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Comment by Dr H. L. Leo: The thesis title is ‘development of miniaturized bioreactor for stem cell
culture’, however the last two chapters deal mainly with hydrogel scaffold. Strictly speaking, scaffold
cannot be considered bioreactor, and in this particular study, miniaturized. I suggest the candidate
make changes to the thesis title to reflect a better representation of whatever covered in this thesis
work
Candidate: The main aim of the research study is to examine the behaviour of stem cells in different
miniaturized bioreactor systems (PDMS micro-bioreactor, liquid marble bioreactor and hydrogel
scaffold). In our study, the hydrogel was developed as a biomaterial to construct a bioreactor bed, and
the title could be considered as appropriate. Therefore, we have left the original thesis title unchanged.
Comment by Dr H. L. Leo: Chapter discussed the work on surface functionalization of PDMS based
micro-bioreactor, and the reviewer do not see how this work is linked with the subsequent chapters on
liquid marble, hydrogel etc.. Also, the work on this PDMS bioreactor is not continued in the following
chapters, or compared with the LM method. How exactly did the PDMS works contribute to the
understanding of subsequent LM and hydrogel works?
Candidate: The aim of this thesis was to study the behaviour of stem cells including proliferation and
differentiation in three different miniaturized bioreactor systems. To achieve this goal, we considered
three different small-scale bioreactors including a PDMS microchannel bioreactor, and liquid marble
and micro-porous hydrogel bioreactors. In Chapter 3, a PDMS microchannel was considered as a
micro-bioreactor bed (micro-environment) for improvement of stem cell adhesion and proliferation.
The next Chapters (4,5,6 and 7) provide two novel EB formation methods as a critical step for in vitro
differentiation in ESCs at small-scale. Therefore, there is a reasonable link between the thesis
chapters. In the thesis abstract, there is a comprehensive explanation on the research aims.
Comment by Dr H. L. Leo: The candidate may need to furnish more info on the physical dimension of
the PDMS bioreactor, for example, the length and width of the microchannel, the volume of culture
medium etc.
Candidate: The details about the dimensions of PDMS microchannel were already presented in the
section “Fabrication of PDMS microchannel” in the published paper entitled “Surfacefunctionalization of PDMS for potential Micro-bioreactor and embryonic stem cell culture
applications. The presented information clearly indicated that the volume of the culture medium is
equal to the volume of microchannel, which is sufficient for the length and width of the microchannel,
the volume of culture medium. Hence, we avoid to repeating these information.

Comment by Dr H. L. Leo: A good control for this PDMS bioreactor would be the 96 well plate. But
this is not present in the study.
Candidate: Since all experiments were conducted in 6 well-plates, we also used 6 well-plates TC
culture dish as a control for all experiments for consistency (some results have been presented in
Figure 8 of Chapter 3)
Comment by Dr H. L. Leo: It is not clear from the thesis; a. How stable are the PTFE material used?
What is the thermal decomposition property of PTFE?
Candidate: PTFE is a very stable polymer due to the strength of C–F bonds and shielding by the very
electronegative fluorine atoms. Thermal decomposition process starts between 750K and 800K. The
principal product of decomposition is the monomer, CF4, with small amounts of hydrogen fluoride
and hexafluoropropene. Thermal decomposition is initiated by random-chain scission, followed by
depolymerization. Termination is by disproportionation. It is possible that the actual product of
decomposition is CF2, which immediately forms in the gas phase. (Thermal Decomposition of
Polymers, by Craig L. Beyler and Marcelo M. Hirschler)
Comment by Dr H. L. Leo: b. What is the O2 and CO2 diffusivity of the PTFE shell?
Candidate: Permeability of PTFE to Oxygen is x10-13 cm3. cm cm-2 s-1 Pa-1 and to Carbon Dioxide is
x10-13 cm3. cm cm-2 s-1 Pa-1
Comment by Dr H. L. Leo: c. What is the typical thickness and diameter of the PTFE shell and the
size (diameter) of the EBs within these shells?
Candidate: The thickness of the liquid marble shell is around the size of powder particles ( in our
studies was 30µm) . The diameter of EBs varies based on different parameters such as powder particle
size, volume of liquid marble and cell seeding density, which have comprehensively been presented in
Chapter 5.
Comment by Dr H. L. Leo: d. A 3D cell mass of more than 150 microns will affect the oxygen
diffusion within the cell core. On average, how many EBs form within a single LM?
Candidate: Tian et al. (2010) showed that the hydrophobic shell of a liquid marble prevents direct
contact of the liquid core of the marble with any condensed phases (i.e. solid or liquid) outside the
marble, but allows gas and vapour to diffuse across the shell. This property of a liquid marble
naturally enables it to discriminately absorb or emit gaseous and vaporous compounds across its shell
while denying contact or transport of liquids. The PTFE particles on the shell are not chemically
bonded but are closely packed, so there are micro-gaps where gas can pass through. Liquid marbles
therefore can be used to form micro-gas reactors for gas detection application when loaded with an
indicator solution. Furthermore, Nguyen et al. (2010) showed that the thickness of the liquid marble
wall is not uniform since the liquid marble wall is composed of a combination of mono- and multilayers of particles. Particles, which are approximately larger than 50µm, form the monolayers, while
the finer particles form multi-layers in the powder shell. Therefore, the liquid marble wall covers a
large range of thicknesses, varying from an average of 43–114µm with a standard error of the mean
ranging from 2.6 to 18.5µm. Since we used 30µm powder particle size, the thickness of the shell was
not be a barrier for gas diffusion. The number of EBs formed inside LM is dependent on the initial
number of cells which has been presented in Figure A-1 appendix 5.3.

