical Engineering, Graduate School of Engineering Science, Osaka University,
from 2021 to 2025.

The objective of this thesis is to establish and apply a novel bioassay method—a cell culture
and assay system—that can handle solutions without cell loss or cell damage, provides a 3D
microenvironment for the cells, and can be applied to both adherent and non-adherent cells,
with high versatility and reproducibility. This innovative system, named the Cell Dome (1 mm
in diameter and approximately 300 um in height), was evaluated for its ability to culture and
assess adherent/non-adherent cells, the effects of the hydrogel shell constituting the Cell Dome,
its potential as a lymphoma model, and its application in cell-based transfection arrays.

The author hopes this study will contribute significantly to drug development by providing
valuable insights into biological and medical research fields through its use as a reproducible

in vitro model for disease and tumors.

Ryotaro Kazama

Division of Chemical Engineering
Graduate School of Engineering Science
Osaka University

Toyonaka, Osaka, 560-8531, Japan



Abstract

Drug development is critical for the treatment of diseases, disorders, and tumors, and in vitro
cell-based models play an important role in this process. The aim of the study of this thesis is
to establish and apply a novel bioassay method applicable to the drug development process.
This method is designed to handle solutions without causing cell loss or cell damage, provide
a 3D microenvironment for cells, handle both adherent and non-adherent cells, and ensure high
versatility and reproducibility.

Chapter I describes the importance and challenges of bioassays, in vitro cell-based models,
and cell-based microarrays, for drug development. It also explains the requirements for
effective bioassays.

Chapter II describes the establishment of a novel, standardized cell culture and evaluation
system for bioassays, within a dome structure fabricated using a semi-permeable hydrogel shell
obtained through horseradish peroxidase (HRP)-mediated hydrogelation. This system, a cell-
enclosed hydrogel dome with a hemispherical cavity, was named the Cell Dome (1 mm in
diameter and approximately 300 um in height). In addition, the application of Cell Dome as a
platform for the evaluation of non-adherent cell culture was demonstrated. Human leukemia
cell line K562 cells, non-adherent cells, enclosed in the Cell Dome were stable for 29 days,
with the medium replaced every 2—3 days. The enclosed cells proliferated within the cavity and
were stained and differentiated with reagents supplied through the surrounding medium.
Furthermore, K562 cells filled with the hemispherical cavities of the Cell Dome (3D
microenvironment) exhibited more hypoxia and higher resistance to mitomycin C compared to
those cultured in 2D environment. These results indicate that the Cell Dome is a promising tool
for standardizing bioassays, offering a convenient and effective platform for the culture and
evaluation of non-adherent cells.

Chapter III discusses the usefulness of a Cell Dome in the fabrication of organized



hemispherical cell aggregates of adherent HepG2 cells, a human-hepatoblastoma-derived
adherent cell line, with the added advantage of easy observation of the cut surface of the
spheroid through glass plates. HepG2 cells formed hemispherical cell aggregates that filled the
cavity of the Cell Dome after 18 days of culture and could be cultured for up to 29 days. The
central adhesive surface of the hemispherical cell aggregates, expected to have an environment
similar to that of the center of the spheroid, could be directly observed through the glass plate.
Cells cultured in the Cell Dome for 18 days exhibited higher Pi class glutathione S-transferase
enzyme activity, hypoxia-inducible factor-1o gene expression, and resistance to mitomycin C
compared to cells cultured in a conventional 2D environment. These results highlight the
versatility of the Cell Dome as a bioassay platform for both adherent and non-adherent cells
(as described in Chapter II), suggesting its potential as a widely applicable and highly useful
standard platform for cell-based assays.

Chapter IV explores the effects of the cell adhesion properties of the Cell Dome’s hydrogel
shell on the behavior of enclosed cells. Since the hydrogel shell is in direct contact with the
enclosed cells, its properties were expected to influence the behavior of the enclosed cells.
Hydrogel shells with varying degrees of cell adhesion properties were prepared and the
behavior of HeLa-fucci2 cells, a human cervical cancer cell line (HeLa) expressing the cell
cycle marker fucci2, was observed. Cells cultured in hydrogel shells with cell adhesiveness
proliferated along the inner wall of the hydrogel shell. Conversely, cells in hydrogel shells
without cell adhesiveness grew uniformly at the bottom of the cavities. Furthermore, cells
cultured in non-adhesive hydrogel shells had a higher percentage of cells in the G1/GO phase
compared to those in adhesive shells and exhibited increased resistance to mitomycin when the
cavities became filled with cells. These results indicate the importance of considering the cell
adhesiveness properties of the hydrogel shell when selecting materials for Cell Dome

preparation.



Chapter V describes the application of the Cell Dome system to the development of a 3D
lymphoma model primarily composed of non-adherent cells. Both the human brain lymphoma
cell line (TK) and the human B-cell lymphoma cell line (KML-1) grew and filled the cavity,
with a hypoxic region in the center of the hemispherical structure. CD19 expression did not
change in either cell line, while CD20 expression was slightly upregulated in TK cells and
downregulated in KML-1 cells cultured in the Cell Dome compared to those cultured in 2D
flasks. In addition, both TK and KML-1 cells in the hemispherical structures exhibited higher
resistance to doxorubicin compared to those cultured in 2D flasks. These results demonstrate
the effectiveness of Cell Dome in producing lymphoma models and highlight its potential as a
platform for accurately elucidating the complex cellular functions of lymphoma-derived cells,

offering new avenues for addressing the challenges of lymphoma treatment.

Chapter VI describes the application of the Cell Dome system to develop a gene transfer
array that can handle non-adherent cells without requiring them to adhere to adhere to a
substrate. The human lymphoma cell line (K562 cells) was used as a model for non-adherent
cells to explore suitable hydrogel materials as transfection arrays using the Cell Dome (referred
to as Cell Dome-based transfection arrays). Gene transfer to suspended non-adherent cells was
successfully achieved in Cell Domes with polyvinyl alcohol (PVA)-Ph/chitosan-Ph composite
hydrogel shells. In other words, the Cell Dome with an appropriate hydrogel shell could be
used as a transfection array for non-adherent cells in suspension. This novel Cell Dome-based
transfection array would be a valuable tool for analyzing the cellular function of non-adherent
cells in suspension and holds significant potential for providing important biomedical insights
for future research and development.

Overall, this thesis examined the establishment of the Cell Dome system as a novel
standardized bioassay method and explores its application. The findings highlight the potential

of the Cell Dome system as an in vitro cell-based bioassay in the drug development process



and provide important insights for both the biological and medical communities.
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Chapter I

General Introduction

Medicines are widely used worldwide to treat various diseases, and their development is
crucial for improving human health. Numerous studies are being conducted to develop new
drugs to treat diseases [1]. Drug development is an expensive and time-consuming process,
that requires meeting certain characteristics of a drug, such as potency, bioavailability, and non-
toxicity [2, 3]. In addition, the process typically costs more than $2 billion, takes more than 10
years, and has a success rate of only about 10% before reaching the clinic [4, 5]. Bioassays are
an important tool in drug development for measuring the functional activity of molecules in
living organismes, tissues, or living cells [6].

There are two types of bioassays: in vivo assays, in which substances are administered directly
to experimental animals to evaluate in vivo reactions, and in vitro assays, in which reactions
are reviewed in cells using cultured cells or animal tissue. /n vivo and in vitro assays are
essential in drug development [7]; however, they often fail to accurately predict candidate drug
in terms of toxicity, specificity, and efficacy [8]. Especially, in vivo bioassays have limitations
due to their high cost, variability, and the increasing global trend of applying the 3R principle
(Replacement, Reduction, and Refinement) in use of animals. Consequently, various in vitro
cell-based bioassays have been developed and are increasingly used for biological activity
analysis. Cells used in these cell-based in vitro assays are mainly classified as adherent cells
and non-adherent cells. Both types are important research target for analyzing cellar function.
Adherent cells are mainly represented by solid tumors and many normal cells, and are
important in tumor research and the development of artificial organs. Non-adherent cells, on

the other hand, are mainly represented by hematopoietic stem cells, such as lymphocytes and



leukocytes, and are important in the study of lymphoma and leukemia. Cell-based bioassays
require a standardized platform that can be applied to both cell types. In addition, such
platforms must accurately reproduce the in vivo tumor environment to enhance the accuracy of
the assays, while also being able easy to handle to ensure high efficiency, reproducibility, and
practicality. However, there is no standardized platform that is versatile enough to apply to both
adherent and non-adherent cells, while combining high operability and reproducibility. The
establishment of such new standardized bioassays and their application is expected to not only
improve the accuracy of drug development but also provide important insights into biological
and medical fields, helping to better understand cell function for disease treatment.

The following sections discuss the importance of three-dimensional (3D) cell culture in cell-
based bioassays and provide an overview of previous 3D cell culture methods. In addition, cell-
based microarrays, a versatile approach for assessing the genetic behavior of cells, are
discussed. Furthermore, section 3 delves into the research and assignments conducted to date
in the Sakai laboratory.

1. Three-dimensional (3D) cell culture and cell-based assays

In general, cell-based bioassays involve two-dimensional (2D) cell culture assays conducted
in well plates [9]. While these assays offer advantages such as simplicity, reproducibility, and
low cost, the loss of tissue-specific structure and cell-to-cell or cell-to-matrix interactions make
it difficult to accurately reproduce biological responses such as those observed in 3D organs
and tumors [10, 11]. To address the need for improved productivity in drug development, there
has been increasing focus on 3D cell culture and 3D cell-based bioassays [11-13]. Compared
to the more simplified 2D cell culture, 3D cell cultures more closely mimic in vivo
environments, providing a more accurate assessment of cell behavior [11]. For instance, drug
responsiveness in 3D cell culture is known to be significantly different from that observed in

conventional 2D cell culture [14, 15], and it is known that cancer cells cultured in 3D



environments exhibit enhanced resistance to chemotherapeutic agents and altered gene
expression levels that induce such resistance compared to those in 2D environments [16]. The
advantages of 3D cell culture assays include the ability to evaluate the safety and efficacy drugs
under conditions more similar to in vivo systems compared to traditional 2D cell culture assays,
which can reduce the dropout rate for new drugs during development [11, 13]. In addition, 3D
cell culture allows drugs to be tested directly in the human-based system, eliminating species
differences often encountered in preclinical animal models that complicate the interpretation
of results [17]. In the following section, a 3D cell culture assay is presented (Table 1-1, and
Figure 1-1).
1-1. Floating culture

The floating culture method is a technique in which cells are suspended in a medium and
spheroids are produced by cell-cell adhesion (Figure 1-1a). The floating culture method utilizes
well plates with non-adherent surfaces [18, 19], round-bottom well plates [20, 21], or specially
processed multi-well plates [22, 23]. The advantages of these methods are that they are
relatively inexpensive, highly efficient, and simple to perform. Conversely, a major challenge
with this technique is that the production of spheroids depends on the adhesive properties of
the cells, making it unsuitable for non-adherent cells. Additionally, careful handling during
procedures like medium exchange and washing is required to avoid cell loss or damage.
1-2. Hanging drop

The hanging drop method involves suspending droplets in specially designed well plates,
where cells are cultured within the droplets that are held in place by surface tension (Figure 1-
1b). This technique allows for systematic production of large numbers of spheroid-containing
droplets at a time, facilitating 3D cell cultures. Previous work has included the development of
384-well format drop culture plates [24] adapted to high-throughput screening (HTS)

equipment and 3D cell culture plates with 384 through-holes surrounded by micro-rings in a



384-well format [25]. However, these plates are highly sensitive to small mechanical effects
such as media changes, cell staining, or washing, and cannot be maintained for long periods of
time. In addition, it is not applicable for the 3D culture of non-adherent cells, which cannot
self-organize into spheroids.
1-3. Microcapsule

Microcapsules are a 3D cell culture technique used to fabricate spheroids by encapsulating
cells within spherical capsules made up of a hydrogel membrane (Figure 1-1c). These capsules
are typically formed using biocompatible polymers such as alginate and gelatin. The semi-
permeable membrane of the microcapsules physically protects the cells while permitting
exchange of nutrients and oxygen, allowing for cell proliferation, differentiation, and
evaluation of drug response. Previous studies have reported the development of alginate-
derivative microcapsules and the use of an integrated coaxial microfluidic device with an
electrospray system for fabrication of spheroids [26, 27]. The advantage of microcapsules in
3D cell culture include the ability to produce large number of capsules simultaneously and the
physical protection they offer against cell loss. However, since the microcapsules are
suspended in the culture medium, solution manipulation including medium exchange and
staining is difficult, complicating observation, collection, and evaluation. In addition, direct
observation of cells in the center of the spheroid—where unique behavior may occur—is
challenging.
1-4. Spinner culture

Spinner culture is a technique for producing spheroids by continuously agitating a suspension
of cells in a medium solution (Figure 1-1d). This technique is easy to scale up and large
quantities of spheroids can be produced relatively simply and easily [28, 29]. Conversely, a
limitation of this technique is that continuous agitation generates shear force that can damage

cells, making it unsuitable for cells with weak cell-cell adhesion.



1-5. Microfluidic device

Microfluidic devices are a 3D cell culture technique that utilizes microfluidic channels
embedded in a substrate to culture cells and circulate medium (Figure 1-1e). These devices
have been developed using various materials, including glass/silicon-based, polymer-based,
and paper-based platforms [30]. Microfluidic devices can reproduce complex and dynamic
microscale environments that mimic the 3D in vivo environments, such as complex chemical
gradients, and facilitate studies using small sample volumes. Despite their advantages,
microfluidic devices have certain disadvantages. The fabrication of complex microstructures
is labor-intensive and expensive, and it is difficult to collect 3D cultured cells for downstream
analysis and evaluation.

Table 1-1. Summary of three-dimensional (3D) cell culture and cell-based assays and their advantages

and disadvantages.

Model Description Advantages Disadvantages Reference
Cells are suspended in Not applicable to [18, 19]
. a medium and Inexpensive, non-adherent cells, ’
Floating culture . . . . [20, 21]
spheroids are produced efficient, simple = Requires careful
by cell-cell adhesion. solution handling [22, 23]
Droplets are suspended
in a specially designed Produce large Not applicable to
Hanging drop well plates. aqd cells are numbers of non-a.dherent cells, [24, 25]
cultured within the heroid Requires careful i
droplets held in place SPRETO1As. solution handling
by surface tension.
Technique for 3D cell Difficult to handle
culture and spheroid Physically the solution due to
fabrication by protects the cells, their suspension in a
Microcapsule encapsulating cells producing a large medium, Difficult to  [26, 27]
within a spherical number of direct observation
capsule consisting of a  capsules. cells in the center of
hydrogel. spheroids.
Technique for Fasv to scale u
producing spheroids by Y P el damage due to
. oo Easy to fabricate .
Spinner culture continuously agitating a large number of shear force of fluid, [28, 29]

a medium solution in
which cells are
suspended.

spheroids,
simple.

not applicable to
non-adherent cells.




Technique for three-

dimensional culture Labor intensive,
. ) . Reproduce . .
using microfluidic complex and expensive, difficult
Microfluidic devices with q n;)rnic to collect 3D [30]
device microfluidic channels Y cultured cells for
microscale .
formed on a substrate . analysis and
environments. .
to culture cells and evaluation.

return medium.

1-6. Scaffold-based 3D culture

The extracellular matrix (ECM) is a structural network located between cells that plays an
important role in supporting tissue structure/function and influences cell organization and
function. Scaffold-based 3D culture techniques leverage ECM or ECM-mimicking materials
to better replicate the in vivo microenvironment by facilitating interactions between cells and
ECM (Figure 1-1d). For these reasons, scaffold-based 3D culture techniques utilize natural or
artificial solid scaffolds to support 3D cell culture.

Matrigel (BD Biosciences) is a commercially available ECM, derived from Engelbress-Holm-
Swarm (EHS) mouse tumor cells. Matrigel contains basement membrane proteins like collagen
IV, laminin, perlecan, entactin, matrix metalloproteinase-2, and growth factors [31]. Matrigel
incorporates basement membrane extracts essential for cell differentiation and allows 3D cell
culture under conditions where components necessary for cell signaling are present within
organized structures [31, 32]. However, because the ECM is a biological material, Matrigel’s
exact composition varies from batch to batch, making it less suitable for reproducible high-
throughput drug testing due to the non-uniform spheroid size [33].

Natural hydrogels are hydrogels derived from natural polymers such as collagen, hyaluronic
acid, and gelatin, and are commonly used as scaffolds for 3D cell culture [34, 35]. The
advantage of natural hydrogels is that they can mimic the natural ECM. In addition, by
modifying the natural polymers with chemical functional groups, their mechanical properties,
pore size, density, stiffness, and other characteristics can also be easily controlled.

Synthetic hydrogels are synthesized by polymerization of synthetic polymers such as

6



polyvinyl alcohol (PVA) and polyethylene glycol oxide (PEG) [34, 35]. Synthetic hydrogels
are advantageous for 3D culture due to their high stability, customizable mechanical properties,
and well-defined chemical composition. They also contain active chemical groups (amine, acid,
and alcohol functional groups) that facilitate precise chemical modifications to form ECM
models with well-defined properties. However, synthetic hydrogels are limited in their ability
to promote cell signaling.

Table 1-2. Summary of three-dimensional (3D) cell culture and cell-based assays, with their

advantages and disadvantages, especially for scaffold-based 3D culture.

Model Advantages Disadvantages Reference

Incorporate basement membrane ..
P Exact composition unknown,

Matrigel extracts essential for cell ot reproducible [31-33]
differentiation, widely available. procu '
Mimic natural ECM,

Natural modification of chemical Inferior mechanical properties, [34, 35]

hydrogels functional groups to manipulate  biodegradable. ’
properties.

S . High stability and mechanical Biocompatibility must be

ynthetic . ) :
hydrogels properties, well-defined confirmed; lack of promotion [34, 35]

structure. of cell signaling.




Floating culture Hanging drop Microcapsule

inlet

channel -
\

Scaffold-based

Spinner culture Microfluidic devise
culture

Figure 1-1. Schematic diagram of three-dimensional (3D) cell culture and cell-based
assays. (a) Floating culture, (b) Hanging drop, (c) Microcapsule, (d) Spinner culture, ()
Microfluidic device, (f) Scaffold-based culture.

2. Cell microarray

In addition to drug discovery using 2D and 3D cell culture assays, cell-based microarray
technology, that allows comprehensive analysis of gene expression levels, is also important for
drug development and disease treatment (Figure 1-2). Cell-based microarray is a method in
which DNA or genes are deposited onto a glass substrate, upon which cells are cultured to
create cell-based arrays, which allows comprehensive evaluation of the genetic behavior of
cells based on gene expression [36, 37]. This method is highly efficient and important in
biomedical and pharmaceutical research. It can be used to identify drug targets and genes that
alter cell behavior and properties. On the other hand, a limitation of this technology is necessary
to adhere the cells directly to the spotted DNA or gene, and is thus not possible for non-adherent

cells due to their weak cell adhesion properties.



Figure 1-2. Schematic of a cell-based microarray: A method for studying gene function in
living cells.