Comment by Dr H. L. Leo: e. How do you retrieve the EBs within the LM after several days of
culture?
Candidate: the method to retrieve EBs from LM has been presented in Chapter 2, experimental
procedure in details.
Comment by Dr H. L. Leo: Also not clear from the thesis was a. What is average size and size range
of the EBs formed under LM technique? Similarly, what is average size and size range of the EBs
formed under LS technique?
Candidate: The average diameter of EBs depends on different parameters such as powder particle
size, volume of liquid marble and initial cell seeding density. The effects of these parameters on
efficiency of the formed EBs inside LM and LS at different time points have comprehensively been
compared and presented in the published RSC advances journal paper (Chapter 5).
Comment by Dr H. L. Leo: It was mentioned in the thesis that 20,000 cells is the ideal number for
each LM. Why is that so? Any physical reason for this?
Candidate: The cell seeding density inside liquid marbles plays an important role in the yield and
uniformity of the formed EBs. A liquid marble provides a confined space in which cells are free to
interact effectively with one another, while having minimal contact with the powder particles.
Moreover, EB formation depends on the accidental impact of ES cells with one another. It suggests
that a higher density of cells will provide a higher chance of impact, resulting a higher number of
EBs. Our quantitative and qualitative studies showed that the best number of viable EBs was obtained
with 20,000 cells. (Appendix 5.3)
Comment by Dr H. L. Leo: In cross-linking process of hydrogel, how consistence is the pore size
across the entire cellulosic construct?
Candidate: I have used the hydrogel synthesized by Seiw et al. (Recently published in Journal of
materials and chemistry B, 2013, Preparation of a soft and interconnected macroporous
hydroxypropyl cellulose methacrylate scaﬀold for adipose tissue engineering). They have
demonstrated that (Figure 3E,F which shows the SEM and pore size distribution graph for HPC-MA20 wt%) the pore size after cross-linking and lyophilisation, is fairly consistent across the hydrogel.
Comment by Dr H. L. Leo: What is the physical size of the scaffold used in culturing? b. Does the
cells aggregate more in certain parts of the constructs, for example, the centre region may have more
viable cells compare to the peripheral ones. Did the candidate perform a cross sectional staining
looking at the cell viability across the construct?
Candidate: The porous gel had pore diameter of ranging from 30 to 300µm with median pore
diameter of approximately (42.4µm) and controlled porosity of (~96 ± 0.9%) as measured by mercury
porosimetry, which is believed to be suitable for inducing cell aggregation into EB. The viability of
cells in the whole gel was performed quantitatively and presented in Chapter 7 which shows higher
viable cells inside hydrogel compared to those formed in LS method. We also did SEM crosssectional imaging (Figure7.8), which also confirmed the formation of significant numbers of uniform
EBs inside hydrogel. All these results confirmed the potential of hydrogel to induce EB formation,
which could eventually differentiate towards cardiogenic lineage.

Comment by Dr L Liu: What are the possible causes of black particle to appear in Fig. 2F (Page 140,
chapter 5)? Although the scale bar is missing in this figure, the estimated particle size and
morphology are similar to PTFE powders as revealed in Figure 2. (Page 132) of Chapter 4. The
candidate is welcome to make a small comment on this concern.
Candidate: It is worth mentioning that by retrieving EBs from the LM, some particles will attach to
the surface of the micropipette tip and this is the reason for appearance some black particles in some
images you can see some particles as well. The scale bar is 100 µm.
Comment by Dr L Liu: Is it possible to compare the quality of EBs formed in liquid marble and
hydrogel?
Candidate: The purpose of Chapter 7 was to compare the efficiency of EB formation via hydrogel
method with one of the commonest EB formation techniques named (Liquid suspension, LS). I have
done some quantitative and qualitative comparison between hydrogel and LM in terms of cell
viability, expression of three germ layer markers, immunostaining, real time PCR. The comparison
between Hydrogel method and LM was not in the scope of this study.
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Abstract
Embryonic stem cells (ESCs) are pluripotent cells capable of indefinite self renewal in vitro while
maintaining the ability to differentiate into cell types of all three germ layers. ESCs are outstanding
options of in vitro cell models for regenerative medicine, functional genomics, human developmental
biology and drug discovery study. Stem cell research is among the most promising fields of
biotechnology, and which provides the potential of developing novel approaches to repair or replace
damaged tissues and cells. The present day, exponentially growing effort of stem cell research
emphasizes a major need for convergence of more efficient and appropriate laboratory technologies to
sustain the growth, proliferation and differentiation potential of stem cells.
Although so far, a variety of conventional bioreactors with different configurations (such as spinner
flasks, rotary, perfusion bioreactor, etc.) have been designed and adapted for stem cell expansion and
differentiation, bioreactors can be disadvantageous in bench-top research because they need large
space, consume huge amount of reagents and need more time to operate and maintain (sterilizing,
cleaning, assembling, and disassembling of the bioreactor components). The requirements for costly
equipment and generating shear stress due to the fluid flow, and the lack of physical similarity
between microenvironments of bioreactor and actual cell microenvironment, make using bioreactors
undesirable.
In tissue engineering, micro-scale technology is an approach that combines micro-techniques with
materials science and surface engineering, and results in a profound exploration of the
microenvironment where cells are embedded. These technologies are able to address some of the
limitations imposed by conventional tissue engineering methods. Indeed, developing successful novel
small-scale technologies for in vitro cultivation of different types of cells can assist in increasing our
knowledge on conditions that control stem cell growth and differentiation and organ development. In
fact, small scale bioreactors are miniaturized versions of conventional bioreactors, where highthroughput cell based assays can be carried out at low cost compared with their macro-scale counterparts.
The first aim of this thesis was to develop a disposable miniaturized bioreactor through a novel and
inexpensive method for effective stem cell proliferation. To this end, an effective surface
functionalization method was developed for enhancing the biocompatibility of a PDMS surface that is
protein resistant while facilitating cell proliferation (expansion) and maintaining the pluripotency
potential of cells. The micro-bioreactor was fabricated in the form of a fixed bed bioreactor with a
microchannel reactor bed. The microchannel was functionalized to enable cell adhesion and resistance
to protein adsorption. The functionalized surface was found to be biocompatible with cancer and
embryonic stem cells (ESCs), and while facilitating cell proliferation.
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Differentiation of ESCs into a variety of cell types is an important characteristic of these types of
cells, which is commonly achieved in vitro by spontaneously self-assembling in low adhesion culture
conditions into 3D cell aggregates called embryoid bodies (EBs). Formation of EBs that simulates
many of the characteristics of early embryonic development is considered as a vital step to induce
differentiation of stem cells. Formation of three dimensional configurations of ESCs as EBs provides
possibilities to mechanistically study early differentiation events of pluripotent cells. In fact, EB
formation is of paramount importance for in vitro investigation of the embryonic development and
differentiation of both the mouse and human ES cells.
The second aim of this thesis was to introduce a novel concept of a miniaturized bioreactor made of
liquid marble (LM). A novel application of liquid marbles for formation of embryoid bodies (EBs)
was then presented. This study showed that the confined internal space of liquid marble, along with
the porous and non-adhesive property of the highly hydrophobic liquid marble shell, can facilitate the
formation of uniform EBs inside the liquid marbles. The efficiency of liquid marble-born-EBs
compared to the liquid suspension (LS) technique as the chosen control method in terms of cell
viability and EB uniformity revealed that cells in liquid marble are more viable than those in
suspension. Measuring EB size distribution as an indicator of uniformity also confirmed that EBs
obtained by the LM are morphologically more uniform and of a narrower size distribution compared
to those formed in LS. The feasibility of using liquid marble bioreactors for cardiomyocyte
differentiation of mouse ES (mES) cells after formation of EBs inside the liquid marble was further
investigated. The results demonstrated that ES cells can differentiate into myocyte cells through the
liquid marble as a facile, cost effective, and straightforward method. We proposed for the first time
that liquid marbles greatly contribute to ES cardiac differentiation, which provides a new technology
platform for ES biology and genetic studies.
It is worth mentioning that although the majority of our knowledge in modern biology has been
provided by classical two dimensional (2D) cell culture techniques, the most common negative
aspects of these systems is deficiency of support from extra-cellular matrix, which represents an
important role for cell growth and development. It is now well accepted that cells reside, proliferate,
and differentiate in complex 3D microenvironments. The concept of using three dimensional (3D)