3. Hydrogel dome studies in Sakai Laboratory at Osaka University

Aiming to address the limitations of conventional bioassay methods, the Sakai Laboratory at
Osaka University conducted research on hydrogel domes with hemispherical hydrogel
membranes, inspired by microcapsule technology. The following sections describe the research
and problems addressed so far.
3-1. Hydrogel dome obtained through Ca-alginate cross-inking

Fujiwara [38] reported in his master’s thesis the fabrication of hydrogel domes using Ca-
alginate crosslinking. In this method, a hemispherical hydrogel membrane is prepared on a
glass substrate by forming calcium -alginate crosslinks, and cells are cultured within the
membrane. The cells are immobilized by the ionic cross-links formed between the hydrogel
membrane and the glass substrate, providing stability for several days. However, the limitation
of this method is that it is not possible to perform long-term culture, such as 3D culture, or
evaluation and examination over an extended period of time. In addition, the fact that the
hydrogel membrane can only be prepared with alginate may prevent the delivery of reagents
to the encapsulated cells due to charge interactions.
3-2. Hydrogel dome obtained through horseradish peroxidase (HRP)-mediated
hydrogelation

Sato (2019) and Qu (2021) [38, 39] reported on their bachelor and master thesis, respectively,

on the fabrication of hydrogel dome obtained by HRP-mediated hydrogelation. In this method,



a hemispherical hydrogel membrane obtained by HRP-mediated hydrogelation was formed on
a glass plate, and cells were cultured within the dome. Polymers including alginate, gelatin,
and hyaluronic acid modified with phenolic groups (Ph) were used as materials for the hydrogel
membrane. It is believed that various polymers modified with Ph groups can be used to create
hydrogel membranes for hydrogel domes, offering potential for facilitating improved delivery
of reagents to enclosed cells. However, the available studies only provide information on short-
term cell culture for a few days using this method, and it remains unclear whether the technique
is stable over longer periods and whether it supports long-term cell culture, evaluation, and
study. Additionally, no data exist on its application as a bioassay for 3D cell culture or cell
microarray. Furthermore, the preparation method and operation are not yet standardized,
presenting numerous issues that need to be addressed before this technique can be used as a
viable novel bioassay method.

4. Overview

The objective of this study is to establish and apply a novel bioassay method, a cell culture
and research system, that can handle solutions without causing cell loss or cell damage, provide
a 3D microenvironment for cells, and be applied to both adherent and non-adherent cells, with
high versatility and reproducibility.

Chapter II describes the development of a novel, standardized cell culture and evaluation
system for bioassays using domes made of semi-permeable hydrogel shells obtained through
HRP-mediated hydrogelation. This cell-enclosed hydrogel dome, termed as Cell Dome (1 mm
in diameter and approximately 300 um in height). This chapter specifically focuses on analysis
of non-adherent cells, which requires careful manipulation to avoid cell loss or damage during
solution manipulation.

Chapter III describes the usefulness of a Cell Dome in the fabrication of organized

hemispherical cell aggregates of human-hepatoblastoma-derived HepG2 cells (adherent cells).
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The system enables easy observation of the spheroid’s cut surface through glass plates. The
ability of the Cell Dome to facilitate bioassays for both non-adherent (as described in Chapter
IT) and adherent cells underscores its potential as a versatile and valuable standard platform for
various cell-based assays.

Chapter IV describes the effects of the cell adhesion properties of the Cell Dome’s hydrogel
shell on the behavior of enclosed cells. The behavior of cancer cell aggregates in 3D cell culture
is influenced by cell adherence to their external environment [40, 41]. This chapter explores
how differences in the hydrogel shell’s adhesion properties influence behavior of cancer cells
during cell aggregate formation within the Cell Dome.

Chapter V aims to apply the Cell Dome system to develop a 3D lymphoma model composed
mainly of non-adherent cells. Despite its potential to elucidate the resistance to lymphoma
therapy and its mechanisms, there are no standardized and reproducible 3D lymphoma models
suitable for diverse applications due to their characteristics like weak cell adhesion of the non-
adherent cells that mainly comprise lymphoma. Therefore, the development of lymphoma
models that better mimic the lymphoma microenvironment is essential to accurately elucidate
the complex cellular functions of lymphoma-derived cells and to address the challenges of
lymphoma therapy.

Chapter VI describes the application of the Cell Dome system to develop a gene transfer array
that can handle non-adherent cells without requiring adhesion to the substrate. This allows gene
transfection of non-adherent cells in suspension, a limitation of conventional cell-based
microarrays. This novel Cell Dome-based transfection array may offer a valuable tool for
analyzing the cellular function of non-adherent cells in suspension and has the potential to
provide important biomedical insights, such as identifying disease-causing genes and
therapeutic targets.

The results and conclusions of these studies are summarized in the “General Conclusion”
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section. In addition, the challenges of this novel Cell Dome system and future research for its

application in the drug development process are suggested in the “Future Research” section.
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Chapter 11

Establishment of non-adherent cell-enclosing domes with

hydrogel shells via enzymatically mediated hydrogelation

1. Introduction

Non-adherent or weakly adherent cells, such as hematopoietic cells, lymphocytes, and
mesenchymal cells, differ from tissue-constructing adherent cells in functions and gene
expression related to intercellular adhesion, migration, invasion, and immunity. Therefore, they
are important research targets in biological studies. In cell-based studies and assays, such as
functional analyses and drug discovery using imaging, non-adherent or weakly adherent cells
require careful handling to avoid cell loss during medium changes and washing steps, unlike
adherent cells such as fibroblasts and myoblasts that attach firmly to culture plates [42]. Usually,
cytocentrifugation and forced adherence of the cells onto substrates coated with adhesion-
inducing molecules are employed to prevent cell loss along with supernatant solutions [43].
However, cytocentrifugation has drawbacks, including inefficiency when handling large
numbers of specimens and potential for mild distortion of morphology in the cells of interest
[44]. Forced adhesion can also distort cell morphology and cause structural and metabolic
changes in cells [45]. Therefore, a system that enables the handling of non-adherent cells with
standard solution exchange procedures would be useful for studies involving these cells. In
addition, providing a 3D microenvironment for non-adherent cancer cells improves the
prediction of chemotherapeutic resistance, compared to cells in 2D culture [46], as observed in
adherent cells cultured in 3D systems [47-49]. Karimpoor et al. [46] reported that both primary
and cell-line leukemia cells cultured in micropores in alginate foam, mimicking the bone
marrow microenvironment, showed enhanced myeloid differentiation and reduced sensitivity

to antileukemia agents compared to those cultured in 2D environments.
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Based on this premise, this chapter aims to establish a standardized system for the culture
and study of non-adherent cells that enables the handling of solutions without applying special
protocols such as cytocentrifugation and forced cell adhesion, and to provide a 3D
microenvironment. To achieve this goal, non-adherent cells were enclosed within
hemispherical microdomes on glass plates, consisting of cell-enclosed cavities and
semipermeable hydrogel shells obtained through HRP-mediated hydrogelation. HRP-mediated
hydrogelation can yield various cell-laden constructs, including fibrous hydrogels [50, 51],
microcapsules [52, 53], and 3D-printed hydrogel constructs [54, 55]. This enzymatic process
requires hydrogen peroxidase (H20:) as a substrate, but can be optimized to form hydrogel
constructs without causing significant damage to the enclosed cells under appropriate
conditions [56, 57]. It is expected that the hydrogel shell of microdomes would be permeable
to substrates such as oxygen, nutrients, and cell metabolites, supporting the growth of enclosed
cells. The semi-permeability of the hydrogel shell allows external stimuli of the enclosed cells,
to investigate their chemosensitivity, induce cellular differentiation from the surrounding
medium, and stain the cells for imaging applications. Although the molecular permeation
properties depend on the preparation conditions, the cells enclosed in the microcapsules
prepared through the enzymatic reaction have been demonstrated to grow effectively [58, 59].

Therefore, this chapter describes the establishment of a novel, standardized method for
fabricating hemispherical microdomes on glass plates, consisting of cell-enclosed cavities and
semipermeable hydrogel shells obtained through HRP-mediated hydrogelation. This construct
referred to as the Cell Dome was designed with cavity dimensions of approximately 1 mm in
diameter and several hundred micrometers in height (Figure 2-1) [60]. The enzymatic reaction
was applied to obtain alginate-based hydrogel shells that were covalently cross-linked and
immobilized onto glass plates. Non-adherent cells were enclosed in a Cell Dome on glass plates

for further studies. Procedures for enhancing the stability of Cell Domes on glass plates and
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the molecular diffusivity of the hydrogel shell were investigated. In addition, the
cytocompatibility of the preparation process was assessed by analyzing the growth and
behavior of the enclosed cells. Using leukemia cell line K562, as a model of non-adherent cells,
the system's suitability was demonstrated by examining cell viability, proliferation, and

response to an anti-tumor drug (mitomycin C).
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Figure 2-1. Schematic diagram of the fabrication method of Cell Dome enclosing non-
adherent cells covered with semipermeable hydrogel shells obtained through horseradish
peroxidase (HRP)-mediated hydrogelation. Reprinted (adapted) from [60]. Copyright IOP
Science.

2. Materials and Methods
2.1 Materials

Catalase from bovine livers, mitomycin C (MMC), calcium chloride, dimethyl sulfoxide
(DMSO), N, N-dimethylformamide (DMF), N-hydroxysuccinimide (NHS), hydrogen peroxide
(H202) aqueous solution (31 wt%), and HRP (180 U/mg) were purchased from Fujifilm Wako
Pure Chemical (Osaka, Japan). Water-soluble carbodiimide hydrochloride (WSCD) and
tyramine hydrochloride were obtained from Peptide Institute (Osaka, Japan) and ChemImpex
International (Wood Dale, IL, USA), respectively. Propidium iodide (PI), CytoRed, Calcein-
AM, and FerroOrange were purchased from Dojindo Laboratories (Kumamoto, Japan).

Fluorescein isothiocyanate-dextran (FITC-dextran), and gelatin (porcine skin, ~ 300 g bloom,
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type A) were purchased from Sigma-Aldrich (St. Louis, MO, USA). Sodium alginate (Kimica
I-1G, MW 70 kDa, high guluronic acid content) and poly (lactic-co-glycolic acid) (PLGA)
were purchased from Kimica (Tokyo, Japan) and MedChemexpress (NJ, USA), respectively.
The hypoxia probe LOX-1 was purchased from Medical & Biological Laboratories (Nagoya,
Japan). N-succinimidyl-3(4-hydroxyphenyl)propionate (HPP-NHS) was prepared according to
a previous report [61] with slight modifications. Cell Count Reagent SF was purchased from
Nacalai Tesque (Kyoto, Japan). RPMI 1640 medium was purchased from Nissui
Pharmaceutical (Tokyo, Japan). Sodium alginate and tyramine hydrochloride were conjugated
via NHS and WSCD to produce alginate derivatives with phenolic hydroxyl (Ph) moieties
(Alginate-Ph, 1.1 x 10 mol-Ph/g), as previously reported [62]. In the structure analysis,
alginate-Ph labeled with aminofluorescein (AF) (Alginate-Ph-AF, 1.5 x 10" mol-Ph/g) was
used instead of alginate-Ph. K562 cell, derived from human lymphoma, was purchased from
the Riken Cell Bank (Ibaragi, Japan) and cultured in a humidified atmosphere of 5% C0O2/95%
air at 37 °C in RPMI 1640 medium with 10% (v/v) fetal bovine serum (FBS). The (3-
aminopropyl) triethoxysilane (APS)-coated glass plates (size: 18 mm x 18 mm, thickness: 0.8
mm) with ring-shaped water-repellent patterns (inner diameter: 1 mm, outer diameter: 1.4 mm)
arranged in an array of 6 X 6 with 2.5 mm intervals were purchased from Matsunami Glass
(Osaka, Japan), and used for each experiment after cutting it to a suitable size, as necessary.
2.2 Cell Dome preparation

To immobilize phenolic hydroxyl groups onto the glass plates, the plates were immersed in
DMF containing 2.5% (w/v) HPP-NHS for 24 h. Next, at 5 °C, a phosphate-buftfered saline
(PBS, pH 7.4) solution (core; 1 pL) containing 50 U/mL HRP, 3.0% (w/v) gelatin, and 1.0 x
10° cells/mL K562 cells was spotted into the ring-shaped water-repellent pattern on the glass
plates. After allowing the gelatin-based core gel to stand for 15 min, PBS solution containing

I mM H;0; and 1.0% w/v% alginate-Ph was added on the gelatin-based core gels at 15 °C.
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After 5 min forming an alginate-based hydrogel shell obtained through HRP-mediated
hydrogelation, the resultant glass plates were rinsed twice with PBS to remove the remaining
solution and immersed in a medium containing 0.5 mg/mL catalase, and incubated for the
formation of the hemispherical hollow structure due to the thermally induced gel-to-solution
transition of the gelatin hydrogel (Figure 2-1). After 24 h of incubation, the medium was
replaced with fresh medium every 2-3 days. The structure of the Cell Dome was analyzed
using a confocal laser scanning microscope (C2; Nikon, Tokyo, Japan) by preparing the Cell
Dome using alginate-Ph-AF instead of alginate-Ph. The viability of K562 cells was analyzed
with live/dead staining using Calcein-AM/PI and observed through a fluorescence microscope
(BZ-9000; Keyence, Tokyo, Japan). K562 cells enclosed in the Cell Domes were captured
using the fluorescence microscope and further analyzed with an optical coherence tomography
(OCT) system using Cell3iMager Estier (CC-9000; Screen, Kyoto, Japan).
2.3 Cell Domes stability analysis

For stability analysis, Cell Domes were prepared using core solutions without cells, as
described in section 2.2. In addition, microdomes were prepared under two conditions to
investigate their stability. The first condition involved preparing the microdomes using glass
plates without immobilized Ph groups, and the second condition involved preparing
microdomes with Ca-alginate hydrogel shells. To prepare Ca-alginate hydrogel shell, gelatin-
based core solutions were prepared from a PBS solution containing 100 mM calcium chloride
and 3.0% (w/v) gelatin. PBS solution containing 1.0 w/v% sodium alginate was then added
onto core gels for form Ca-alginate hydrogel shell. The stability of the Cell Domes was
evaluated by counting the number of remaining Cell Domes or microdomes at each incubation
period.
2.4 Hydrogel permeability analysis

The gels used for permeability analysis were prepared with the same concentration as Cell
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Dome: mixing PBS solutions (200 pL) containing 50 U/mL HRP, 1.0 w/v% alginate-Ph, and
10 mM of H>O» in wells of 24 well-plates. The prepared gels were rinsed twice with PBS,
immersed in PBS solution containing 0.5 mg/mL FITC-dextran (molecular weight 4,000,
10,000, or 70,000), and incubated at 37 °C for 24 h. The fluorescence recovery after
photobleaching (FRAP) method was used to measure the diffusion coefficients, by using a
confocal laser scanning microscope, as previously reported [63].
2.5 Reagent supply analysis to the enclosed cells

Before the Cell Dome preparation described in section 2.2, DMSO (0.2 pL) with 50 pg/mL
PLGA containing 20 uM CytoRed or Calcein-AM was spotted inside the ring-shaped water-
repellent pattern on the glass plates and allowed to dry at 37 °C for 1 h. After the Cell Domes
were formed, the enclosed cells were observed at various incubation periods using a
fluorescence microscope.
2.6 Differentiation analysis inside the Cell Dome

To induce differentiation to erythroids, the medium surrounding the Cell Dome was replaced
with a medium containing 1 mM sodium butyrate after 13 days of culture [64]. After 6 days of
culture in the differentiation medium, cell differentiation was observed by staining K562 cells
with Hank’s balanced salt solution with 20 mM HEPES containing 1 uM FerroOrange, a
fluorescent probe that detects intracellular Fe**. After 30 min of staining, the cells were
observed using a fluorescence microscope. Additionally, the enclosed cells were collected by
degrading the hydrogel shell with PBS solution containing 1 mg/mL alginate lyase, and the
collected cells were analyzed using a flow cytometer (BD Accuri C6; BD, Tokyo, Japan).
2.7 Hypoxia analysis

After the appropriate culture period, Cell Domes were immersed in a medium containing 2
uM hypoxia probe LOX-1 to analyze the hypoxic state of the enclosed cells. After 24 h of

incubation, the enclosed cells were rinsed twice with PBS and observed using a fluorescence
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microscope. Additionally, the enclosed cells were collected as the same method described in
section 2.6 and analyzed using a flow cytometer.
2.8 Drug treatment analysis

After the appropriate culture period, one Cell Dome was immersed in 200 pL of medium,
and 20 puL of PBS (pH 7.4) containing 1, 10, 100, 1,000, or 10,000 nM MMC was added, and
incubated for 72 h. Then, they were added 20 puL of Cell Count Reagent SF. After 4 h of
incubation, the absorbance at 450 nm (with a reference wavelength of 600 nm) was measured
using a microplate reader (EPOCH 2; BioTek, CA, USA). Relative activity was calculated by
dividing the absorbance with MMC by the absorbance of without MMC and multiplying by
100.

3. Results and Discussion
3.1 Cell Domes structure and stability

To fabricate the Cell Dome with a hydrogel shell and hemispherical cell culture space, 1
focused on the microcapsule conditioning technique [16, 46, 65]. The gelatin-based core
solution was used as a template for the hemispherical cavity, and the hydrogel shell was
obtained through HRP-mediated hydrogelation. Ca-alginate hydrogels have commonly been
used in studies involving cell-encapsulated microcapsules [66-68]. To ensure stable attachment
of the Cell Dome to the glass plate, I applied an enzymatically derived Alginate-Ph hydrogel
and aimed to form covalent bonds between the substrate and the hydrogel shell.

In the structure analysis by using the Alginate-Ph-AF hydrogel shell obtained through HRP-
mediated hydrogelation, the thickness, and height of the hydrogel shell were 90 um and 270
um, respectively (Figure 2-2a).

In the stability analysis, microdomes with Ca-alginate hydrogel shells disappeared from the
glass plate after just 1 day of immersion in the medium. Similarly, microdomes with alginate-

Ph hydrogel shells (which did not form covalent bonds with the glass plates) all disappeared
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from the substrate after 6 days of immersion (Figure 2-2b). In contrast, Cell Domes with
alginate-Ph hydrogel shells prepared through HRP-mediated hydrogelation remained securely
attached to the glass plates with Ph groups for 6 days, demonstrating high stability (Figure 2-
2b). These results indicate that the formation of covalent cross-links between the glass plates
and the hydrogel shell by HRP-mediated hydrogelation reaction contributes to the high stability
of Cell Dome. Interestingly, microdomes prepared on glass plates without Ph groups in
alginate-Ph hydrogel exhibited greater stability than Ca-alginate microdomes. This may be due
to covalent cross-linking between alginate-Ph molecules. Sakai et al. [62] previously reported
that alginate-Ph microcapsules cross-linked through enzymatic reaction exhibited less swelling
than Ca-alginate microcapsules in saline solutions. Ca-alginate hydrogels swell in saline and
culture media due to an ion exchange process between calcium ions in the hydrogel and sodium
ions in these solutions [69]. This suggests that in addition to the covalent cross-linking between
the glass plate and hydrogel shell, the internal covalent cross-linking of Alginate-Ph molecules

contributes to the overall stability of the Cell Dome developed in this study.
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Figure 2-2. (a) Confocal microscope image of the hydrogel shell. Scale bar: 500 pm. (b)
The stability of microdomes with Ca-Alginate hydrogel shells (A), microdomes with
Alginate-Ph hydrogel shell prepared through HRP-mediated cross-linking on the glass
plates without Ph groups (e), and Cell Domes with Alginate-Ph hydrogel shell prepared
through HRP-mediated cross-linking on the glass plates with Ph groups (m) (n > 16). (c)
The diffusion coefficients of FITC-dextrans in Alginate-Ph hydrogel prepared through
HRP-mediated hydrogelation. Bars: SD, n = 5. Reprinted (adapted) from [60]. Copyright
IOP Science.
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3.2 Permeability of hydrogel and enclosed cell analysis

The viability of K562 cells immediately after and the day after Cell Dome preparation was
96.7 = 1.7% and 97.1 £ 0.6%, respectively, the values being comparable to those before
enclosure (Figure 2-3a). This indicates that the Cell Dome preparation process does not
significantly affect the viability of the enclosed cells.