biodegradable scaffolds as alternatives for extracellular matrix (ECM), which more closely reform
cells’ native structure, is an interesting area of study in current tissue engineering. Because of their
unique function, stem cells need to reside in the specialized, 3D microenvironment that surrounds
them in native tissues.
The third section of this thesis (chapter 5) focuses on the investigating of the feasibility of forming
embryoid bodies using a novel hydrogel as bioreactor embedding material. This hydrogel is porous
and biodegradable and is prepared by modifying hydroxypropylcellulose (HPC), with bio-functional
methacrylates (MA). Observation of EB formation inside hydrogel implied that the stem cells
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attached and penetrated to the pores, and proliferated well, while forming uniform EBs. Uniformity of
EBs formed inside hydrogel, compared with those formed via liquid suspension (LS) method, as one
of the most widely used EB formation techniques. It was observed that porous hydrogel allows the
formation of more homogeneous EBs. It was found that cells inside hydrogel-born EBs are more
viable compared to those formed in LS method. Expression of germ markers via quantitative PCR and
immunostaining confirmed that the hydrogel-born EBs had expressed 3 germ layers with further in
vitro differentiation potential. These EBs were allowed to differentiate further in hydrogel, where
positive immunostaining of different cardiac markers and observation of beating EBs showed the
potential of EBs to further differentiate into cardiac cells lineage.
In summary, this thesis first presents a novel, facile and cost effective method via surface biofunctionalization of PDMS bioreactor for better stem cell adhesion and proliferation, and later
introduces two novel methods to prepare bioreactor material, namely liquid marble and porous
hydrogel (HPC-MA) for formation of embryoid bodies, which is considered as a critical step for in
vitro differentiation in ESCs.
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Chapter 1: Literature Review
1.1 An introduction to cell and tissue engineering
Tissue engineering (TE) is a newly emerging biomedical technology that aims to design, create, or
replace tissues and organs using combinations of cells, biomaterials or biologically active
molecules[1]. Tissue engineering is a highly interdisciplinary area, which amalgamates the principles
of the life sciences and medicine with those of engineering toward the development of biologic
substitutes that can restore and maintain normal functions. By doing so, TE strategies promise to
revolutionize current therapies, and significantly improve the quality of lives of millions of patients.
The aim of TE is to develop novel and effective in vitro biological methods and technologies that help
the better understanding of the normal function of tissues, as well as functions similar to those found
in vivo [2].
To begin, this discipline was born in 1933 when mouse tumour cells were wrapped in polymer
membrane, and implanted into a pig’s abdominal cavity[3]. In the late 1970s and 1980s, sheets of
collagen or collagen–glycosaminoglycan composites were used as two-dimensional systems for
culturing cells and to generate anew skin [4, 5]. The next important progress in tissue engineering was
generating three-dimensional structures composed of synthetic polymers for hosting larger number of
cells [6]. It was about 20 years ago when Langer and Vacanti published a seminal article describing
how biological and engineering principles are utilized to bring cells, biomolecules and scaffolding
together to repair or grow new tissues [7]. At the time, the concept of creation of tissues in the
laboratory seemed impossible; however, some landmark studies such as the growth of a human
shaped ear on the back of a mouse opened a new way of thinking towards the generating of new
technologies and constructs capable of mimicking the structure of native tissue and organs [8].
Despite the significant interests and advances that have been reported [9-11], clinical advances have
moved much slower than expected and there are several difficulties associated with current
implantation practice. The number of organs available for transplantation is far exceeded by the
number of patients needing such procedures; many tissues are not stored in banks, so supply problems
exist and there is always a possibility of organ and tissue rejection.
One of the important elements to the success of tissue engineering is expanding and generating
appropriate numbers of cells that can perform the required biological functions, and maintain the
normal phenotype. For instance, some cell functions such as producing the extracellular matrix in the
correct organization, secreting cytokines and other signalling molecules, as well as interacting with
neighbouring cells/tissues, are some of the essential parts of a normal cell’s performances that need to
be accomplished. Repairing and/or replacing the damaged tissue as a fundamental principle in TE in
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some cases could be possible using the relevant cells as a starting material from the same patient, such
as knee repair with, e.g., autologous chondrocytes (primary cells). The type of cells used for tissue
engineering could be provided from different cell sources.
For the use of cells in tissue engineering, sufficient numbers of cells are seeded onto a synthesized
substrate with the appropriate biomaterial. In fact, in tissue engineering, biomaterials act as artificial
extracellular matrix (ECM) to replicate the biological and mechanical function of native ECM.
Therefore, in order to generate constructs capable of accurately mimicking/replacing structures as
defined and organized as complex tissues and organs, other critical elements should be carefully
considered, including biomaterial substrate.
Biomaterial technology, which is increasing in complexity and becoming smarter, plays an important
role, as a mechanical support for cells, in the creation of the cell environment, in which appropriate
regulation of cell behaviour (e.g., adhesion, proliferation, migration, and differentiation) can occur. In
addition, biomaterials act as temporary mechanical support for tissue to grow and for cells to undergo
spatial tissue reorganization.
Another major concern of TE is the ability to miniaturize and parallelize cell-based assays. In TE,
miniaturized technology is a new field of study that can be applied to fabricate biomimetic scaffold
and novel bioreactors with the ability to perform high-throughput experiments [12]. The control of
cell-microenvironment interactions, including cell-cell, cell-extracellular matrix, and cell-soluble
factor interactions, is being facilitated using small-scale technologies [13]. For this purpose, much
effort has been devoted to the areas of micro- and nanotechnologies, both in terms of production
methods and in analysis tools (Figure1.1).

Figure (1.1): Schematic diagram of involvement of different areas of knowledge in tissue engineering with
different inputs field[14]
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For successful regeneration therapy of tissues and organs, it is indispensable to apply novel smallscale culture systems (such as mini and micro-bioreactors) with combination of materials science and
surface engineering, to obtain a deeper understanding of cells’ micro-environment, and to support
cellular adhesion, proliferation and differentiation.

1.2 Sources of cells for tissue engineering strategies
1.2.1

Primary cells

Construction of an engineered tissue in vitro, which resembles the native tissue, usually requires the
use of cells to populate matrices. The primary achievements in this area have originated from the
employment of primary cells, extracted from the patients, and applied along with scaffolds to produce
tissue for re-implantation.
Primary cells are mature cells specific to tissue type that are harvested from explants material and
removed by surgical procedures. However, these types of cells are the most desired ones, as a result of
immunological compatibility, and they are differentiated cells and post-mitotic. Furthermore, the
tendency of some cell types to de-differentiate during ex vivo cultivation and expression of an
inappropriate phenotype (e.g., articular chondrocytes in culture often produce fibrocartilage as
opposed to hyaline cartilage) limited their applications. Although primary cells, especially autologous
cells (same species), are still used in tissue engineering, yields and proliferation rates tend to be low,
and for some phenotypes, like spinal cord neurons, harvesting from a patient or donor is not an option.
These types of cell sources had significant disadvantages, including low yield and the probability of
gene alterations associated with aging. These limitations have motivated studies to find and develop
alternative cell sources for tissue engineering strategies, and stem cells are already providing solutions
to some of the problems encountered using primary cells released from explanted tissues. Embryonic
stem cells have shown great promise for providing the functional tissues needed to address the
shortfall of tissue and organs in medicine [15, 16]. In recent years, the potential of stem cell research
for tissue engineering-based therapies and regenerative medicine clinical applications have become
well established. Table 1.1 illustrates some of the common types of cells used in TE, which vary from
autologous or allogenic to differentiated to stem or progenitor origin depending on the site where the
seeding is required [17].
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Table(1.1): Cells that have been used for tissue engineering and cell therapy [17]
Cell type

Human cell source, donor
immunogenicity

Embryonic stem
and progenitor cells

Embryonic tissue; tight
ethical regulation,
allogeneic, presumably
with low immunogenicity

Induced pluripotent
stem cells

Autologous tissue biopsy
(e.g., skin, fat, or muscle),
require reprogramming

Limited expansion, but
high differentiation
capacity; epigenetic
memory?

Fetal, umbilical
cord, and placentaderived
stem and
progenitor cells

Aborted fetal tissue (e.g.,
fetal liver or marrow,
umbilical cord, amniotic
fluid, and placental tissue)

High expansion capacity
but unknown long-term
risk of
maligtransformation;
response to allogens?

Adult stem and
progenitor cells

Bone marrow aspiration,
peripheral blood, adipose,
and other adult tissues;
usually autologous, but
also allogeneic sources

Low to moderate risk of
de-differentiation and
unknown long-term risk of
malignant transformation;
potential immunological
issues
Limited expansion
capacity; no
immunogenicity expected
but immune-response to
allogens

Lineage-committed
and differentiated
adult tissue cells

Commonly tissue biopsy,
but also peripheral blood;
selection of cell types,
autologous vs. allogeneic
donor?

Ex vivo manipulation and
immunogenicity

High expansion and
differentiation capacity;
potentially immunogenic
culture supplements

Clinical experience
Only preclinical studies,
(potential teratoma
formation); require
xeno-/ pathogen-free
culture supplements
Only experimental and
preclinical studies
(potential teratoma
formation)

Mostly preclinical
studies; umbilical cord
blood cells for cartilage

Pulmonary valve and
trachea (autologous
EPCs/MSCs); acute
GvHD (allogeneic
MSCs)

Trachea; bladder;
cartilage

Although there are several classes of stem cells with their own benefits, limitations, and challenges in
bioprocess development (including embryonic and adult stem cells, and more recently induced stem
cells), the two most broadly used in TE will be described in the following subsections.