Next, to investigate substance permeation and diffusion within the Cell Domes, the diffusion
coefficient of FITC-dextran in alginate-Ph hydrogels obtained through HRP-mediated
hydrogelation was measured using the FRAP method. The relative diffusion coefficients in the
hydrogel, compared to diffusion in water were 0.96 = 0.37, 0.72 £ 0.15 and 0.62 = 0.18 for
FITC-dextran with molecular weights of 4,000, 10,000, and 70,000, respectively (Figure 2-2c¢).
Values closer to 1 indicate efficient diffusion, indicating that the hydrogel shell of the Cell
Domes was highly permeable to metabolites, nutrients, and oxygen. Immediately after
preparation, K562 cells were observed to be individually present within the hemispherical
cavity of the Cell Domes. Over time, as the number of enclosed cells in culture increased, the
hemispherical cavity’s dark area and intensity of darkness gradually increased, indicating
robust cell growth within the Cell Dome (Figures 2-3b—g). This result was also observed from
the increase in mitochondrial activity per Cell Dome, which reached a maximum on 10 days
of culture and did not increase thereafter (Figure 2-31). The Cell Domes retained their structural
integrity even after 29 days of culture, and within the hemispherical cavity of the Cell Dome,
K562 cells demonstrated three-dimensional growth (Figure 2-3h). The slight decrease in
mitochondrial activity after 10 days of culture is consistent with findings reported by Zhang et
al., who reported a similar transition in mitochondrial activity of K562 encapsulated in
microcapsules [70]. They explained that the decrease was due to increased lactate in the cavity

caused by increased cell density [70].
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The time required to fill the hemispherical cavity with enclosed K562 cells, within the Cell
Dome, can be adjusted by varying the initial cell density and the size of the hemispherical
cavity. Additionally, the diffusion coefficient of the hydrogel shell was lower than that of water
for molecules with a molecular weight of approximately 10,000. This indicates that the required
staining time for the enclosed cells would need to be extended compared to systems without
Cell Dome. Enhancing the molecular permeability of the hydrogel shell is possible by lowering

the polymer concentration, reducing the degree of cross-linking, or reducing the thickness of
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Figure 2-3. (a) Viabilities of K562 cells before, immediately after, and one day after
preparation of Cell Domes. (b—g) Growth of K562 cells within the Cell Dome. (h) 3D
reconstructed images of the cells in the hemispherical cavities of the Cell Dome after 6 days
of culture, visualized using Cell3iMager Estier. (1) Mitochondrial activity transition of cells
per Cell Dome over time. Bars in panels a and i represent SD, n = 5. Scale bars in panels b—
h: 250 um. Reprinted (adapted) from [60]. Copyright IOP Science.
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the hydrogel shell. However, such adjustments must also consider the structural stability of the
hydrogel shell to maintain the Cell Dome's integrity. A limitation of the hydrogel shell of Cell
Dome in this study is its binding to positively charged molecules, of the charged nature of the
alginate-Ph used as the hydrogel shell material [71]. This issue can be addressed by using
positively charged polymers such as chitosan, dextran [72], and gelatin [73, 74] in the
preparation of the Cell Dome.

3.3 Chemical compounds supply and differentiation analysis

Two types of reagent delivery conditions were investigated to supply chemical compounds
to the enclosed cells. (1) delivery of the chemical compound from the bottom of the Cell Dome,
and (2) deliver the compound from the surrounding medium in which the Cell Dome is
immersed.

To supply chemical compounds to the enclosed cells from the bottom of the Cell Dome, a
PLGA solution containing CytoRed or Calcein-AM was spotted onto the glass plate before the
Cell Dome preparation. After 1 day of culture, the enclosed cells in each Cell Dome showed
red or green fluorescence emitted by CytoRed or Calcein-AM, respectively (Figure 2-4). These
fluorescences were also observed after 4 days of incubation, indicating successful compound
delivery from the bottom of the Cell Dome. This approach allows for evaluation of various

conditions on a single glass plate by spotting different chemical compounds in separate Cell

Figure 2-4. Fluorescence microscopic image of the enclosed cells in Cell Domes.
Fluorescence signals emitted by Calcein-AM or CytoRed. Scale bar: 1 mm. Reprinted
(adapted) from [60]. Copyright IOP Science.
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Domes. The methodology extends beyond fluorescent substances to include drugs, enzymes,
proteins, and genes, making it a versatile tool for studying compound uptake and cellular
responses. In this study, the uptake of compounds by cells in the adjacent Cell Domes was
observed after several days of culture. To avoid the effects of compounds enclosed in the
adjacent Cell Dome, controlling the charge of the hydrogel shell or using polymeric compounds
impermeable to the hydrogel shell would be effective.

Next, I examined the technique of supplying compounds to the enclosed cells from the
surrounding medium in which the Cell Dome is immersed. K562 cells differentiate into
erythrocytes when exposed to sodium butyrate [64]; hence, I cultured the enclosed cells in a

medium containing sodium butyrate for 6 days. To assess differentiation, the enclosed cells
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Figure 2-5. (a, b) Fluorescence microscopic images of cells cultured in a 2D environment
(a) and cells enclosed within the Cell Dome (b) stained with FerroOrange after incubation
in a medium containing sodium butyrate. Scale bars: 250 pm. (c) Fluorescence intensities
attributed to the reaction of FerroOrange with Fe*" detected on the cells cultured in 2D (red
line) and cells enclosed within the Cell Dome (blue line) in a medium containing sodium

butyrate, as well as cells cultured in a medium without sodium butyrate (black line).
Reprinted (adapted) from [60]. Copyright IOP Science.
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were stained with FerroOrange, which displayed red fluorescence indicative of intracellular
Fe?" in erythrocytes, similar to cells cultured in a 2D environment (Figures 2-5a and b).
Additionally, flow cytometric analysis revealed higher fluorescence intensity due FerroOrange-
Fe?" reaction in cells cultured in a medium containing sodium butyrate compared to those
cultured without it (Figure. 2-5¢). This indicates that, for the enclosed cells, both staining
reagents as well as differentiation-inducing compounds effectively permeate the hydrogel shell
of the Cell Dome.

In conclusion, the Cell Dome developed in this study introduces a new bioassay technology
that enables good proliferation of enclosed non-adherent cells. Additionally, it facilitates easy
evaluation procedures, such as staining, medium exchange, and washing.

3.4 Hypoxia and drug-sensitive analysis

In section 3.3, I demonstrated that it is possible to stain enclosed cells using reagents. In this
section, I describe the analysis of the hypoxic state of enclosed cells in the Cell Dome using
the hypoxia probe LOX-1, a reagent that stains hypoxic cells. After 13 days of culture, the
enclosed cells stained with LOX-1 showed red fluorescence indicative of hypoxia, with the
fluorescence intensity being stronger closer to the core of the Cell Dome (Figure 2-6a). This
result was also confirmed by flow cytometry, revealing two distinct cell populationa: LOX-1-
positive (hypoxic) cells and LOX-1-negative (non-hypoxic) cells (Figure 2-6b). Hypoxic cells
were predominantly located at the core of the Cell Dome, while non-hypoxic cells were located
closer to the hydrogel shell. This is likely due to oxygen supply from the medium surrounding
the Cell Dome. In other words, this result indicates that there is an oxygen concentration
gradient in the Cell Dome and that the heterogeneous cell population in the Cell Dome can be
easily observed under a microscope because of the hemispherical structure of the Cell Dome.
The utility of cancer cell spheroids in drug development studies is widely known [47, 48],

especially their ability to adapt metabolically to microenvironmental stress induced by
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diffusion gradients of oxygen and nutrients [48, 75]. As various cancer cells including K562
cells are known to exhibit hypoxic conditions [76, 77], I hypothesized that cells cultured within
the Cell Dome might develop drug resistance. Indeed, examination of the chemosensitivity of
K562 cells cultured in the Cell Dome demonstrated that cells cultured 13 days after enclosure
were more resistant to MMC than those in the 2D or in the Cell Dome for just 1 day (Figure 2-
6¢). In addition, the cells cultured in 2D and those within Cell Dome for 1 day showed similar

responses to MMC, indicating that the alginate-Ph hydrogel shells allowed -effective
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Figure 2-6. (a) Fluorescence microscopic image of the cells in the Cell Dome stained with
the hypoxia probe LOX-1 after 13 days of culture. Scale bar: 250 um. (b) Fluorescence
intensities from the reaction of hypoxia probe LOX-1 in cells collected from Cell Domes
(blue line) and cells cultured in 2D (black line). (¢) Drug response to mitomycin C in cells
cultured in 2D (m) and those enclosed for 1 day (e) and 13 days (A). Bars: SD, n = 5.
Reprinted (adapted) from [60]. Copyright IOP Science.
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penetration of MMC. These results indicate that cells enclosed within Cell Dome acquired
drug-resistance induced by hypoxia and have the potential to be used as a highly reproducible

tool for drug screening.

4. Conclusion

The purpose of this study was to establish a standardized system that enables handling of
non-adherent cells for imaging-based studies and assays, including application on cell culture
plates, and to evaluate the usefulness of this novel system. The hydrogel shell of the Cell Dome
demonstrated its ability to allow staining reagents to permeate into the cavity containing the
cells, enabling effective staining and subsequent microscopic observation. These capabilities
were confirmed through studies using the Fe** detector FerroOrange (Figure 2-4), the hypoxia
probe LOX-1 (Figure 2-5), and fluorescent live/dead staining using Calcein AM and PI (Figure
2-3a). Enclosed cells successfully differentiated in response to sodium butyrate, similar to cells
in 2D culture (Figure 2-4), and exhibited measurable response to anticancer drugs supplied via
the culture medium (Figure 2-5¢) This highlights the effectiveness of the Cell Dome in diverse
cell-based studies. The system also enabled the easy collection of enclosed cells for flow
cytometric analysis, as demonstrated with K562 cells stained with fluorescent probes (Figures
2-5¢ and 2-6b). This was achieved by immersing the alginate-Ph hydrogel shell in a solution
containing alginate lyase for 5 min, effectively degrading the shell. Furthermore, the Cell Dome
does not disintegrate its hydrogel shell, allowing direct microscopic observation of the cells in
the core, an important feature in cancer research.

In conclusion, the Cell Dome system established in this study offers a significant
improvement in the culture, manipulation of non-adherent cells, making it a promising

standardized platform for the manipulation and evaluation of non-adherent cells.
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015002 (Reference No. 60). These sections are reproduced here with permission from IOP
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Chapter 111

Cell dome as an evaluation platform for adherent HepG2 cells

1. Introduction

Various cancer models have been actively studied for new drug testing and cell behavior
evaluation in drug development [78, 79]. Solid cancer models using human-derived cells have
been reported, including predictive models [80], colorectal cancer models [81], and breast
cancer models [82, 83]. Solid tumors are often composed of adherent cells, and liver-derived
cells are among those used in such models.

Liver-derived cells are widely used in research, including metabolite profiles and drug
development [84], because it is important to investigate hepatotoxicity, hepatic metabolism,
and absorption/excretion of candidate drugs in the liver [85]. The cell line most commonly used
to study hepatotoxic mechanisms of drugs and toxins is HepG2 cells [86, 87]. Since there are
differences in the functional, transcriptomic, and proteomic levels between HepG2 cells
cultured in 2D and primary human hepatocytes [88, 89], HepG2 cells do not fully reflect all
hepatic functions in vivo, although they are easier to handle than primary human hepatocytes
and their responses are more reproducible [84, 90].

In general, 2D substrates are widely used as a cell culture method and cell evaluation system
for HepG2 cells, because of their simplicity, reproducibility, and low cost [91, 92]. However,
for drug development and mechanistic studies, evaluation using HepG2 cells cultured in 3D
rather than those cultured in 2D is garnering attention, because cells cultured in 3D provide
better biological models compared with those cultured in 2D [93-95]. HepG2 cells cultured in
3D exhibit enhanced expression of phase II drug metabolism enzymes and transporters [94, 96,
97]. Phase Il enzymes are involved in the detoxification and activation of many xenobiotics

and transporters involved in their absorption and excretion. The elevation of their expression
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in HepG2 cells to match the levels found in primary hepatocytes is crucial for drug discovery
and pharmacokinetic research.

Based on the previous studies, various 3D HepG2 cell culture systems have been developed,
such as microwells [98, 99], hanging drops [100], and microcapsules [53, 101]. Previous 3D
systems have been used to produce spherical spheroids. In HepG2 cells, the cells at the center
of the spheroids become hypoxic, leading to an increase in the expression of hypoxia-inducible
factor-1a (HIF-1a), which is involved in various processes such as drug metabolism [75, 77,
102]. Until now, observing cells at the center of spheroids has traditionally used protocols such
as fixation/sectioning or confocal laser scanning [103, 104].

In chapter II, I introduced a culture/research system known as the Cell Dome which is1 mm
in diameter and approximately 300 um in height. The system was established to culture non-
adherent cells in 3D microenvironment [60]. The Cell Dome is a hemispherical microdome
fabricated on a glass plate, with cells enclosed in a cavity surrounded by a hemispherical
hydrogel shell. The hemispherical hydrogel structure containing cells was created through the
thermal sol-gel transition of gelatin, followed by HRP-mediated hydrogelation, and the
hydrogel shell was then immobilized onto the glass plate.

The aim of this chapter was to evaluate the usefulness of the Cell Dome in the fabrication
of organized hemispherical cell aggregates of HepG2 cells, an adherent cell line, enabling
easily observation of the cut surface of the spheroid through glass plates. A platform that allows
the straightforward observation and evaluation of HepG2 cells cultured in 3D would be
valuable for drug development. The versatility of the Cell Dome, which can be applied to both
non-adherent cells (as described in Chapter 1) and adherent cells, highlights its potential for a
wide range of cell-based assays, positioning it as a highly useful and standardized platform.
The proliferation and behavior of HepG2 cells enclosed in Cell Dome, including the cellular

compatibility of the preparation process, changes in Pi-class Glutathione S-Transferase
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(GSTP1) activity, associated HIF-1la gene expression, and tolerance to antitumor drugs
(mitomycin C), were compared to those of cells cultured in 2D [105].
2. Materials and Methods
2.1 Materials

The glass plates (thickness: 0.8 mm, size: 18 mm x 18 mm), coated with aminosilane and
printed with water-repellent patterns in a ring shape (outer/inner diameter: 1.4/1.0 mm) were
purchased from Matsunami Glass Ind., Ltd. (Osaka, Japan). Alginate lyase from
Flavobacterium sp., trypsin from porcine pancreas, type B gelatin from bovine skin (ca. 250 g
bloom), type A gelatin from porcine skin (ca. 300 g bloom), and fluorescein isothiocyanate-
dextran (FITC-dextran) were purchased from Sigma-Aldrich (St. Louis, MO, USA). N-
hydroxysuccinimide (NHS), mitomycin C, horseradish peroxidase (HRP, 180 units/mg),
catalase from bovine liver, H>O2 aqueous solution (31 wt.%), and N,N-dimethylformamide
(DMF) were purchased from Fujifilm Wako Pure Chemical Industries (Osaka, Japan).
Propidium iodide (PI), dihydrate (EDTA:2NA) disodium salt, and ethylenediamine-
N,N,N’ N’-tetraacetic acid were sourced from Dojindo (Kumamoto, Japan). Calcein-AM was
purchased from Nacalai Tesque Inc. (Kyoto, Japan). Water-soluble carbodiimide hydrochloride
(WSCD-HCI) and 3-(4-hydroxyphenyl) propionic acid were sourced from the Peptide Institute
(Osaka, Japan) and Tokyo Chemical Industry (Tokyo, Japan), respectively. Sodium alginate
(Kimica I-1G, Mannuronic acid/Guluronic acid ratio = 0.7), tyramine hydrochloride, and 3-(4-
hydroxyphenyl) propionic acid were obtained from Kimica (Tokyo, Japan) and Chem-Impex
Inter-national (Wood Dale, IL, USA), respectively. The primers used for real-time PCR
analysis were purchased from Eurofins Genomics (Tokyo, Japan). 3-(4-
Hydroxyphenyl)propionic acid N-hydroxysuccinimide ester (HPP-NHS) was synthesized as
previously described [106]. Gelatin-Ph (2.4 x 10~* mol-Ph/g) and alginate-Ph (1.1 x 10~* mol-

Ph/g) were synthesized using type B gelatin or sodium alginate with tyramine hydrochloride
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or 3-(4-hydroxyphenyl) propionic acid via WSCD-HCI/NHS chemistry, as previously

described [62, 107].

HepG2 cells were purchased from the Riken Cell Bank (Ibaraki, Japan) and cultured in
Dulbecco's Modified Eagle’s Medium (DMEM; Nissui, Tokyo, Japan) containing 10% (v/v)
FBS in an atmosphere humidified with 5% CO> and 95% air at 37 °C.

2.2 Cell Dome preparation

Cell Domes for enclosing HepG2 cells, which serve as a model for adherent cells, were
prepared based on a previously reported method [60]. The core solution (1 uL, PBS containing
1.2 x 10° cells/mL HepG2 cells, 3.0% (w/v) type A gelatin, and 50 U/mL HRP) was spotted
into a ring-shaped hydrophobic pattern on the glass plates, on which phenolic hydroxyl groups
had been immobilized via HPP-NHS. After allowing it to stand at 5 °C for 15 min, 10 pL of
the shell solution (PBS containing 1 mM H>0O3, 1.0 w/v% gelatin-Ph, and 0.5 w/v% alginate-
Ph) was added onto the core solution. After the formation of hydrogel shell gel at 15 °C for 5
min, the resultant glass plates with Cell Dome were washed with PBS to remove the residual
shell solution, immersed in the medium containing 0.5 mg/mL catalase, with the medium being
replaced with fresh one after 1 day of incubation (Figure 3-1). HepG2 cells completely filled
the hemispherical cavities within the Cell Dome, hemispherical cell aggregates cultured for 18
days were used primarily for analysis. Cells cultured in a 2D dish were used as controls for
comparison. The HepG2 cells within the Cell Dome were observed using a fluorescence
microscope (BZ-9000, Keyence, Tokyo, Japan) and viability analysis was evaluated using a
fluorescence live/dead assay with Calcein AM/PI staining. The diffusion properties of the
hydrogel shell surrounding the HepG2 cells were evaluated by fluorescence recovery after
photobleaching (FRAP) using optical coherence tomography (Cell3iMager Estier, Screen,
Kyoto, Japan). FITC-dextran with molecular weights of 4,000 and 70,000 was used to measure

diffusion coefficient of the hydrogel shell using a confocal laser scanning microscope (C2,
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Nikon, Tokyo, Japan) based on previous work [63]. Hydrogels for the measurements were
prepared with PBS containing 1.0% (w/v) gelatin-Ph, 0.5% (w/v) alginate-Ph, 50 U/mL HRP,
and 1 mM H>0;, and was immersed in PBS containing 0.5 mg/mL FITC-dextran at 37 °C
overnight. The permeability of the hydrogel shell was evaluated by the diffusion coefficient of

FITC-dextran in the hydrogel relative to those in water.