1.2.2

Stem cells

Stem cells are pluripotent cells defined by two unique properties: first, the capacity of self-renewing
even after a long period of time; and second, the ability to generate differentiated cells under certain
physiological or experimental conditions. In contrast to muscle, blood or nerve cells, stem cells have
the capability of replicating themselves many times. These types of cells proliferate for many months
in the laboratory and can yield millions of cells. If the resulting cells continue to be unspecialized, like
the parent stem cells, the cells are said to be capable of long-term self-renewal. Stem cells can be
found in several organs in human such as in the inner cell mass of the early embryo, in some tissues
of the fetus, the umbilical cord, placenta, and in several other adult organs.
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The remarkable potential of stem cells was recognized after isolation of pluripotential stem cells from
early embryos and growing them in the laboratory in the late 90s [18, 19]. One of the fundamental
properties of stem cells is that they are not specialized; they can give rise to specialized cells,
including heart, muscle, blood or nerve cells, but they do not have any specific tissue structure with
specific function.
Differentiation of stem cells is a process in which unspecialized stem cells give rise to specialized
cells through several stages. The degree of differentiation of stem cells to various other tissue types
varies with the different types of stem cells, and this phenomenon is referred to as plasticity. In this
regard, stem cells are classified according to their differentiation capacity into totipotent, pluripotent,
multipotent and unipotent stem cells (Figure 1.2).
Totipotent stem cells, which are recognized as the master cells, have the capability of differentiating
into all specialized cell types in the body. These cells have the capability of forming a completely new
embryo that can develop into a new organism. A fertilised egg is totipotent. None of the stem cells
used in research appear to have this capacity.
Stem cells that can differentiate into all of the cell types within the body, such as embryonic stem
cells (ESCs), are called pluripotent stem cells. These cells are highly versatile cells and can give rise
to all specialized cells except those needed to develop a fetus. Pluripotent stem cells have the capacity
to differentiate into the three somatic germs layers compromising mesoderm (muscle, bone, etc.),
ectoderm (neurons, skin, etc.) and endoderm (hepatocytes, pancreatic beta cells, etc.).
Multipotent stem cells can generate multiple types of differentiated cells, but are limited to the
particular tissue, organ or physiological system of origin. Adult stem cells such as hematopoietic stem
cell are the example of multipotent cells that can produce many types of blood cells but cannot
differentiate to a brain cell. And finally, unipotent stem cells are the stem cells that can only
differentiate into one cell type.
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Figure (1.2): Origin of stem cells. Pluripotent stem cells differentiate into many cell types. Only the morula
cells are totipotent, able to become all tissues and a placenta. In some cases, a tissue contains only
one differentiated lineage and the stem cells that maintain the lineage are described as unipotent.
CNS, central nervous system; ICM, inner cell mass [20]

The above-mentioned unique properties of the stem cells have generated more interest among public
and professionals. This is because the better understanding of their unique properties may provide
deep insights into the biology of cells as well as better knowledge toward treatment of a variety of
illnesses, and offers useful application in cell therapies, drug discoveries and tissue engineering [2123]. Moreover, stem cells play a vital and essential role in the human body, by specifying the starting
material for organs and tissues as well as by their continuous maintenance, growth, and renewal
throughout ontogeny [24]. With the ability to generate a multitude of tissue types, stem cells have
recently been considered as a primary cell source for tissue engineering in which the focus is on
developing alternative therapies for degenerative diseases and injuries by regenerating the damaged
tissue and restoring their function within the affected individual.
To date, the majority of research has been carried out on two main groups of human and animal stem
cells, including non-embryonic (adult or somatic) stem cells, and embryonic stem cells (ESCs).
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1.2.2.1

Adult stem cells

Adult stem cell, or postnatal somatic stem cell, populations were identified nearly 50 years ago when
it was shown that cells in bone marrow stroma and blood could rescue patients suffering from bone
marrow failures [25]. Adult stem cells are undifferentiated types of cells, located among differentiated
organs and tissues (Figure 1.3). These types of cells are known to be located in various adult tissue
niches throughout the body, including bone marrow, skin, brain, liver, muscle, nervous tissues as well
as in the circulation [26].

Figure (1.3): Location of human adult stem cells in some of the human tissues [27]

Initially, it was thought that adult stem cells are located only in the tissues in which they form. It was
surprising that some components of blood could be capable of developing an entirely different
embryonic origin. For example, the generating of muscle tissue and the development of neuron-like
cells formed from stem cells in the bone marrow that was mentioned in some investigations, increased
researchers’ expectation about the capability of hematopoietic stem cell (HSCs) to give rise to
multiple cell types from all three germ layers [28-30].
The study reported by Krause et al. in 2001 showed that a single HSC, transplanted into an irradiated
mouse, generated not only blood components (from the mesoderm layer of the embryo), but also
epithelial cells in the lungs, gut (endoderm layer) and skin (ectoderm layer)[31].
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Adult stem cells have the ability to give rise to the cells of tissues in which they have been found. For
example, skin stem cells generate new skin cells to replenish old or damaged ones. Although adult
stem cells are capable of self-renewal, their ability to differentiate is more limited in comparison with
embryonic stem cells (ESCs). In addition, in spite of ES cells’ ability to give rise to multiple lineages,
adult stem cells are not pluripotent and are also less versatile than ESCs.
The potential of adult stem cells are more limited similar, to primary mature cells. The practical
usefulness of adult stem cells in tissue engineering is limited due to difficulties in accessibility, low
number of cells (which is roughly 1 stem cell per 100,000 bone marrow cells), restricted
differentiation potential, and poor growth. Typically, the small numbers of adult stem cells in tissues
make them difficult to find and isolate. Adult stem cells usually stay dormant (non-dividing) unless
there is a requirement for repairing injured organs and lost tissues. Although it is believed that adult
stem cells are promising sources in cell-based therapies for various diseases and injuries (having been
considered to be a safer option for clinical applications than ESC because they have not been shown
to form teratomas), isolating and expanding their number in vitro has been found to be challenging.