Ring-shaped HepG2 cell Hydrogel shell
water-repellent pattern . 1
5C - 15°C

>

Glass plates Formation of hemispherical Formation of Polymer-Ph Liquation of the gelatin
with immobilized cell-laden gelatin gels hydrogel shell through hydrogel at 37 °C
phenolic hydroxyl groups with HRP at 5 °C HRP-mediated hydrogelation

Figure 3-1. Schematic drawing of Cell Dome preparation process on glass plates. Cells are
enclosed in a cavity consisting of hemispherical hydrogel shells. Reprinted (adapted) from
[105]. Copyright MDPI.

2.3 GSTP1/HIF-1a analysis

GSTP1 enzyme activity and hypoxic response to HepG2 cells within the Cell Dome were
analyzed using fluorescence-based assays and real-time PCR. To assess GSTP1 enzyme
activity, the Cell Domes were immersed in Hanks’ equilibrium salt solution of 20 mM HEPES
(pH 7.4, HBSS) containing 10 uM MKS571 and 2.5 uM GSTP1 Green (Funakoshi, Tokyo,
Japan) for 30 min at 37 °C. After two washes in HHBS, GSTP1 enzyme activity was observed
and analyzed using fluorescence microscopy and flow cytometry (Accuri C6, BD Biosciences,
Tokyo, Japan). For flow cytometric analysis, single HepG2 cells were collected by immersing
the Cell Dome in PBS containing 1 mg/mL alginate lyase for 5 min to disassemble the hydrogel
shell, followed by trypsin treatment.

For hypoxia analysis, the Cell Domes were immersed in PBS containing 2.0 uM Hypoxia
Probe Solution: LOX-1 (MBL, Nagoya, Japan) for 24 h at 37 °C. Following incubation, the

Cell Domes were washed twice with PBS, and the HepG2 cells were stained with LOX-1 and
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observed under a fluorescence microscope.

Relative amounts of HIF-1a mRNA were determined by real-time PCR. HepG2 cells were
harvested from the Cell Dome following enzymatic digestion with alginate lyase and trypsin,
and total cellular RNA was extracted using the Cell Amp Direct TB Green RT-qPCR Kit (Takara
Bio, Shiga, Japan) according to the manufacturer’s instructions. Reverse transcription of RNA
to single-stranded cDNA was performed at 37 °C for 30 min, followed by enzyme inactivation
at 85 °C for 5 sec. From the resulting cDNA template, target sequences were amplified and
quantified by real-time PCR using specific primers for HIF-1a (reference gene: GAPDH, Table
3-1). The PCR reactions involved an initial denaturation step at 95 °C for 30 s, followed by 40
cycles of at 95 °C for 5 s and 60 °C 10 s. Threshold cycle (Ct) values were obtained using a
real-time PCR system (CFX Connect™, Bio-Rad Laboratories, California, USA). Relative
mRNA content was calculated using the AACt method (n = 3).

Table 3-1. Primer used for detecting HIF-/a gene expression. Reprinted (adapted) from
[105]. Copyright MDPI.

Gene Primer Forward Primer Reverse Reference
GAPDH 5-GGA GTC CCT GCC ACA CTC AG-3' 5'-GGC CCC TCC CCT CTT CA-3' [108]
HIF-1a 5-TGCATCTCCATCTCCTACCC-3' 5-CCTTTTCCTGCTCTGTTT GG-3' [109]

2.4 Anti-cancer drug-sensitivity analysis

The glass plates with one Cell Dome were immersed in a 200 uL of medium containing 1,
10, 100, and 1,000 nM MMC and incubated for 72 h. Then, 20 pL of Cell Count Reagent SF
(Nacalai Tesque, Kyoto, Japan) was then added was added to each well and incubated for 4 h.
To evaluate mitochondrial activity, the absorbance of the supernatant at 450 nm was measured
with a UV-VIS spectrophotometer (UV-2600, Shimadzu, Kyoto, Japan). “Relative activity”
was determined by comparing the mitochondrial activity of treated cells (absorbance of the
supernatant) in the Cell Dome after adding MMC to that of untreated control cells (no MMC

addition).
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2.5 Statistical analyses

All data were presented as the mean + standard deviation (SD). Statistical analyses were
performed to evaluate the significance of differences between groups. Student’s z-test was used
for comparisons between two datasets. One-way analysis of variance (ANOVA) followed by
Tukey’s post hoc analysis was used for comparisons among three or more datasets.
3. Results and Discussion
3.1 Hydrogel permeability

The hydrogel shell of Cell Dome was fabricated using a polymer blend of gelatin-Ph and
alginate-Ph hydrogels obtained through HRP-mediated hydrogelation. These materials are
highly cytocompatible [110], and HRP-mediated hydrogelation has been used to prepare cell-
containing hydrogels, such as structures fabricated by 3D bioprinting [54, 55] and
microcapsules [53, 111]. The diffusion coefficients of FITC-dextran in the hydrogel shell were
determined to be 0.91 + 0.18 (molecular weight 4,000) and 0.58 + 0.14 (molecular weight
70,000), expressed relative to the diffusion coefficients in water. Permeability is inferred from
values closer to 1, indicating the hydrogels exhibit high permeability to low molecular weight
compounds. In other words, the results indicate that the gelatin-Ph and alginate-Ph composite
hydrogels obtained through HRP-mediated hydrogelation are highly permeable to low
molecular weight compounds. This is a very important factor for supplying oxygen and
nutrients to the enclosed cells in the Cell Dome for their optimal growth and proliferation.
3.2 Cell growth in Cell Dome

The development of organized cell structures by using adherent cells are very useful for
research as bioassays, including drug discovery [88, 96, 112]. Various techniques have been
employed to obtain organized cells, including the hanging drop method [100], ultra-low
adherent dishes [113], microwells [98, 99], and spinner flasks [114]. Although the size and

shape of spheroids can affect the outcome and efficiency of drug discovery [115, 116], it is
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difficult to control them using these methods, especially when cultured with appropriate media
exchange. Therefore, a 3D culture system that can control the size and shape of organized cells
is warranted [116].

In 3D culture of adherent cells using Cell Dome, enclosed HepG2 cells were initially
dispersed as individual cells immediately after enclosure, and began to form aggregates after 1

day of culture (Figures 3-2b, and -2c¢). The area occupied by cells increased with increasing

.

Day 0 Day
20 +

0
Before Immediately The day
preparation after after
h preparation preparation
2.0

60

Viability (%)

40}

15 Day 12
Q
: : +
[*]
S0}
(O]
Q
@
<05} u
-
00 1 1 1 1 1 1
0O 4 8 12 16 20 24 28

Day 29

Culture period (day)

Figure 3-2. (a) HepG2 viabilities before enclosing and, immediately and one day post-
enclosure. (b—g) HepG2 cell growth in Cell Dome, (h) mitochondrial activity corresponding
to the number of living cells per Cell Dome, (i) optical coherence tomography image of
HepG2 cells after 18 days of culture. Bars in a and h represent SD, n = 5; Scale bars in (b—
g) and (i): 250 um. Reprinted (adapted) from [105]. Copyright MDPL.
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duration of culture, with cells filling the hemispherical cavity after 18 days of culture, after
which the Cell Dome maintained its shape for 29 days of culture (Figures 3-2b-g and -21). This
result was also confirmed by mitochondrial activity analysis, which showed that enclosed cells
proliferated within the Cell Dome and formed hemispherical cell aggregates that filled the
cavity of the Cell Dome by the 18 days of culture (Figure 3-2h).

The successful long-term culture of HepG2 cells within the Cell Dome can be attributed to
the good permeability and stability of the hydrogel shell. The hydrogel shell of the Cell Dome
is highly permeable to the oxygen and nutrients necessary for the survival and proliferation of
the enclosed cells, while also enabling the removal of cellular metabolites from Cell Dome to
the surrounding medium. Due to its high stability, the Cell Dome containing HepG2 cells
maintained its shape even after the hemispherical cavity is filled with cells, producing cell
aggregates that were uniform in size. Toxicity testing and drug development require long-term,
low-level exposure to test compounds, yet conventional screening systems, such as primary
human hepatocytes cultured in 2D, can survive only a few days [88, 117]. The application of
this Cell Dome system, which can culture cells for long periods of time, would facilitate a
variety of studies to be evaluated over an extended period of time, which could be valuable for
drug development. The period during which enclosed cells fill the hemispherical cavities can
be controlled by adjusting the concentration of initially enclosed cells and the size of the Cell
Domes. Furthermore, the size of the hemispherical cell aggregates can be controlled by
controlling the size of the cavity.

3.3 GSTP1/Hypoxia and drug-sensitive analysis

Glutathione S-transferases (GSTs) are multifunctional enzymes that play important roles in
cellular detoxification [85]. Upon binding to compounds, such as anti-cancer drugs, GSTs
facilitate their excretion by multidrug resistance-associated protein (MRP) transporters. Among

GSTs, Pi class GST (GSTP 1) is highly expressed in various cancer types and contributes
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significantly to the acquisition of drug resistance in cancer cells [118, 119]. The green
fluorescence intensity observed in the enclosed cells showed high GSTP1 activity was higher
than that observed in 2D cultured cells (Figure 3-3). Furthermore, flow cytometric analysis of
cells collected from the Cell Dome and stained with GSTP1 Green showed a small peak just
before the fluorescence peak, suggesting the presence of a GSTP1 activity gradient due to the
oxygen concentration gradient in hemispherical cell aggregates (Figure 3-3).

Hypoxia is a common feature in tumors iz vivo, arising from oxygen concentration gradient,
that lead to low oxygen levels in tumor core [48, 75]. Hypoxic cells overexpress HIF-1, which
upregulates the expression of genes that contribute to drug resistance [120]. In hypoxia analysis
of enclosed cells in the Cell Dome, HepG2 cells at the center of hemispherical cell aggregates
emitted red fluorescence indicating hypoxia, after 18 days of culture (Figure 3-4a). In addition,
HIF-1a expression of cells collected from the Cell Dome was 4.8 + 1.0-fold higher than that of
cells in 2D culture (Figure 3-4b). These results indicate that the center of hemispherical cell

aggregates is hypoxic and that an oxygen concentration gradient exists within the Cell Dome.
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Figure 3-3. (a, b) Fluorescence observation of HepG2 cells in Cell Domes after 18 days of
culture (a) and 2D-cultured cells on a tissue culture dish (b) both stained with GSTP1 Green.
Scale bars: 250 pm. (c) Flow cytometry analysis data of the cells not stained with GSTP1
Green (red line: Negative Control) and stained with GSTP1 Green enclosed in Cell Domes
after 18 days of culture (blue line) and 2D-cultured cells on a tissue culture dish stained
with GSTP1 Green (black line: Control). *» < 0.05 vs. 2D-cultured cells with and without
staining GSTP1 Green. Reprinted (adapted) from [105]. Copyright MDPI.
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An attractive feature of the Cell Dome is that the hydrogel shell can be degraded by a mild
reaction, which allows for easy collection of enclosed cells, allowing cells to be evaluated using

flow cytometry (Figure 3-3¢) and real-time PCR (Figure 3-4b). In addition, spheroids formed
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Figure 3-4. (a) Fluorescence observation of HepG2 cells cultured in Cell Domes at 18 days
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Figure 3-5. Relative activity of 2D-cultured cells on a tissue culture dish (m), the cells in
Cell Dome after 1 day of culture (A), and hemispherical cell aggregates formed in Cell
Dome after 18 days of culture (®). Bars: SD, n = 3~5, *p < 0.05 vs. 2D-cultured cells and
those in Cell Dome after 1 day of culture, **p < 0.05 vs. cultured in 2D-cultured cells.
Reprinted (adapted) from [105]. Copyright MDPI.
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by other methods often require confocal imaging to observe and analyze the hypoxic region at
their centers, [23, 103, 104]. Conversely, the Cell Dome, due to its hemispherical structure,
allows conventional fluorescence microscopy to be used for observation and evaluation of the
hypoxic region in the center of cell aggregates adhering to the glass surface.

Based on the elevated GSTP1 enzyme activity and HIF-1a gene expression in hemispherical
aggregates of HepG2 cells, it was expected that HepG2 hemispherical cell aggregates were
resistant to antitumor drugs. Therefore, MMC was used to evaluate the chemical sensitivity of
the cell aggregates. Enclosed cells in the Cell Dome after 1 day of culture and 2D-cultured cells
showed comparable relative activity. In contrast, hemispherical cell aggregates formed after 18
days of culture in the Cell Dome showed higher relative activity compared to that in 2D-
cultured cells (Figure 3-5). Similar results were reported previously for HepG2 cells cultured
in 3D culture systems using microwells and 3D cell culture hydrogels [99, 121, 122]. These
results indicate that hemispherical aggregates of HepG2 cells fabricated using Cell Dome were
resistant to MMC. Increased expression of genes such as ATP-binding cassette transporter G2
(ABCG2), multidrug resistance (MDR; ABCBI), and MRP (ABCCI) would contribute to the
acquisition of drug resistance in the enclosed cells [123, 124].

4. Conclusion

In Chapter II, I had targeted non-adherent cells and established the Cell Dome system to
facilitate their culture and evaluation. In this chapter, the applicability of the Cell Dome to
adherent cells was investigated.

Organized tumor cells obtained by culturing tumor cells in 3D better reflect the
pathophysiology of tumor tissue compared to 2D cultures [48, 125]. This is due to the increased
cell-cell interactions in 3D cultures, which closely mimic the complex cellular arrangements
found in tumor tissues in vivo. Additionally, 3D cultures establish biochemical concentration

gradients that replicate the in vivo environment, including oxygen gradients. Observation and
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analysis of cells within hypoxic regions due to oxygen concentration gradients is important in
tumor research because these cells play an important role in tumorigenesis [77, 120, 126].

In this study, HepG2 cells were used as a model of adherent cells and cultured in a Cell
Dome to form hemispherical cell aggregates, which adhered to glass plates. Cells at the center
of the glass adhesion surface of the hemispherical cell aggregates exhibited specific
characteristics attributed to hypoxia, which could be observed without the use of confocal laser
imaging microscopy. These results demonstrate the feasibility of the Cell Dome as an

evaluation platform for adherent cells.

Some portion of this thesis, including text and figures, have been previously published in
the journal article “Cell Dome as an Evaluation Platform for Organized HepG2 Cells” by
Kazama et al., published in Cells, 2023, 12, 69 (Reference No. 105). These sections are
reproduced here with permission from MDPI.
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Chapter IV

Effect of cell adhesiveness of Cell Dome’s shell on enclosed

HelL.a cells

1. Introduction

Various methods for fabricating cell aggregates, including microcapsules [127, 128] and
hanging drops [24, 129] have been extensively studied as three-dimensional (3D) culture
techniques to mimic in vivo tumor microenvironments [130, 131]. In chapters II and III, I
described the Cell Dome system, a novel standardized bioassay system, for fabricating
hemispherical cell aggregates using adherent/non-adherent cells [60, 105]. Cell Dome is a cell-
laden dome structure with a diameter of 1 mm and a height of approximately 300 pm. This
system prevents cell loss during various solution manipulations such as medium exchange,
washing, and staining, and allows the core of cell aggregates, that exhibit characteristic
behaviors, to be observed. It encompasses cells within a cavity covered by a hemispherical
hydrogel shell that is immobilized on a glass plate. To construct Cell Dome, I initially prepared
a hemispherical gelatin gel containing cells through a temperature-dependent sol-to-gel
transition of an aqueous gelatin solution placed on a glass plate. Subsequently, the hydrogel
shell is fabricated by crosslinking polymers with phenolic hydroxyl groups (Ph) via a
horseradish peroxidase (HRP)-mediated hydrogelation reaction (Figure 4-1a).

This unique hemispherical hydrogel shell provides a 3D microenvironment for the enclosed
cells. Importantly, the immobilization of the Cell Dome on a glass plate facilitates easy
handling during procedures such as media exchange, staining, and washing. In chapter II, |
employed an alginate derivative possessing Ph moieties (Alg-Ph) as the hydrogel shell material

for the 3D culture together with evaluation of the human lymphoma cell line, K562 [60]. In
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chapter III, I additionally used a combination of Alg-Ph and a gelatin derivative possessing Ph
moieties (Gel-Ph) as the hydrogel shell material for the 3D culture and evaluation of a
hepatoblastoma-derived cell line, HepG2 [105]. Since the hydrogel shell is fabricated via HRP-
mediated hydrogelation, a diverse range of polymers possessing Ph moieties, including alginate
[111], gelatin [59, 74], and their combinations [110], can be employed to create hydrogels.
These polymers and the enzymatic hydrogelation system have also been utilized in the
fabrication of cell-laden microcapsules [59, 111], injectable matrices [74], and 3D bioprinting
applications [110]. Although the cells within Cell Dome are in contact with the inner walls of
the hydrogel shell, the impact of the cell adhesiveness of hydrogel materials on cellular
behavior within Cell Dome remains unexplored.

Gelatin, derived from various animal collagens sourced from porcine [132, 133], bovine
[134], and fish [135] tissues, is known for its biocompatibility and biodegradability [136, 137].
Gelatin contains an arginine-glycine-asparagine (RGD) sequence that promotes cell adhesion
and proliferation [138, 139], and shares chemical properties with the extracellular matrix
(ECM) of natural tissues [136, 137]. Owing to these characteristics, hydrogels containing
gelatin have been extensively employed in tissue engineering applications [140, 141]. Liu et
al. [107] reported that cells adhered and proliferated well on hydrogels fabricated from a blend
of Gel-Ph and Alg-Ph. Moreover, microcapsules made from crosslinked alginate-gelatin
hydrogels demonstrated enhanced cell adhesion, proliferation, and migration compared to
those composed solely of alginate [142-145].

In this chapter, I aimed to investigate the impact of the cell adhesiveness of the hydrogel
shells in the Cell Dome system on the behavior of the enclosed cells [146]. In the cell
aggregation process, in addition to cell-cell adhesion, adhesion between cells and the external
environment of the cell is involved in the cellular behavior including formation and function

of cancer cell aggregates [40, 41]. Therefore, for understanding the differences in cancer cell
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behavior, analysis of formation of cell aggregates in the Cell Dome is important. I fabricated
hydrogel shells of varying adhesiveness—those lacking cell adhesiveness (Ad(-)-Cell Dome)
and those promoting it (Ad(+)-Cell Dome)—using either Alg-Ph alone or a combination of
Gel-Ph and Alg-Ph, through HRP-mediated hydrogelation (Figures 4-la, and -1b). I
investigated cell adhesion and proliferation within these hydrogel shells using human cervical
cancer cell lines that express fucci2, a marker for cell cycle progression (HeLa-fucci2).
Additionally, I evaluated cell cycle progression, the gene expression of the hypoxia-inducible

factor (HIF-1a), and the chemosensitivity of cells cultured in both types of Cell Domes.

Water-repellent pattern

Modified Ph groups Formed hemispherical Formed hemispherical Dissoived
on glass plates core gel containing cells hydrogel sheil core gelatin gel at 37°C
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IS 'S
A \ » \‘

Figure 4-1. (a) Schematic illustration of the reaction in HRP-mediated hydrogelation of
Alg-Ph and a mixture of Gel-Ph and Alg-Ph. (b) Schematic diagram of the preparation
methods of Cell Dome enclosing HeLa-fucci2 cells. (c) Schematic diagram of the
preparation of frozen section. Reprinted (adapted) from [146]. Copyright © 2024 The
Society for Biotechnology.
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2. Materials and Methods
2.1 Cell culture and chemical synthesis

HeLa-fucci2 cells [147] were obtained from the Riken Cell Bank (Ibaraki, Japan) and cultured
in a humidified environment of 5% C02/95% air, at 37 °C with a in DMEM (Nissui, Tokyo,
Japan) supplemented with 10% (v/v) FBS (Peak Serum, CO, USA).

Alg-Ph (2.7 x 10* mol-Ph/g) was synthesized by the reaction of Sodium alginate (I-1G,
viscosity = 100-200 mPa-s at 1%, mannuronic acid/gluronic acid ratio = 0.7, Kimica, Tokyo,
Japan) and tyramine hydrochloride (ChemImpex International, Illinois, USA) via water-soluble
carbodiimide hydrochloride (EDC-HCI; Peptide Institute, Osaka, Japan) and N-
hydroxysuccinimide (NHS; Fujifilm Wako Chemical, Osaka, Japan) [62].

Gela-Ph (7.8 x 10 mol-Ph/g) was also synthesized by the reaction of gelatin type B from
bovine skin (approximately 250 g bloom; Sigma-Aldrich, St. Louis, MO, USA) and 3-(4-
hydroxyphenyl) propionic acid (Tokyo Chemical Industries, Tokyo, Japan) via EDC-HCI and
NHS) [107].

2.2 Hydrogel sheet preparation

PBS (500 puL, pH 7.4) containing 50 U/mL HRP, 1 mM H202 (31% [w/w]; Fujifilm Wako
Chemical), and 1.0% (w/v) Alg-Ph or a mixture of 1.0% (w/v) Gel-Ph and 0.5% (w/v) Alg-Ph
were added to a 24-well plate to form the hydrogel sheet.

After washing twice with PBS, the medium containing 0.5 mg/mL catalase from bovine liver
(Fujifilm Wako Chemical) and 0.5 x 10° cells/mL HeLa-fucci2 cells were added to the hydrogel
sheets. After 1 day of culture, the cells were observed using a fluorescence microscope (BZ-
9000; Keyence, Tokyo, Japan), and the cell area and cell aspect ratio were analyzed using
Image] software [148]. The cell area and cell aspect ratio are the area occupied by cells on a
2D culture dish or hydrogel per image and the ratio of the major axis to the minor axis of the

cell, respectively.
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2.3 Cell Dome preparation and analysis

The Cell Domes were prepared according to the procedure described in a previous study [60,
105]. Briefly, a core solution (PBS, 1 puL) containing 3.0% (w/v) gelatin type A from porcine
skin (approximately 300 g bloom; Sigma-Aldrich), 1.0 x10° cells/mL HeLa-fucci2 cells, and
50 U/mL HRP was placed inside the water-repellent rings (inner/outer diameter: 1/1.4 mm)
printed on phenolic hydroxyl groups-modified glass plate. After allowing it to stand at 5 °C for
15 min, a 10 pL shell solution (PBS containing 1 mM H2O; and 1.0% [w/v] Alg-Ph or a mixture
of 1.0 [w/v] Gel-Ph and 0.5% [w/v] Alg-Ph) was added onto the hemispherical core gel. After
hydrogel shell formation (at 15 °C for 5 min), the resultant glass plate with the Cell Dome was
washed with PBS and cultured in a medium containing 0.5 mg/mL catalase. Following 24 h of
cultivation, the medium was replaced with a fresh one (Figure 4-1b). The viability of HeLa-
fucci2 cells enclosed within the Cell Dome was analyzed by live/dead staining using Calcein
AM (Nacalai Tesque, Kyoto, Japan) and DAPI (Nacalai Tesque, Kyoto, Japan) and using
fluorescence microscopy. The hydrogel shell was degraded using alginate lyase (24 units/mg;
Nagase Chemtex Corporation, Osaka, Japan) and the enclosed cells were dissociated using
trypsin/EDTA. The single cells were then collected for cell count analysis using the Countess
IT FL (Thermo Fisher Scientific, MA, USA).

Frozen sections of cells cultured within the Cell Domes were prepared as follows: Cell domes
cultured for 6 days were first immersed in 4% paraformaldehyde solution (Fujifilm Wako Pure
Chemicals) for 1 h, then in 5% sucrose solution (Fujifilm Wako Pure Chemicals) for 1 h. After
washing twice with PBS, they were quickly frozen in liquid nitrogen with Tissue-Tek® O.C.T.
compound (Sakura Finetek Japan K. K., Tokyo, Japan) and sliced into 15 um sections using a
cryomicrotome (2800 Frigocut E, Reichert-Jung, Germany) (Figure 4-1c). The resulting frozen

sections were observed under a fluorescence microscope.

46



2.4 Cell cycle analysis

In the HeLa-fucci2 cell line, nuclei emit red fluorescence during the G1/G0 phase and green
fluorescence during the S/G2/M phase [147]. The enclosed cells were collected using the same
procedure described in the “Cell Dome preparation and Analysis” section. Based on the red
(mCherry-hCdtl) or green (mVenus-hGem) fluorescence emitted by the fucci2 cell cycle
marker system, the G1/GO phase of cell cycle of the collected cells was analyzed by counting
red fluorescent cells using Countess II FL.
2.5 HIF-1a gene expression analysis

The enclosed cells after 6, 8, and 11 days of culture were collected in the same manner as
described in the “Cell Dome preparation and analysis” section, total RNA was extracted from
the collected cells, and single-stranded cDNA was synthesized from the extracted total RNA.
Thermal Cycler Dice® Real Time System II (Takara Bio) was used to analyze relative
expression levels of HIF-1a mRNA (beta 2-microglobulin (B2M): reference gene) by RT-qPCR
using the CellAmp Direct TB Green RT-qPCR Kit (Takara Bio, Shiga, Japan). Data analysis
was performed using the AACt method, with Ct values calculated by the second derivative

maximum method; specific primers for B2M and HIF-1o are shown in Table 4-1.

Table 4-1. The primers for detecting B2M, and HIF-7a mRNA gene expression. Reprinted
(adapted) from [146]. Copyright © 2024 The Society for Biotechnology.

Gene Primer Forward Primer Reverse Reference
5'-AGG ACT GGT CTTTCT ATCTCTTGT 5 -ACCTCCATGATGCTGCTT [149]
B2M 3 ACA-3’

HIF-1a.  5'-TGC ATC TCCATCTCCTACCC-3° S5'-CCTTTTCCTGCTCTGTTT GG-3"  [109]

2.6 Chemical sensitivity analysis

After 11 days of culture, Cell Domes were exposed to a cell culture medium containing 100,
and 1,000 nM of mitomycin hydrochloride (Fujifilm Wako Chemical) for a period of 48 h.
Subsequent to a rinse with PBS, Cell Domes were incubated for 3 h in 200 puL of cell culture

medium supplemented with 20 pL of Cell Count Reagent SF (Nacalai Tesque), which is used
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to assess cellular mitochondrial activity. The level of mitochondrial activity was quantified by
measuring the absorbance at wavelengths of 450 and 600 nm, where the latter serves as a
reference wavelength, using a microplate reader (EPOCH 2; BioTek, CA, USA), in accordance
with the manufacturer's guidelines. The relative mitochondrial activity was calculated as the
activity in the presence of mitomycin hydrochloride relative to that in its absence.
2.7 Statistical analyses

Numerical results were presented as mean = SD. ANOVA with post-hoc Tukey HSD was used
for the statistical analyses.
3. Results
3.1 Cell behavior on hydrogels

The aim of this study was to fabricate and evaluate Cell Dome with hydrogel shells having
different cell adhesion capacities using various hydrogel materials. The ECM influences cell
behavior during cell adhesion [150-152]. Gel-Ph and Alg-Ph, the materials used in this study
for the preparation of hydrogel shells, are highly cytocompatible [ 138, 153], and HRP-mediated
hydrogelation reactions are frequently used to produce cell-containing structures [26, 154].
Gelatin, with its inherent chemical similarity to the extracellular microenvironment [136, 137]
and cell adhesion properties [138, 139], is widely used in cell culture applications. To evaluate
the cell adhesion properties of the hydrogel materials used, hydrogel sheets were fabricated
with each material, and cell growth was assessed. HeLa-fucci2 cells seeded on gel-Ph and alg-
Ph composite hydrogel sheets adhered and proliferated, while cells seeded on alg-Ph-only
hydrogels adhered to the hydrogel sheets, but did not proliferate (Figures 4-2a-c). The latter
also showed reduced cell area and lower cell aspect ratios compared to cells grown in
composite hydrogels and in 2D culture dishes (Figures 4-2d and 2e). It was unexpected that
cells adhered to alg-Ph-only hydrogel sheets. This could be explained by the enhanced

adsorption of cell adhesion proteins, which results from the increased hydrophobicity generated
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during the cross-linking of the Ph groups by HRP-mediated hydrogelation (36). These results
allowed me to evaluate two hydrogels with different cell adhesion and cell proliferation
properties on the hydrogel surface.
3.2 Proliferation of cells cultured within Cell Dome

The viability of HeLa-fucci2 cells cultured in Ad (-)-Cell Dome and Ad (+)-Cell Dome for 1
day was 90.8 + 2.6% and 92.8 + 4.6%, respectively, which are similar to the values observed
before and 30 min after enclosure (Figure 4-3a). This indicates that the Cell Dome preparation
process does not significantly affect the enclosed cells, which is consistent with the results of
previous studies [60, 105].

The purpose of this study was to determine the extent to which the cell adhesion properties of
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Figure 4-2. Proliferation of HeLa-fucci2 cells cultured for 1 day on 1.0 w/v% Alg-Ph
hydrogel and the mixed hydrogel of 1.0 w/v% Gel-Ph and 0.5 w/v% Alg-Ph obtained
through HRP-mediated hydrogelation reaction. (a-c) Microscopic images of HeLa-fucci2
cells on two types of materials (Scale bars = 200 um). (d) Cell area of HeLa-fucci2 cells
on two types of materials (n = 10, *p < 0.05, Bars: SD). (e) Cell aspect rate of HeLa-
fucci2 cells on two types of materials (n > 100, *p <0.05, Bars: SD). Reprinted (adapted)
from [146]. Copyright © 2024 The Society for Biotechnology.
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the hydrogel shells of the Cell Dome affect cell behavior. In the process of cancer cell
aggregation, adhesion between the cell and the external environment is involved in cell
behavior, including the formation and function of cancer cell aggregates [40, 41]. Since cells
cultured in the Cell Dome are in direct contact with the inner wall of the hydrogel shell, the
adhesive properties of the material are expected to have a significant impact on cell behavior.
The cells enclosed in both Ad (-)-Cell Dome and Ad (+)-Cell Dome proliferated well (Figures
4-3¢ and -3d). The number of cells per Cell Dome also showed good cell proliferation, with
the incubation period increasing, reaching a peak at 11 days of culture and remaining relatively
stable thereafter (Figure 4-3b). This would be the effect of efficient diffusion of nutrients and
oxygen into the cells due to high permeability of the hydrogel shell. Previous studies have
confirmed that the hydrogel shells of both Ad (-)-Cell Dome and Ad (+)-Cell Dome are
permeable to low molecular weight compounds [60, 105].

In the Ad (-)-Cell Dome, the enclosed cells adhered to the glass plate and showed 3D
proliferation (Figure 4-3e). After 9 days of cultivation, a prominent dark area indicating cell
aggregates appeared at the center of the Ad (-)-Cell Dome (Figure 4-3c). Similarly, the cells
enclosed in the Ad (+)-Cell Dome adhered to the glass plate after enclosure (Figure 4-3d). As
the incubation period progressed, these cells grew along the inner wall of the hydrogel shell
(Figure 4-3e). After 5 days of cultivation, a prominent dark area showing cell aggregates
appeared on the inner wall of the hydrogel shell (Figures 4-3d and -4). The dark areas indicative
of cell aggregates were also confirmed by gray value analysis in Figure 4-3d, and these dark
areas were distinct near the hydrogel shell (Figures 4-4a and -4b). After 11 days of culture,
cells cultured in both Ad (-)- and Ad (+)- Cell Domes completely occupied the hemispherical
cavities, forming hemispherical cell aggregates (Figures 4-3b-d). In addition, histological
analysis revealed that after 6 days of culture, cells cultured in the Ad (-)-Cell Dome were

primarily localized on the glass plate at the bottom of the Cell Dome (Figure 4-3¢). In contrast,
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cells in the Ad (+)-Cell Dome were distributed along both, the inner wall of the hydrogel shell
and the glass plate at the bottom of the Cell Dome (Figure 4-3e). Furthermore, fluorescence
microscopy based on the fucci2 cell cycle marker system showed that the cells cultured in the
Ad (-)-Cell Dome were evenly distributed at the bottom of the Cell Dome (Figure 4-4c). On
the other hand, cells in the Ad (+)-Cell Dome showed red and green fluorescence, indicating
that the cells are close to the hydrogel shell (Figure 4-4¢). In addition, out-of-focus cells in the
Ad (+)-Cell Dome were observed, indicating that the cells were close to the hydrogel shell

a Il Ad (-)-Cell Dome b
| |Ad (+)-Cell Dome

400 | —#— Ad (-)-Cell Dome |
—O— Ad (+)-Cell Dome|

I

Cell viability (%)
8

=)
3

1 L . . , L L L
2 4 6 8 10 12 14 16 18
Culture period (day)

Number of enclosed cells (x10° cells/Cell Dome)
8
8
o

c Ad (-)-Cell Dome

Day 5

Day 9

d Ad (+)-Cell Dome

Ad (-)-Cell Dome Day 6 f Ad (+)-Cell Dome Day 6

Figure 4-3. (a) Viabilities of HeLa-fucci2 cells before, 30 min, and 1 day after enclosure,
respectively (n =5, * p < 0.05, Bars: SD). (b and ¢) The microscopic images of HeLa-
fucci2 cells cultured within (b) Ad(-)-Cell Dome and (c) Ad(+)-Cell Dome (Scale Bars:
250 um). (d) The number of cells within Cell Dome (n = 3, Bars: SD). (e) Fluorescence
images of the frozen section consisting of HeLa-fucci2 cells cultured within Ad(-)-Cell
Dome and Ad(+)-Cell Dome for 6 days (Scale Bars: 250 pm). Reprinted (adapted) from
[146]. Copyright © 2024 The Society for Biotechnology.
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(Figure 4-4c). These results indicate that the cell proliferation behavior is influenced by the

presence or absence of the cell adhesion properties of the hydrogel shell forming the Cell Dome.

3.3 Cell cycle of cells within Cell Dome

The cellular microenvironment has a profound effect on the cell cycle [151], and especially

in the case of cancer cells, the cell cycle is crucial for studying both tumor growth and its
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Figure 4-4. (a) Microscopic images of HeLa-fucci2 cells cultured within Ad(+)-Cell
Dome for 5 days (Scale bars: 250 pum). (b) The graph showing the gray values of
microscopic images of HeLa-fucci2 cells cultured within Ad(+)-Cell Dome for 5 days
(Scale bars: 250 pm). Image analysis was performed using ImagelJ. (¢) Fluorescence
images of HeLa-fucci2 cells cultured for 5 days within Ad(-)-Cell Dome or Ad(+)-Cell
Dome (Scale bars: 250 um). Fluorescent images were analyzed based on red fluorescence
(mCherry-hCdt1) or green fluorescence (mVenus-hGem), emitted by the fucci2 cell-cycle
marker system. Reprinted (adapted) from [146]. Copyright © 2024 The Society for
Biotechnology.
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suppression [155, 156]. The G1/GO0 phase ratio of cells cultured for 3 days in Ad (-)- and Ad
(+)-Cell Domes was 35.7 + 2.4% and 33.0 + 3.6%, respectively (Figures 4-4). On 5, 7, and 9
days of culture, the percentage of cells in the G1/G0 phase increased significantly in the Ad
(-)-Cell Domes compared to the Ad (+)-Cell Domes (Figure 4-5); cells in G1/G0 phase were
widely distributed at the bottom of the Cell Domes (Figure 4-3¢). These results suggest that the
size of cell aggregates in the Ad (-)-Cell Dome was larger than in the Ad (+)-Cell Dome,
suggesting that a higher percentage of cells in the G1/G0 phase were present during cell growth
in the Ad (-)-Cell Dome. The number of cells in both types of Cell Domes was nearly identical
(Figure 4-3b), and the fact that the Ad (-)-Cell Dome could not adhere to the hydrogel shell and
grew only on the glass plate supports this hypothesis (Figure 4-3). As the cell spheroid grows,
the cells inside, lacking sufficient nutrients, enter a non-proliferative state or GO phase [157].
By day 11 of culture, the percentages of cells in the G1/GO0 phase of both types of Cell Domes
had nearly converged, and remained stable thereafter (Figure 4-5). The fact that the percentage
of cells in the G1/GO phase remained relatively stable after the cavity in the hemispherical
hydrogel shell was filled, suggests that the limited hemispherical cavity in the Cell Dome
physically prevents cell proliferation and exhibits similar cell cycle levels regardless of the cell

adhesiveness of the hydrogel shell.
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Figure 4-5. Proportion of HeLa-fucci2 cells in the G1/GO phase cultured within Ad(-)-
Cell Dome and Ad(+)-Cell Dome (n =3, *p <0.05, Bars: SD). Reprinted (adapted) from
[146]. Copyright © 2024 The Society for Biotechnology.
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3.4 HIF-10 and drug-sensitive analysis

A hypoxic microenvironment is a hallmark of many solid tumors [158, 159] and promotes
tumor invasion, metastasis, upregulation of multidrug resistance proteins, angiogenesis, and
decreased efficacy of antitumor drugs [158, 159]. Hypoxic conditions increase HIF-1a gene
expression levels [160, 161]. HIF-1a gene expression in HeLa-fucci2 cells cultured for 11 days
in Ad(-)-Cell Dome and Ad(+)-Cell Dome was 5.4 £+ 1.6-fold and 3.3 + 1.2-fold higher,
respectively, compared to cells cultured in 2D culture dishes (Figure 4-6a). These results are
consistent with previous studies on K562 or HepG2 cells cultured within the Cell Dome [60,
105], suggesting the presence of an oxygen concentration gradient within both Cell Dome types.
No significant differences in HIF-1a expression levels between cells cultured for 6 and 8 days
in both types of Cell Dome, and cells cultured in 2D dishes could be attributed to the good
permeability of the hydrogel shell (Figure 4-6a).