1.2.2.2

Embryonic stem cells (ESCs)

The majority of existing strategies for tissue engineering depend upon a sample of autologous cells
coming from the diseased organ of the host. However, for many patients, generating enough normal
cells through the tissue biopsy cannot be achievable. Furthermore, in some cases, primary autologous
human cells cannot be expanded from a particular organ, such as the pancreas. In these situations,
embryonic stem cells are considered as alternative sources of cells from which the desired tissue can
be derived. ESCs provide fundamental tools for increasing the understanding of normal development
and disease, for cell therapy applications and for treating incurable and damaging disorders, including
spinal cord injury, neurological disease, blindness, and type 1diabetes [32].
Embryonic stem cells, with unlimited self-renewal and differentiation potential, represent a major
type of pluripotent population that are derived directly from the inner cell mass (ICM) of preimplantation embryos after the formation of the blastocyst and grown in the laboratory [33, 34].
Formation of blastocyst begins by fertilization of an ovum by a sperm, and results in a zygote, the
earliest embryonic stage. 30 hours after fertilization, the zygote begins to divide. By the 16-cell stage,
the compacted embryo is termed a morula. The morula cells begin to specialize by day 3 (E3.0) in the
mouse and days 5 to 6 in human development after fertilization, and form a hollow sphere of cells,
called a blastocyst [35] as illustrated in Figure 1.4.
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Figure (1.4): Development of the Pre-implantation blastocyst in Human and Mouse [36]

The outer layer of the blasotocyst, called the trophoblast, differentiates into the placenta and other
tissues supporting fetus growth, while the inner cell mass develops to a fetus [33]. Derived from ICM,
these populations of cells are pluripotent and have the potential to proliferate in vitro and to maintain
their undifferentiated state continuously while keeping the normal karyotype [33, 34, 37]. In addition
to displaying these unique properties, ESCs have the ability to differentiate into all three somatic germ
layers (mesoderm, ectoderm and endoderm) under well defined conditions in vitro, including cells of
the hematopoietic [38, 39], endothelial [40], cardiac [41, 42], and neuronal [43] tissues. Embryonic
stem cells have many advantages over somatic stem cells. They offer greater pluripotency and
indefinite growth in culture [44, 45]. They also provide a stable population of cells rather than a rare
cell among other cell types, having been isolated from a relatively homogeneous population of cells
within the ICM. Figure (1.4) illustrates the differentiation potential of ESCs. ESCs first were derived
from mice and then from other species, including non-human primates and human [18, 46]. Two main
classes of ESCs are described in the following sections.

1.2.2.2.1

Human embryonic stem cells (hESCs)

The derivation of the first human embryonic stem cell (hESC) lines in 1998 by Thomson and
colleagues provided a tremendous boost to tissue engineering and to stem cell biology [18]. By
definition, ESCs have a remarkable ability to self-renew continuously under appropriate culture
conditions, which means they are capable of producing more multipotent cells like themselves, as
well as being able to differentiate into cells representative of all three embryonic germ layers. Because
of these properties, the derivation of hESCs marked the beginning of a new area of research, for not
only basic biology, but also for regenerative medicine and drug discovery.
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Human ESCs show several distinct differences from murine ESCs, such as having a slower
proliferation rate (~24h doubling time) and showing a flatter morphological form. Human ESCs, in
contrast to mESCs, are typically derived from embryos discarded from in vitro fertilization (IVF)
procedures. They are also generally easier to dissociate into single cells than their murine counterparts
[47]. Human ESCs can proliferate for more than 2 years while showing stable and normal
complement of chromosomes. However, there is always need for careful monitoring of the aging ESC
lines to evaluate the presence of any genetic changes that may occur over time. Most hESC lines have
been obtained using murine embryonic fibroblasts (MEFs) as feeder cells, and grown in media
composed of defined Dulbecco’s modified Eagle medium (DMEM) and serum replacement
components that are not entirely free of animal ingredients. Although the feeder cells are inactivated,
i.e., they are not dividing and expanding, they still produce growth factors that sustain the ESCs.
Furthermore, separating the trophectoderm cells from the ICM via immune-surgery techniques is
performed using antibodies raised in animal species. Such in vitro culturing of hESCs increases the
potential risk of contamination of hESC lines by animal-derived ingredients and the risk of crossspecies pathogen transfer, which potentially limits the useful therapeutic applications of hESCs for
regenerative medicine. For example, Martin et al. reported that both hESCs and derived embryoid
bodies metabolically incorporate substantial amounts of Neu5Gc under standard conditions, which
was caused by the murine feeder layer and medium [48].
One of the main concerns in tissue engineering is the need to grow human ESCs without any
contamination by animal cells or proteins; this problem was highlighted by a report in January 2005
that showed the expression of a nonhuman protein by human ESC lines grown on animal feeder layers
[48]. So far, different methodologies, such as addition of basic fibroblast growth factor to the culture
medium [47, 49], growth on matrigel or laminin in feeder cell-conditioned medium [50] or in the
presence of GSK-3specific inhibitors such as 6-bromoindirubin-3´-oxime (BIO)[51], and growth on
fibroblasts derived from human ESCs, have been applied to get rid of animal feeders cells. However,
it is worth noting that none of these methods is totally able to remove animal products, and therefore
the problem still remains.
Research involving human ESCs is at the centre of the ethical debate about stem cell use and potential
in regenerative medicine. Different cultures and religious groups have their own ethical stance on the
use of human ESC. For example, in the UK, human ESC lines can only be derived legally under
licence from the Human Fertilization and Embryology Authority, and the lines must be placed in the
Medical Research Council’s Stem Cell Bank. Since hESCs derived from embryos obtained from IVF
procedures is not autologous, the possibility of patient’s immune rejection is increased, which limits
the clinical applications of hESCs.
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1.2.2.2.2