Upregulation of HIF-1a gene expression also affects energy metabolism, angiogenesis, drug
resistance, and tumor invasion [158, 162, 163], and the adhesion of cancer cells to the ECM

affects drug resistance [164, 165]. The cells cultured in either Cell Domes showed markedly
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Figure 4-6. (a) Gene expression level of HIF-1o in HeLa-fucci2 cells cultured on 2D
culture dishes, cultured within Ad(-)-Cell Dome, and Ad(+)-Cell Dome (n = 3, *p <0.05,
Bars: SD). (b) The relative mitochondrial activity of Hela-fucci2 cells cultured on 2D
culture dishes, cultured within Ad(-)-Cell Dome, and Ad(+)-Cell Dome for 11 days. (n =
5, *p <0.05, Bars: SD). Reprinted (adapted) from [146]. Copyright © 2024 The Society
for Biotechnology.
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increased relative mitochondrial activity compared to those within the 2D dish (Figure 4-6b).
Liu et al. reported that under hypoxic conditions, induction of autophagy via HIF-1a has a
protective effect on HeLa cells, contributing to drug resistance [166]. When exposed to 1,000
nM mitomycin hydrochloride, cells cultured in the Ad(-)-Cell Dome showed slightly higher
activity than those in the Ad(+)-Cell Dome. Although integrin-mediated cell-matrix adhesion
improves cellular resistance to drugs [167, 168], this contrasting result would be due to cell
adhesion and the rigidity of the hydrogel shell. Zustiak ef al. found that the stiffer the 3D matrix,
the higher the drug resistance, and the integrin-based cell-matrix interactions have been
reported to mitigate the effect of 3D matrix stiffness [169]. These findings could be attributed
to the higher relative mitochondrial activity of cells cultured in the Ad (-)-Cell Dome than in
the Ad (+)-Cell Dome at a mitomycin concentration of 1,000 nM.
4. Conclusion

In summary, the cell adhesiveness of the hydrogel shell material significantly influenced cell
proliferation patterns within the Cell Dome, which in turn affected the cell cycle and drug
resistance of the enclosed cellular populations. These findings provide new insights into the
effect of the hydrogel shell's cell-adhesive properties on the enclosed cancer cell behavior,
including cell cycle dynamics and drug resistance. This study represents the first report on the
hydrogel shell of the Cell Dome, highlighting its numerous advantages over conventional
spheroid fabrication methods. The results emphasize the importance of careful selection of the
hydrogel shell materials with appropriate cell-adhesive properties for optimal Cell Dome

construction.

Some portion of this thesis, including text and figures, have been previously published in
the journal article “Effect of cell adhesiveness of Cell Dome shell on enclosed HeLa cells”
by Kazama et al., published in Journal of Bioscience and Bioengineering, 2024, 137 (4),
313-320 (Reference No. 146). These sections are reproduced here with permission from ©
2024 The Society for Biotechnology.
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Chapter V

Development of hemispherical 3D models of human brain and

B cell lymphomas using a Cell Dome system

1. Introduction

Lymphoma, a type of blood cancer is classified into two main types: Hodgkin lymphoma
and non-Hodgkin lymphoma. Non-Hodgkin lymphoma encompass a wide range of diseases,
from indolent to highly aggressive malignancies, with 80-90% being of B-cell origin [170].
2D models of lymphoma-derived B-cells have been used to elucidate their cellular function in
hematology/oncology and in drug screening for new drug development [171, 172]. However,
2D models cannot mimic cellular interactions in the lymphoma microenvironment and may not
provide an accurate understanding of the cellular function of lymphoma-derived cells and the
efficacy of anti-cancer compounds [171, 173]. Thus, the development of lymphoma models
that better mimic the lymphoma microenvironment is needed to accurately elucidate the
complex cellular functions of lymphoma-derived cells and to address challenges related to
lymphoma treatment.

3D culture methods have gained much attention in the study of tumor cell biology under
conditions that closely resemble in vivo cell behavior, compared to 2D culture methods [11,
174]. 3D culture methods such as hanging drops [25, 129] and microwells [175] have been
mainly used for solid tumor analysis. However, lymphoma-derived cells are generally non-
adherent cells, represented by hematopoietic cells and lymphocytes, making them more
complex to handle, culture, and evaluate in 3D culture compared to adherent cells comprising
solid tumors. Therefore, it is challenging to fabricate 3D structures mimicking the 3D

lymphoma microenvironment in vivo, and the area of 3D culture in lymphoma is still
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underexplored, with only few published reports [171, 176]. Although microwells [177] and
optical tweezers [178] allow a 3D culture of lymphoma-derived cells, they require gentle
solution manipulation during culture, analysis, and evaluation due to weak cell-to-cell adhesion
of non-adherent cells. Therefore, there are no standardized and reproducible 3D lymphoma
models available for various applications, despite their potential to elucidate resistance to
lymphoma therapies and their underlying mechanisms. In chapter II, I established a cell culture
and evaluation system called a Cell Dome which is a dome with a hemispherical cavity (1 mm
in diameter and almost 300 pm in height) that provides a 3D space for cell growth of enclosed
cells [60]. One major advantage of the Cell Dome is that it can be applied to non-adherent cells
cultured in suspension.

This chapter presents the fabrication of a hemispherical 3D lymphoma model using the Cell
Dome system with the hemispherical cavity [179]. The Cell Dome offers distinct advantages
over existing 3D culture techniques, including improved handling of non-adherent cells, ease
of operation and reproducibility, and the ability to mimic in vivo microenvironment more
accurately. I used the human brain lymphoma cell line (TK cells) and the human B cell
lymphoma cell line (KML-1 cells) as models to study cellular behavior in the Cell Domes,
including cell proliferation, cellular hypoxia, and drug sensitivity. I also examined CD19 and
CD20 expressions, biomarkers for immunotherapy targeting lymphomas which are mainly B
cell-derived [180-182], on cells cultured in the Cell Dome. Cell Dome for fabricating
lymphoma models is a promising tool for studying lymphoma behavior in 3D culture and could
provide valuable insights for drug development in lymphoma treatment.

2. Materials and Methods
2.1 Cell culture and chemical synthesis
The human brain lymphoma cell line (TK cells: JCRB1206, JCRB Cell Bank, Ibaraki, Japan)

and human B cell lymphoma cell line (KML-1 cells, JCRB Cell Bank) were cultured in RPMI

57



1640 medium (Nissui, Tokyo, Japan) with the addition of 20% FBS (Gibco, NY, USA) in a
fully humidified atmosphere of 5% CO; at 37 °C.

Alg-Ph (2.7 x 10 mol-Ph/g) was synthesized by the reaction of sodium alginate (I-1G,
viscosity = 100-200 mPa-s at 1%, mannuronic acid/gluronic acid ratio = 0.7, Kimica, Tokyo,
Japan) and tyramine hydrochloride (ChemImpex International, Illinois, USA) via water-soluble
carbodiimide hydrochloride (EDC-HCI; Peptide Institute, Osaka, Japan) and N-
hydroxysuccinimide (NHS; Fujifilm Wako Chemical, Osaka, Japan) [62].

Gela-Ph (7.8 x 10 mol-Ph/g) was also synthesized by the reaction of gelatin type B from
bovine skin (approximately 250 g bloom; Sigma-Aldrich, St. Louis, MO, USA) and 3-(4-
hydroxyphenyl) propionic acid (Tokyo Chemical Industries, Tokyo, Japan) via EDC-HCI and
NHS) [107].

2.2 Cell Dome preparation

The Cell Domes were prepared according to the procedure described in a previous study [105].
Briefly, a 1 pL core solution (PBS containing 3.0 w/v% gelatin type A from porcine skin
[approximately 300 g bloom; Sigma-Aldrich], 1.2 x107 cells/mL TK or KML-1 cells, and 50
U/mL HRP [140 units/mg; Fujifilm Wako Chemical]) was placed inside the water-repellent
rings (inner/outer diameter: 1/1.4 mm) printed on phenolic hydroxyl groups-modified glass
plate. After allowing it to stand at 5 °C for 15 min, a 10 pL shell solution (PBS containing 1
mM H>0», 1.0 w/v% gel-Ph, and 0.5 w/v% alg-Ph) was added onto the hemispherical core gel.
After hydrogel shell formation (15 °C for 5 min), the resultant glass plate with Cell Dome was
washed with PBS and cultured in a medium containing 0.5 mg/mL catalase. After 24 h of
cultivation, the medium was replaced with a fresh one (Figure 5-1). FITC-labeled gela-Ph was
used instead of gela-Ph for structural analysis of the Cell Dome. Images of TK and KML-1
cells cultured in the Cell Dome were captured at appropriate incubation period times using a

fluorescence microscope (BZ 9000; Keyence, Tokyo, Japan). The hydrogel shell was degraded
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using alginate lyase (24 units/mg; Nagase Chemtex Corporation, Osaka, Japan) and the
enclosed cells were dissociated with trypsin/EDTA. The single cells were then collected for
cell count analysis using the Countess II FL (Thermo Fisher Scientific, MA, USA).

Frozen sections of cells cultured within the Cell Domes were prepared as follows: Cell Domes
cultured for 10 days were first immersed in 4% paraformaldehyde solution (Fujifilm Wako
Pure Chemicals) for 1 h, then in 5% sucrose solution (Fujifilm Wako Pure Chemicals) for 1 h.
After washing twice with PBS, they were quickly frozen in liquid nitrogen with Tissue-Tek®
O.C.T. compound (Sakura Finetek Japan K.K., Tokyo, Japan) and sliced into 15 pum sections
using a cryomicrotome (2800 Frigocut E, Reichert-Jung, Germany). The resulting frozen
sections were stained with hematoxylin/eosin and observed under a fluorescence microscope.
2.4 Initial cell density analysis

PBS containing 3.0% (w/v) gelatin from porcine skin, 1.5 x 10® cells/mL of TK or KML-1
cells, and 50 U/mL HRP were used as a core solution to fabricate the Cell Domes in the same
manner as described in the “Cell Dome preparation” section. This Cell Dome fabricated with

Brain lymphoma cell line B cell lymphoma cell line
(TK cell) (KML-1 cell)

or

Enclosed in core gel  Coated with alg-Ph and Liquefaction of core gel Cell proliferation
gela-Ph hydrogel shell at37°C in the Cell Dome
* 3D Lymphoma Models *
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Figure 5-1. Schematic diagram of the Cell Dome preparation process. The process
includes the preparation of the core gel with horseradish peroxidase (HRP), followed by
the formation of the hydrogel shell with alg-Ph and gela-Ph through HRP-mediated
hydrogelation, and finally, the immersion in a medium containing catalase for cell culture.
Reprinted (adapted) from [179]. Copyright MDPI.
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an initial cell density of 1.5 x 108 cells/mL was named a “High-density-Cell Dome”. Images
and a number of TK and KML-1 cells cultured in the High-density-Cell Dome were analyzed
in the same manner as described in the “Cell Dome preparation” section.
2.5 Hypoxia analysis

Cell Domes with cells incubated for 10 days and High-density-Cell Domes with cells
incubated for 3 days were immersed in PBS containing 2.0 uM Hypoxia Probe Solution LOX-
1 (MBL, Nagoya, Japan) for 24 h at 37 °C. Following incubation, the cells were washed twice
with PBS and stained with LOX-1. They were observed under a fluorescence microscope and
the relative amounts of HIF-1oo mRNA in the enclosed cells collected from Cell Dome were
determined by real-time PCR using specific primers,. Total cellular RNA was extracted using
the CellAmp Direct TB Green RT-qPCR Kit (Takara Bio, Shiga, Japan) according to the
manufacturer's instructions, and single-stranded cDNA was prepared by reverse transcription
PCR reaction at 37 °C for 30 min followed by enzyme inactivation at 85 °C for 5 sec using
DNase-treated RNA using PrimeScript™ FAST RT reagent Kit with gDNA Eraser (Takara Bio).
From the resulting cDNA template, target sequences were amplified and quantified by real-
time PCR using specific primers HIF-1o (reference gene: 18S ribosomal RNA [18s rRNA],
Table 5-1). The PCR reactions involved an initial denaturation step at 95 °C for 30 s, followed
by 40 cycles of at 95 °C for 5 s and 60 °C 10 s using TB Green® Premix Ex Taq™ II FAST
qPCR (Takara Bio). Threshold cycle (Ct) values were obtained using a real-time PCR system
(Thermal Cycler Dice® Real Time System II, Takara Bio). Relative mRNA content were
determined using the AACt method, with calculations based on the 2nd Derivative Maximum

approach (n=3).
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Table 5-1. Primer used for detecting gene expressions. Reprinted (adapted) from [179].
Copyright MDPI.

Gene Primer Forward Primer Reverse Reference
18s rRNA 5'-CCC GAC CCG GGG AGG TAG TG-3’" 5-GCC GGG TGA GGT TTC CCG TG-3' [183]
HIF-1a 5-TGC ATC TCC ATCTCCTACCC-3" 5-CCTTTTCCTGCTCTGTTT GG-3' [109]

2.6 Flow cytometry

The cells cultured for 2, 7, and 10 days in the Cell Domes and the cells cultured for 3 days in
the High-density-Cell Domes were collected as described in the “Cell Dome preparation”
section. The collected cells were immersed in PBS (500 pL) with Hu Fc Block (5 pL, Becton,
Dickinson and Company, NJ, USA) at 4 °C for 30 min. The cells were then immersed in PBS
(500 pL) containing 2 uM propidium iodide (Dojindo, Kumamoto, Japan) and anti-CD19
mouse-mono (HIB19) APC (5 pL, Gene Tex, CA, USA) or anti-CD20 monoclonal antibody
(2H7) FITC (5 pL, ThermoFisher, MA, USA) at 4 °C for 1 h. After washing with PBS twice,
the cells were analyzed by flow cytometry (Accuri C6; BD Biosciences, Tokyo, Japan). The
2D-cultured cells with and without treatment with the antibodies were used as a positive and
negative control, respectively.
2.9 Drug sensitivity analysis

After 10 days of culture in the Cell Dome or 3 days of culture in the High-density-Cell Dome,
Cell Domes were exposed to a cell culture medium containing 10, 100, and 1,000 nM of
doxorubicin (DOX; Fujifilm Wako Chemical) for a period of 72 h. The cells were stained with
CalceinAM (Dojindo) and propidium iodide, collected as described in the “Preparation of Cell
Dome” section, and cell viability was determined using the fluorescence microscope.
2.8 Statistical analyses

Statistical analyses of two or more data sets in this study were performed using Student’s #-

test or one-way ANOVA with Tukey's post hoc analysis. Values are expressed as mean + SD.
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3. Results and Discussion
3.1 Proliferation of enclosed cells in Cell Dome

The composite hydrogel of alg-Ph and gela-Ph used as the hydrogel shell of the Cell Dome
has high cytocompatibility and good permeability to low molecular weight compounds [60,
105]. The hemispherical cell growth cavity of the Cell Dome was 283 + 19 um high and the
hydrogel shell was 104 = 16 um thick (Figure 5-2a, n = 3), providing a hemispherical 3D
growth space for the enclosed cells. Both TK and KML-1 cells grew well within the Cell Dome,
and after 10 days of culture, they filled the hemispherical cavity and maintained their shape
(Figures 5-2b and 2c¢). Proliferation was also confirmed by measuring the number of enclosed
cells (Figure 5-2¢), which increased over time, reaching a peak after 10 days of incubation and
remaining almost constant thereafter (Figure 5-2¢). In the High-density-Cell Dome too, both
TK and KML-1 cells proliferated as the culture period progressed. These results are consistent
with our previous report on K562 cells, a similar non-adherent cell cultured in the Cell Dome
[60]. Compared to traditional 3D culture methods such as microwells [177] and optical
tweezers [178], the Cell Dome system allows for the preparation of uniform hemispherical
cavities enclosing the cells, facilitating critical operations such as solution manipulation and
cell collection. These findings indicate that the Cell Dome system is suitable for 3D culture of
non-adherent cells derived from lymphomas and provides reproducible and uniformly sized 3D
cultured cells, which is essential for evaluation. Surprisingly, cell proliferation behavior
differed by cell type in the High-density-Cell Dome. For TK cells, after 3 days of culture, dark
areas were seen throughout the interior of the High-Density Cell Dome, indicating that cells
were growing uniformly in 3D within the hemispherical cavity. In contrast, for KML-1 cells,
after 3 days of culture a dark area in the center of the High-density-Cell Dome was observed
indicating that the cells were proliferating in 3D in the center of the hemispherical cavity.

(Figure 5-3a). Proliferation was also confirmed by measuring the number of enclosed cells, and
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the number of cells cultured for 3 days in the High-density-Cell Dome was less than the number

of cells cultured for 10 days in the Cell Dome and slightly more than the number of cells
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Figure 5-2. (a) Confocal microscope microscopic images of the Cell Dome fabricated
using a mixture of alg-Ph and gela-Ph as the hydrogel shell material. The image shows
the uniform hemispherical structure of the Cell Dome. Scale bar in panel b represents =
500 pm. (b, c) Microscopic images of TK (b) and KML-1 (c) cells cultured in the Cell
Dome. (d) Histological section images of TK and KML-1 cells cultured in the Cell Dome
for 10 days, showing cell distribution within the cavities. (e) Absorbance values attributed
to mitochondrial activities of TK and KML-1 cells in the Cell Dome. Scale bars in panels
a, b, and c represent 250 um. Bars in panel d represent the SD (n = 3). Reprinted (adapted)
from [179]. Copyright MDPI.
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cultured for 7 days in the Cell Dome (Figures 5-2¢ and 5-3c). This could be attributed to
differences in doubling time and proliferation rate of the cell types. Furthermore, in this study,
lymphoma-derived cells cultured in the Cell Dome could be fixed and processed directly to
produce tissue sections. This approach overcomes a common challenge in major hematologic
tumor models, where weak cell-to-cell connections are often disrupted during processing.
3.2 CD19 and CD20 expression on cells enclosed in Cell Dome

CD19 and CD20 are specific markers for B cells in lymphoma and serve as biomarkers for
immunotherapy targeting B cell-derived diseases [180, 182]. Therefore, investigating CD19
and CD20 expression on lymphoma-derived cells in 3D cultures can provide important insights
for developing drugs targeting these biomarkers. In both TK and KML-1 cells cultured in the
Cell Dome, there were no significant differences in CD19 expression levels compared to those
cultured in 2D flasks (Figure 5-4a and Table 5-2, p > 0.05). CD19 expressions on TK and KML-
1 cells cultured for 3 days in the High-density-Cell Domes were similar to those cultured in 2D
flasks and in the Cell Domes for 10 days (Figure 5-4b and Table 5-2, n = 3, p > 0.05). Muz et
al. reported that CD19 expression on multiple myeloma cells differentiated from B cells was

not affected by hypoxia [184]. In contrast, CD20 expression levels differed during 3D culture
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Figure 5-3. Microscopic images of TK (a) and KML-1 (b) cells cultured in the High-
density-Cell Dome. (c) Absorbance values attributed to mitochondrial activities of TK
and KML-1 cells in the High-density-Cell Dome. Scale bars in panels a and b represent

250 um. Bars in panel ¢ represent the SD (n = 3). Reprinted (adapted) from [179].
Copyright MDPL.
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depending on the cell type. Flow cytometry analysis of CD20 expression on TK cells cultured
in the Cell Domes for 2, 7, and 10 days showed two peaks, indicating both, higher and similar
expression levels to those cultured in 2D flasks (Figure 5-4a and Table 5-3). The lower peak
increased with the incubation periods and reached nearly the same percentage as the higher
peak at 10 days of culture. The flow cytometry analysis of CD20 expression on TK cells
cultured in the High-density Cell Domes for 3 days also showed two peaks, with similar peaks
as those cultured in Cell Domes for 2 and 7 days (Figure 5-4a and Table 5-3). In contrast, CD20
expressions on KML-1 cells cultured for 2, 7, and 10 days in the Cell Domes showed a single
peak that gradually decreased with increasing culture periods (Figure 5-4a and Table 5-3, n =
3, *p < 0.05). CD20 expression on KML-1 cells after 10 days of culture in the Cell Domes
showed lower expression levels than those cultured in 2D flasks (Figure 5-4a and Table 5-3, n
=3, *p <0.05). CD20 expression on KML-1 cells cultured in the High-density-Cell Domes for
3 days also showed one peak, indicating lower expression levels than those cultured in 2D

flasks, with slightly higher peak height than those cultured in the Cell Domes for 10 days
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Figure 5-4. Flow cytometry analysis of CD19 and CD20 expression on 2D-cultured TK
or KMI-1 cells immunostained without anti-CD19 or CD20 (negative control), with anti-
CD19 or -CD20 (positive control), (a) Cell Dome-cultured cells for 2, 7, and 10 days
immunostained with anti-CD19 or -CD20, and (b) High-density-Cell Dome-cultured
cells for 3 days immunostained with anti-CD19 or -CD20. Reprinted (adapted) from
[179]. Copyright MDPI.
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(Figure 5-4b and Table 5-3, n = 3). Although the detailed mechanisms underlying the
differences in CD20 expression levels based on cell type have not been elucidated, the
upregulation of CD20 expression on TK cells cultured in the Cell Dome could be due to
hypoxia. Ahmed et al. reported that HIF-1a might regulate CD20 expression in lymphoma
[185]. To further investigate the potential regulation of CD20 expression by hypoxia, future
studies should include the use of hypoxia inhibitors or siRNA targeting HIF-Ia to directly
assess its role in modulating CD20 levels. Additionally, examining downstream signaling
pathways activated under hypoxic conditions could provide deeper mechanistic insights into
how hypoxia influences CD20 expression in different lymphoma cell types. In this study, the
presence of two peaks in flow cytometry analysis of CD20 expression on TK cells cultured in
the Cell Dome (Figure 5-4a and Table 5-3), indicating both similar and higher expression levels
compared to those cultured in 2D flasks, suggests that hypoxic conditions in the Cell Dome
upregulated the CD20 expression on TK cells. On the other hand, the proportion of Cell Dome-
cultured cells expressing CD20 at levels similar to those of 2D cultured-cells increased with
extended incubation periods (Figure 5-4). This downregulation of CD20 on TK cells could
result from mechanical stress and changes in the integrin signaling network caused by 3D
culture [186]. The downregulation of CD20 was also observed on KML-1 cells cultured in the
Cell Dome, where CD20 expression was gradually downregulated with increasing culture
periods, likely due to the increased 3D cell-cell interactions [186]. Some B cell lymphoma
patients are resistant to anti-CD20 targeting agents, including rituximab [187]. The
mechanisms behind resistance to anti-CD20 agents have remained largely unknown but may
involve downregulation or loss of CD20 expression [188, 189]. The results of this study may
help elucidate CD20 regulation in lymphoma, as multiple mechanisms may be involved in
CD20 regulation [190], and the Cell Dome would be beneficial for future experiments

investigating this regulation, which is important for lymphoma treatment.
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Table 5-2. Mean fluorescence intensities of TK or KML-1 cells, cultured in a 2D flask without
immunostaining, the immunostaining 2D cultured cells with anti-CD19, and the
immunostaining cells cultured in Cell Domes or High-density-Cell Domes with anti-CD19 (n
= 3). Reprinted (adapted) from [179]. Copyright MDPI.

Mean intensity of surface CD19 Mean intensity of surface CD19

Sample Expression on TK cells [a.u.] expression on KML-1 cells [a.u.]
2D flask without anti-CD19 0.9+0.4 x 10 04+0.1x10°
2D flask with anti-CD19 34+1.0x10 25+1.0x10°
For 2 days in Cell Domes 4 3
With anti-CD19 3.2+04x10 3.1+04x10
For 7 days in Cell Domes 4 3
with anti-CD19 20+x05x%10 3.0+x0.3x%x10
For 10 days in Cell Domes 4 3
With anti-CD19 21+05x%x10 22+04x10
For 3 days in High-density 46+0.2 x 10° 38+ 0.4 x 10°

Cell Domes with anti-CD19

Table 5-3. Mean fluorescence intensities of TK or KML-1 cells, cultured in a 2D flask without
immunostaining, the immunostaining 2D cultured cells with anti-CD20, and the
immunostaining cells cultured in Cell Domes or High-density-Cell Domes with anti-CD20 (n
= 3). Reprinted (adapted) from [179]. Copyright MDPI.

Mean intensity of surface CD20 Mean intensity of surface CD20

Sample expression on TK cells [a.u.]  expression on KML-1 cells [a.u.]

2D flask without anti-CD20 5.0+2.0x10* 0.4+0.1x10*
2D flask with anti-CD20 19.4+1.2 x 10* 18.5+6.2 x 10*
For 2 days in Cell Domes 4 "
Wwith anti-CD20 46.3+17.4x 10 15.7+0.3x 10
For 7 days in Cell Domes 4 4
Wwith anti-CD20 285+5.2x%x10 89+04x10

For 10 days in Cell Domes 4 "
With anti-CD20 35.2+6.7x10 50+1.3x10

For 3 days in High-density 93.8 4.1 x 10° 121417 x 10°

Cell Domes with anti-CD20

3.3 Hypoxia and drug-sensitivity analysis

Hypoxia is a typical feature of the tumor microenvironment [191] and is closely associated
with drug resistance, increased aggressiveness, accelerated metastatic potential, and tumor
progression [191, 192]. Tumor cells, including malignant lymphomas, that are hypoxic,
overexpress HIF-1a [120], which is considered a poor prognostic factor [193, 194]. After 10
days of culture, both TK and KML-1 cells in the cell dome stained with hypoxia probe solution

showed red fluorescence, indicating hypoxia in the center of the cell dome, whereas cells in
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2D flasks did not show red fluorescence (Figure 5-5a and 5-5b). HIF-1a gene expression was
12.7 £ 7.3-fold and 9.1 £ 2.6-fold higher in TK and KML-1 cells, respectively, when cultured
in cell domes for 10 days than when cultured in 2D flasks (Figure 5-5d, n > 3, *» <0.05). In
TK cells cultured in the High-density Cell Dome for 3 days, cells stained with the hypoxia
probe solution also showed red fluorescence throughout the High-density Cell Dome,
indicating hypoxia. In KML-1 cells cultured for 3 days in the High-density-Cell Dome, staining
with the hypoxia probe solution revealed red fluorescence in the center of the Cell Dome,
indicating hypoxia. This pattern was similar to that observed in cells cultured for 10 days in the
Cell Dome (Figures 5-5b and -5c). Gene expression of HIF-1a was 4.3 = 0.7-fold and 10.6 £
6.8-fold higher in TK and KML-1 cells, respectively, when cultured for 3 days in the High-
density Cell Dome compared to cells cultured in 2D flasks (Figure 5-5d, n > 3). To the best of
our knowledge, these is the first report reproducing hypoxia and oxygen concentration
gradients in 3D cultures of lymphoma-derived cells. Pangarsa et al. [195] reported that hypoxia,
as with many solid tumors, was present in diffuse large B cell lymphoma (a type of lymphoma)
and emphasized the need for further research on its role as a potential pathogenic or prognostic
marker in this type of blood cancer. This Cell Dome system, which recapitulates hypoxia, may
help elucidate the role of hypoxia in lymphomas.

Hypoxia and upregulated HIF-1a in hypoxia promote tumor cell survival and chemotherapy
resistance in many malignancies [196, 197], upregulate the expression of multidrug resistance
proteins, and are a major cause of multidrug resistance. DOX, one of the effective lymphoma
therapeutics and widely evaluated and used in combination therapy of lymphoma malignancies,
was used to assess drug sensitivity [198, 199]. Both TK and KML-1 cells cultured in the Cell
Dome for 10 days and in the High-density-Cell Dome for 3 days showed significantly higher
cell viability compared to those in 2D flasks (Figures 5-5e and -5f, n = 3, *p < 0.05). When

exposed to 10 nM of DOX, the cells cultured in the Cell Dome for 10 days exhibited
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Figure 5-5. (a-c) Fluorescence microscope images of TK (a) or KML-1 (b) cells cultured
in the Cell Dome for 10 days and in a 2D flask, stained with Hypoxia Probe solutions. Red
fluorescence indicates hypoxic conditions. (c) Fluorescence microscope images of TK or
KML-1 cells cultured in the High-density-Cell Dome for 3 days stained with Hypoxia
Probe solutions. Red fluorescence indicates hypoxic conditions. (d) Relative gene
expression of HIF-1a in TK or KMI-1 cells cultured for 10 days in the Cell Dome and for
3 days in the High-density-Cell Dome. Scale bars in panels a, b, and c represent 250 pm.
Bars in panel d represent the SD (n > 3, *p < 0.05, n.s: p>0.05). (e, f) Viability of TK (e)
or KML-1 (f) cells cultured in the Cell Dome for 10 days, in the High-density-Cell Dome
for 3 days, and in 2D flasks, exposure to 10, 100, and 1000 nM doxorubicin (DOX). Bars
represent the SD (n =3, *p <0.05, n.s: p>0.05). Reprinted (adapted) from [179]. Copyright
MDPI.
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significantly higher cell viability compared to those cultured in the High-density-Cell Dome
for 3 days (Figures 5-5¢ and -5f, n = 3, *p < 0.05). This suggests that lymphoma-derived cells
acquired drug resistance due to hypoxia induced by 3D culture. Mechanisms such as multidrug
resistance proteins would influence the acquisition of drug resistance. Further research into
these mechanisms, including the role of multidrug resistance proteins, could provide a deeper
understanding of how lymphoma-derived cells acquire drug resistance when cultured in the
Cell Dome. Since the 2D culture system cannot effectively replicate the environment that
induces multidrug resistance [200, 201], the drug resistance to DOX in the cells cultured in the
Cell Dome reflects the characteristics of in vivo lymphoma microenvironment. This suggests
that this 3D lymphoma model utilizing the Cell Dome could be a useful platform for the
development of new drugs for lymphoma treatment.
4. Conclusion

In summary, a 3D lymphoma model was developed by culturing lymphoma-derived TK and
KML-1 cells using the Cell Dome system. The central cells in the Cell Dome were hypoxic,
exhibiting an oxygen concentration gradient. CD19 expression remained unchanged in both
cell lines when cultured in the Cell Dome compared to those in 2D flasks. CD20 expression
was slightly upregulated in TK cells and downregulated in KML-1 cells cultured in the Cell
Dome compared to 2D cultures. Furthermore, both TK and KML-1 cells in the Cell Dome
exhibited higher resistance to DOX compared to those cultured in 2D flasks. In addition, by
significantly increasing the initial cell density during the Cell Dome preparation process, cells
that behave nearly identically to those cultured in the Cell Dome can be rapidly harvested,
allowing rapid evaluation of lymphoma models using the Cell Dome system. The study in this
chapter demonstrated the utility of the Cell Dome in a 3D lymphoma model and would provide
valuable insights for studying lymphoma behavior and developing new drugs for lymphoma

treatment.
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Some portion of this thesis, including text and figures, have been previously published in
the journal article “Development of Hemispherical 3D Models of Human Brain and B Cell
Lymphomas Using On-Chip Cell Dome System” by Kazama et al., published in
Bioengineering, 2024, 11 (12), 1303 (Reference No. 179). These sections are reproduced

here with permission from MDPI.
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Chapter VI

Cell Dome-based transfection array for non-adherent suspension

cells

1. Introduction

Understanding the functions of genes and proteins expressed in cells, as well as identifying
gene products with specific properties is an important issue in biology and pathology. Cell-
based microarrays are valuable tools for analyzing cellular functions and are gaining interest
as for various cell biology applications, including drug discovery, toxicology, functional
genomics, stem cell research, and tissue engineering [37, 202-204]. Ziauddin et al. developed
cell-based microarrays by printing different complementary DNA at specific positions on glass
slides, followed by culturing adherent HEK293 cells on them [36]. Only adherent cells are
suitable for use in conventional cell-based microarrays owing to the requirement of cells to
adhere to the substrate. This restriction excludes non-adherent cells, such as hematopoietic cells
and lymphocytes, which are crucial targets in the biological and medical research. Kato et al.
reported preparation of cell-based microarrays of a non-adherent human lymphoma cell line
(K562 cells) by fixing the cells to a glass slide using immobilized plasmid DNA [205].
However, the forced adhesion of cells induces metabolic and structural changes in the cells due
to distorted cell morphology [206]. Additionally, to prevent cell migration and cross-
contamination within the array, it is typically necessary to maintain a fixed distance between
spots and pattern the glass substrates, often by preparing hydrophobic or hydrophilic surfaces
[202, 207-209].

Therefore, the study of this chapter aimed to develop a gene transfection array that can

handle non-adherent cells without immobilizing them onto substrates. To achieve this goal, 1
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applied the Cell Dome technique, which enables the culture and evaluation of non-adherent
cells suspended in solution [60]. Cell Dome is a hemispherical dome (1 mm diameter, about
300 um height) with a hydrogel shell (about 90 pm-thick) enclosing cells in the hemispherical
cavity. The hydrogel shell is obtained through HRP-mediated hydrogelation on cell-enclosing
hemispherical gelatin hydrogel [60, 105, 146]. HRP-mediated hydrogelation has already been
used to fabricate several cell-laden structures, such as microcapsules [53, 111], hydrogel fibers
[51], and hydrogel sheets [107, 210]. In the study presented in this chapter, polyvinyl alcohol
(PVA) and chitosan derivatives were used as hydrogel shell materials. PVA and PVA-based
hydrogels are widely used in biomedical fields due to their biocompatibility [211, 212].
Chitosan and chitosan-based hydrogels are used in the pharmaceutical and medical fields due
to their biodegradability, biocompatibility, and antibacterial properties [213-215]. Composite
hydrogels of these polymers have high biocompatibility and are used in biomedical
applications [216, 217]. Because Cell Domes are immobilized on transparent glass plates, non-
adherent cells can be cultured, handled, and evaluated with the same ease as adherent cells [60].
In addition, multiple Cell Domes can be fabricated on the same plate [60].

The study in this chapter proposes Cell Dome as a novel gene transfection array, i.e., Cell
Dome-based transfection array allowing for the transfection of non-adherent cells in suspension,
a limitation of conventional cell-based microarrays [218]. Hydrogel shell materials for gene
transfer within the Cell Dome were investigated and the transfection effect of non-adherent
cells in suspension enclosed in Cell Dome was examined. This novel Cell-Dome transfection
array would be a valuable tool for analyzing the cellular function of non-adherent cells in
suspension and could provide important biomedical insights.

2. Materials and Methods
2.1 Materials

Tyramine hydrochloride and water-soluble carbodiimide hydrochloride (EDC-HCI) were
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obtained from ChemImpex International (Wood Dale, IL, USA), the Peptide Institute (Osaka,
Japan). Calcein-AM and Propidium iodide (PI) were purchased from Dojindo Laboratories
(Kumamoto, Japan). Chitosan (Chitosan LL; average molecular weight: 50—100 kDa,
deacetylation: 80%) was purchased from Yaizu Suisankagaku Industry (Shizuoka, Japan).

PVA derivative with carboxyl moieties (PVA-COOH; AF-17, viscosity of 4% solution: 30
mPa-s, degree of hydrolysis: >96.5% mol) and sodium alginate (I-1G; mannuronic
acid/guluronic acid ratio = 0.7, MW 70 kDa) were obtained from Japan Vam & Poval Co., Ltd.
(Osaka, Japan), Kimica (Tokyo, Japan). RPMI 1640 medium was purchased from Nissui
Pharmaceutical (Tokyo, Japan). 3-(4-hydroxyphenyl) propionic acid (HPP) and gelatin (type A
from porcine skin) were purchased from Sigma-Aldrich (MO, USA). K562 cells were obtained
from the Riken Cell Bank (Ibaraki, Japan) and cultured in RPMI 1640 medium containing 10%
(v/v) FBS under a humidified atmosphere (5% C02/95% air) at 37 °C. FBS was purchased
from Gibco (NY, USA). N-hydroxysuccinimide (NHS), H2O> (31% w/w), catalase (from
bovine liver; 8,000 U/mg), and HRP (200 U/mg) were purchased from Fujifilm Wako
Chemicals (Osaka, Japan). Lipofectamine 3000 was purchased from Thermo Fisher Scientific
(MA, USA). The mCherry expression plasmid (pCAG-HAmCherry) was prepared as
previously described [219]. PVA-Ph and alginate-Ph were synthesized from PVA-COOH and
sodium alginate, respectively, and tyramine hydrochloride using EDC-HCI and NHS based on
the previous reports [62, 220]. Chitosan-Ph was synthesized from chitosan and HPP using
EDC-HCI and NHS based on the previous report [215]. The phenolic hydroxyl group content
in PVA-Ph, alginate-Ph, and chitosan-Ph was 4.9 x 104, 2.7 x 10, and 1.2 x 10 mol Ph/g,
respectively.
2.2 Zeta-potential of hydrogels

For preparing the hydrogels, PBS (pH 7.4) containing 50 U/mL HRP and 1.0 w/v% alginate-

Ph, 2.0 w/v% PVA-Ph, or the mixture of 2.0 w/v% PVA-Ph and 2.0 w/v% chitosan-Ph was
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placed in a mold (10 x 30 x 3 mm?) and exposed to air containing 16 ppm H20> for 30 min. A
zeta potential measurement system (ELSZ-2000ZS; Otsuka Electronics, Osaka, Japan) was
used to measure hydrogel surface charges.
2.3 Lipofection in the presence of hydrogels

In the wells of a 6-well plate, a mixture containing 1 mM H>O»,, 50 U/mL HRP, and PBS
containing 1.0 w/v% alginate-Ph, 2.0 w/v% PVA-Ph, or a combination of 2.0 w/v% PVA-Ph
and 2.0 w/v% chitosan-Ph was prepared to form the hydrogels (100 puL) through HRP-mediated
hydrogelation. After washing twice with PBS, the medium containing 1.0 mg/mL catalase, 1.0
x 107 cells/mL K562 cells, and the Lipofectamine/pDNA complex was added to the wells.
Lipofectamine/pDNA complex was prepared by mixing P3000™ reagent, Lipofectamine™
3000 reagent, and pDNA (pCAG-HAmCherry) according to the manufacturer's instructions.
After 48 h of incubation, a fluorescence microscope (BZ-9000; Keyence, Tokyo, Japan) was
used to observe K562 cells.
2.4 Cell Dome preparation

The Cell Domes were prepared according to the procedure described in a previous study [11-
13]. Briefly, a core solution (PBS, 1 pL). containing 3.0 w/v% gelatin type A from porcine skin
(approximately 300 g bloom), 1.0 x107 cells/mL K562 cells, and 50 U/mL HRP. was placed
inside the water-repellent rings (inner/outer diameter: 1/1.4 mm) printed on phenolic hydroxyl
groups modified glass plate. After allowing it to stand at 5 °C for 15 min, a shell solution (PBS,
10 pL) containing 1 mM H202, 2.0 w/v% PVA-Ph, and 2.0 w/v% chitosan-Ph was added onto
the hemispherical core gel. After hydrogel shell formation at 15 °C for 5 min, the resultant glass
plate with Cell Dome was washed with PBS and cultured in a medium containing 0.5 mg/mL
catalase. Images of TK and KML-1 cells cultured in the Cell Dome were captured at
appropriate times during the incubation period using the fluorescence microscope, and viability

analysis was measured using a fluorescence live/dead assay stained with Calcein AM/PI.
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2.5 Transfection in Cell Dome

Prior to Cell Dome preparation as described in “Cell Dome preparation” section, antibiotic
and serum-free medium (0.2 pL) containing 0.6 w/v% gelatin and 2.0 mg/mL catalase with
Lipofectamine/pDNA complexes (0.013 pL of P3000™ reagent, 0.020 uL of Lipofectamine™
3000 reagent, and 6.7 ng of pPDNA-mCherry) was spotted inside the water-repellent ring pattern
on the glass plates and allowed to stand for 15 min at room temperature (Figure 6-1). The
concentration of lipofectamine/pDNA complex, cell, and catalase were optimized for this
experiment. After 72 h of incubation, the cells cultured in the Cell Domes were observed under
a fluorescence microscope.
2.6 Statistical analyses

Data are presented as mean = SD. Comparisons between three or more datasets were
performed using a ANOVA with Tukey’s post-hoc analysis. Statistical significance was set at
*n < 0.05.
3. Results and Discussion
3.1 Selection of hydrogel shell material

In the Cell Dome-based transfection array newly proposed in this study, the
Lipofectamine/pDNA complex, which is spotted onto the bottom surface, is released into the
Cell Dome, which contains non-adherent cells in suspension, enabling gene transfer. Since the
Lipofectamine/pDNA complex is a cationic liposome, it is expected to form an electrical bond

with the hydrogel shells and adsorb, preventing efficient gene transfer. To address this concern,

Linofectamine/ pDNA complexes
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complexes

Figure 6-1. Schematic of the Cell Dome preparation process. Reprinted (adapted) from
[218]. Copyright © 2024 Elsevier B.V.
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I measured the zeta potential of the polymer-Ph hydrogel, a candidate material for the hydrogel
shell, and investigated materials with a cationic surface charge. The surface charges of the
alginate-Ph and PVA-Ph hydrogels were -46.0 = 6.5 mV and -20.4 = 4.0 mV, respectively, while
the surface charge of the PVA-Ph/chitosan-Ph composite hydrogel was 3.8 + 2.5 mV (Figure
6-2a). Attempts were made to develop Cell Domes using only chitosan-Ph as the material for
the hydrogel shell, but due to the fragility of the hydrogel, the structure could not be maintained.
Considering the increased transfection efficiency due to the cationic charge of the polymer
(PVA-Ph/chitosan-Ph composite hydrogel), positively charged polymers such as polylysine
[221, 222] and cationic cellulose [223, 224] could also be used for efficient transfection, but
the stability of the hydrogel shell need to be considered.

Next, gene transfer using a Lipofectamine/pDNA complex was performed in the presence of
the three hydrogels whose surface charges were measured. The transfection efficiency of K562
cells in medium without hydrogel was 3.7 + 1.8% (n = 3, Figure 6-2c), while cells in medium
containing hydrogels formed from PBS containing alginate-Ph or PVA-Ph showed significantly
lower transfection efficiency (n = 3, Figures 6-2b, -2d, and -2e, *p < 0.05). Conversely, the
transfection efficiency of cells in a medium containing PVA-Ph/chitosan-Ph combined
hydrogel was not significantly different from that of cells in a medium without hydrogel (n =
3, Figures 6-2b and -2f, *p > 0.05). This suggests that the cationic charge of the PVA-
Ph/chitosan-Ph composite hydrogel prevented the adsorption of the lipofectamine/pDNA
complex to the hydrogel, thereby increasing transfection efficiency in K562 cells. Based on
these findings, Cell Domes with PVA-Ph/chitosan-Ph composite hydrogel shells were predicted
to be effective for the transfection of lipofectamine/pDNA complexes and were thus used as

hydrogel shell materials of the Cell Dome-based transfection array.
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3.2 Cell viability and growth of enclosed cells in Cell Dome

In this study, PVA-Ph/chitosan-Ph composite hydrogel was used for the first time as the
hydrogel shell of the Cell Dome. The viability of K562 cells before, immediately after, and the
day after enclosure in Cell Domes with PVA-Ph/chitosan-Ph composite hydrogel shell were
80.2 + 4.5%, 75.2 £ 2.8%, and 82.0 = 5.9%, respectively, with no significant differences
between them (Figures. 6-3a-d, p* > 0.05). Additionally, the cells enclosed in the Cell Dome
proliferated with increasing periods of culturing, and by day 7 of culture, a black area indicating

high cell density was observed (Figures. 6-3e-h). These results indicate that Cell Domes
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Figure 6-2. (a) Zeta potential of 1.0% w/v alginate-Ph, 2.0% w/v PVA-Ph, and 2.0% w/v
PVA-Ph/2.0% w/v chitosan-Ph composite hydrogels prepared through HRP-mediated
hydrogelation (n = 3, bars: SD, *p < 0.05). (b) The transfection efficiency of the cells in
media without and with hydrogels (n = 3, bars: SD, *» < 0.05). (c-f) K562 cells
transfected with Lipofectamine/pDNA complexes in medium (c) without hydrogel, and
with the hydrogel prepared using (d) 1.0% w/v alginate-Ph, (e) 2.0% w/v PVA-Ph, (f)
2.0% w/v PVA-Ph and 2.0% w/v chitosan-Ph composite (Scale bars: 200 um). Reprinted
(adapted) from [218]. Copyright © 2024 Elsevier B.V.
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prepared with PVA-Ph/chitosan-Ph composite hydrogel shells are highly cytocompatibility
with no significant adverse effects on cell viability and proliferation.
3.3 Transfection of cells enclosed in Cell Dome with plasmid DNA

To fabricate the transfection array with non-adherent suspension cells, Cell Domes were
prepared from PVA-Ph/chitosan-Ph composite hydrogel, and lipofectamine/pDNA complexes
were released from the bottom of the Cell Dome. Cells transfected with Lipofectamine/pDNA
complexes within the Cell Dome exhibited red fluorescence, indicating gene expression

(Figure. 6-4a). The cells enclosed in each of the Cell Domes on the same glass plate were

=2} @
o o
T

Cell viability (%)
S
o

20 +

Before Immediately The day
enclosure after enclosure after enclosure

Figure 6-3. (a-c) The fluorescence microscope images of K562 cells before (a),
immediately after (b), and the day after (c) enclosure in Cell Domes stained with calcein-
AM and PI (Scale Bars: 250 um). (d) Viability of the cells before, immediately after, and
one day after enclosure in Cell Domes. (n = 3, bars: SD, n.s.: no significant difference,
*n > 0.05). (e-h) Micrographs of enclosed cells cultured for 0, 1, 4, and 7 days in Cell
Domes (Scale bars: 250 pm). Reprinted (adapted) from [218]. Copyright © 2024 Elsevier
B.V.
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successfully transfected (Figure. 6-4a). Additionally, the enclosed cells in every other alternate
Cell Dome were transfected, with no transfection leakage or contamination observed in the
adjacent Cell Domes on the same glass plate (Figure. 6-4b). These results demonstrate that use
of the PVA-Ph/chitosan-Ph composite hydrogel shell-based Cell Dome facilitated the
introduction of genes into suspended K562 cells and enabled the fabrication of a cell-based
array with non-adherent cells in suspension.

This Cell Dome-based transfection array overcomes the limitations of conventional cell-based
arrays, which are restricted to adherent cells. Additionally, unlike previously proposed cell-
based arrays, that require non-adherent cells to adhere to a substrate, necessitating meticulous
and gentle solution handling [205], this Cell Dome-based transfection array allows non-

adherent cells to be handled easily in suspension using the same solution procedures as

adherent cells. Current drawbacks with Cell Dome-based arrays include the size of the Cell

Figure 6-4. (a) K562 cells transfected with Lipofectamine/pDNA complexes released
from the bottom of Cell Domes (Scale bars: 500 um). (b) K562 cells enclosed within Cell
Domes alternately transfected into adjacent Cell Domes with Lipofectamine/pDNA
complexes (Scale bars: 500 um). Reprinted (adapted) from [218]. Copyright © 2024
Elsevier B.V.
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Dome (diameter: 1 mm) and low gene expression levels. Cell-based array technologies enable
the complex characterization of cells in a high-throughput format, providing abundant
information from small sample volumes [37, 202, 203, 225]. To efficiently conduct numerous
experiments using minimal amounts of reagents, it is essential to reduce the size of the Cell
Dome. Although Cell Domes are currently fabricated manually, automating the preparation
process could enable the production of smaller Cell Domes. In this regard, a method to fabricate
a Cell Dome using an inkjet printer is currently in development. The observed decrease in gene
expression levels is attributed to gene transfer using Lipofectamine/pDNA complexes being
less efficient, especially with non-adherent cells. Gene transfer methods such as
superparamagnetic nanoparticles [226] and RetroNectin® [227] could effectively increase the
efficiency of gene transfer to non-adherent cells. By combining these gene transfer methods
with a Cell Dome-based transfection array, it may be possible to create cell-based arrays using
non-adherent cells with high transfection efficiency.
4. Conclusion

The potential of the Cell Dome as a platform for transfecting non-adherent suspension cells
was thoroughly investigated. The PVA-Ph/chitosan-Ph composite hydrogel served as the
hydrogel shell of the Cell Dome due to its cytocompatibility and non-interference with
transfection by Lipofectamine/pDNA complexes. Lipofectamine/pDNA complexes spotted on
the bottom of the Cell Domes on a glass plate could transfect the enclosed cells. No leakage or
contamination in the adjacent Cell Domes was observed after transfection with the spotted
Lipofectamine/pDNA complexes. This novel Cell Dome-based transfection array has the
potential to broaden the scope of cell-based array technologies by facilitating the transfection

and evaluation of non-adherent suspension cells.

Some portion of this thesis, including text and figures, have been previously published in
the journal article “Cell Dome-based transfection array for non-adherent suspension cells”
by Kazama et al., published in Biochemical Engineering Journal, 2025, 213, 109554
(Reference No. 218). These sections are reproduced here with permission from © 2024
Elsevier B.V.
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Chapter VI

General Conclusions

This thesis explored the establishment and evaluation of the Cell Dome, a novel bioassay
method, covering various aspects: the establishment of standardized Cell Dome (Chapter II),
its application for culturing non-adherent (Chapter II) and adherent cells (Chapter III), studies
on the effect of hydrogel shell's cell adhesiveness on enclosed cells (Chapter IV), its use in
lymphoma modeling (Chapter V), and its application in cell-based transfection arrays (Chapter
VI). Thus, this work contributes to advancing the drug development process and provides
valuable biological and medical insights into tumors, diseases, and related conditions.

Chapter II described the establishment of a novel, standardized cell culture and evaluation
system for bioassay in a dome fabricated with a semi-permeable hydrogel shell obtained
through HRP-mediated hydrogelation. This cell-enclosed hydrogel dome was named Cell
Dome (I mm in diameter and almost 300 um in height). Enclosed K562 cells, as a model of
non-adherent cells, grew within the cavity, stained and differentiated with reagents supplied by
the surrounding medium, and were easily manipulated in solution without cell loss or damage.
Additionally, K562 cells filled in the hemispherical cavities of the Cell Dome (3D
microenvironment) were more hypoxic and resistant to mitomycin C than cells cultured in 2D.
The Cell Dome system established in this study can greatly improve the culture of non-adherent
cells and would be a promising standardization bioassay tool for convenient culture and
evaluation of non-adherent cells.

Chapter III focuses on the application of the Cell Dome as an evaluation platform for the
3D culture of adherent cells. HepG2 cells, a type of adherent cells, formed hemispherical cell

aggregates that filled the cavity of the Cell Dome by day 18 of culture and remained viable for
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up to 29 days. The center of the glass adhesive surface of the hemispherical cell aggregates,
which is expected to have an environment similar to that of the center of the spheroid, could
be directly observed through the glass plate. Cells cultured in the cell dome for 18 days
exhibited higher Pi-class glutathione S transferase enzyme activity, hypoxia-inducible factor-
la gene expression, and resistance to mitomycin C than cells cultured in 2D on tissue culture

dishes. These results demonstrate that the Cell Dome is a bioassay that can be applied to

adherent as well as non-adherent cells as described in Chapter II, suggesting that the Cell

Dome is applicable to a wide range of cell-based assays and has the potential to be widely used
as a very useful standard platform.

Chapter IV described the effects of the cell adhesion properties of the Cell Dome’s hydrogel
shell on the enclosed cells. Hydrogel shells with varying degrees of cell adhesion properties
were prepared and cell behavior of the human cervical cancer cell line (HeLa), expressing the
cell cycle marker fucci2 (HeLa-fucci2 cells), was observed. In adhesive hydrogel shells, cells
proliferated along the inner wall of the shell, whereas in non-adhesive hydrogel shells, cells
grew uniformly at the bottom of the cavities. Furthermore, cells in non-adhesive hydrogel shells
had a higher percentage of cells in the G1/G0 phase compared to those in adhesive shells and
exhibited increased resistance to mitomycin when the cavities became filled with cells. These
results emphasize the importance of judiciously considering the cell-adhesive properties of the
hydrogel shell when selecting material for Cell Domes.

In Chapter V, a 3D lymphoma model was developed by culturing lymphoma-derived TK
and KML-1 cells using the Cell Dome system. The central cells in the Cell Dome were hypoxic,
and there was an oxygen concentration gradient in the Cell Dome, which more closely
mimicked actual lymphoma. To my knowledge, this is the first study to reproduce an oxygen
concentration gradient in a 3D culture of lymphoma-derived cells, that more faithfully

recapitulates the lymphoma environment than conventional 2D culture methods. CD19
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expression did not change in either cell line, while CD20 expression was slightly upregulated
in TK cells and downregulated in KML-1 cells cultured within the Cell Dome compared to
those cultured in 2D flasks. In addition, both TK and KML-1 cells in the hemispherical
structures exhibited higher resistance to doxorubicin than those in 2D flasks. This study
demonstrated the utility of the Cell Dome in a 3D lymphoma model and provides valuable

insights for studying lymphoma behavior and developing new drugs for lymphoma treatment.

In Chapter VI, the potential of the Cell Dome as a platform for transfecting non-adherent

suspension cells was investigated. The human lymphoma cell line (K562 cells) was used as a
model for non-adherent cells to explore suitable hydrogel materials as transfection arrays using
Cell Dome (named Cell Dome-based transfection arrays). Gene transfer to suspended non-
adherent cells was possible in Cell Domes with PVA-Ph/chitosan-Ph composite hydrogel shells.
In other words, the Cell Dome with an appropriate hydrogel shell could be used as a
transfection array for non-adherent cells in suspension. This novel Cell-Dome transfection
array would be a valuable tool for analyzing the cellular function of non-adherent cells in
suspension and showcases the potential for providing important biomedical insights for future
research and development.

Overall, this thesis describes the successful establishment of the Cell Dome system as a new
bioassay method, providing a platform for standardized cell-based bioassays for both non-
adherent and adherent cells. In addition, Cell Dome can be a useful tool for the fabrication and
evaluation of 3D lymphoma models and cell-based transfection arrays for suspended non-
adherent cells. The findings of this thesis highlight the potential application of Cell Dome in
the drug development process for various types of tumors and diseases and provide valuable

insights for the biological and medical fields.
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Suggestions for Future Works

Based on the findings of this research, the Cell Dome system presents several promising

prospects for advancing the fields of biology, medicine, and drug development.

(1) Control of hydrogel shell permeability

The hydrogel shell used in this thesis showed good permeability to low molecular weight
compounds and provided nutrients, including oxygen, to the enclosed cells. On the other hand,
it is difficult to precisely control the permeation of substances through the hydrogel shell. If it
is possible to precisely control the diffusion of substances into and out of the Cell Domes
according to the molecular weight and charge of the substance, it is expected to be useful in

drug testing and the evaluation using reagents.

(2) 3D Co-culture using Cell Dome

Current research is focused on evaluating the culture of one cell type in the Cell Dome. The
next step will be to develop tumor and organ models that better mimic the tissue environment
by co-culturing multiple cell types using Cell Dome. In addition to the advantages such as 3D
culture of non-adherent cells, the Cell Dome integrates co-culture that recreates the interaction
between cells in vivo. If both, 3D culture of non-adherent cells and co-culture become possible,
it is expected that cell behavior in living tissues can be reproduced more accurately, and

responses to drugs can be analyzed with higher precision compared to 2D monoculture.

(3) Mechanization of Cell Dome Fabrication Method
Cell Dome is currently fabricated manually. Mechanizing the Cell Dome fabrication method
will enable a large number of assays to be performed simultaneously, contributing to high

throughput technology. This will greatly advance the generalized practical application of the
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Cell Dome. The study of Cell Dome fabrication using an inkjet printer would be very useful.

(4) Application of Cell Dome system to biochips

It would be very useful to investigate the application of Cell Dome to biochips that mimic
in vivo interactions to better replicate the in vivo environment. Specifically, a biomimetic chip
can be attached to the Cell Dome and connected via a flow path can be fabricated. Next, the
Cell Dome with 3D co-cultured cells of interest can be placed on the chip and evaluated (for
example, pancreatic cancer-derived cells, liver-derived cells, and vasculature-derived cells may
be used to evaluate drug action considering drug metabolism in the liver). Various systems can
be easily constructed by simply arranging Cell Domes enclosing cells as desired, and this has
the potential to create biochips that incorporate 3D culture with greater ease than conventional
methods. This is expected to reproduce biological systems that reflect interactions between

organs and tumors.
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