Mouse embryonic stem cells (mESCs) and their role as model of study

The derivation of hESC lines has followed developments in the study of mESCs, which were first
established as cell lines in 1981. Mouse development begins with a single-cell zygote, and results in a
fairly complex structure, the blastocyst, with three distinct cell lineages. In mESCs, self-renewal is
characterized by proliferation and high telomerase activity. It is believed that the mechanisms that
play the key role in maintaining mESCs pluripotent status, and their indefinite growing without
resulting in genetic anomalies, rely on the transcription factors that are involved in regulating
pluripotency. For example, it was shown that telomere shortening could be prevented by KLF4 as the
pluripotency transcription factor that can control telomerase reverse transcriptase (TERT) expression
in mESCs [52]. The key important motivation of using non-human organism as a model for human
disorders is to identify fundamental pathogenic mechanisms that provide opportunities for novel
therapeutic targets as well as evaluate the efficiency and safety of new drugs. As a result of
physiological, anatomical and genomic similarities between mouse and human, mice have historically
been the most frequent model for study of human diseases [53].
Advantages of using mice are the relatively low costs, known age, known genetic background, easy
handling, and housing. The initial isolation of murine ESC lines gave developmental biologists a
major tool as it provided a simple model system to study the processes of early embryonic
development and cellular differentiation. However, it also paved the way for tissue engineering
applications if similar totipotent cells could be extracted from human blastocysts.
Mice have been widely used as a model in biological study; this is because mice and humans share
approximately 99% of their genes.
It follows that mice and human have very common inherited diseases such as heart, cancer, glaucoma,
anaemia, hypertension, obesity, asthma and neurological disorders. Physiological differences exist
between mice and humans; the mouse's physiology provides an excellent tool for understanding
embryonic development, for understanding diseases, and to discover new treatments. Although there
are still other kinds of mammalians that share these diseases, the mouse still is the best model because
it is small, can be maintained cost-effectively, and has a short gestation period. Significantly, over the
past 100 years, there has been an immerse success in gathering a valuable amount of information
resources and experimental approaches for mouse genetics that have been systematically acquired.
Indeed, better understanding of the genetic, molecular and cellular basis of human diseases and
normal biological processes can be provided by using these type of resources and tools [54].
Due to the fact that mESCs represent the pluripotent stem cells that are naturally present in the early
embryo as well as the product of an in vitro culture system, without a doubt, they can be thought of as
the model to study early mammalian development and for their use in clinical applications.
The capacity to differentiate into a broad range of cell types, and the ability to form embryoid bodies
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containing differentiated derivatives of endoderm, mesoderm and ectoderm, are the most significant
characteristics of mESCs that can be applied in a wide range of experimental settings with various
stringencies. In vivo pluripotency of mESCs is evidenced by the formation of teratomas after being
transplanted in immune-deficient mice that contain tissues originating from all three germ layers. The
further potential of mESCs to contribute to all tissues of the adult organism, including germ cells, was
confirmed by germ line transmission through the generation of chimaeras by cell aggregation with
eight-cell embryos or cell injection into blastocysts [55]. This approach has been used for the past
three decades to generate transgenic mice for functional genomics studies.
The progress that has been made for inducing the in vitro differentiation of human ESCs into insulinproducing cells with the possible usefulness in treating diabetes was described by Ron McKay;
however, he also mentioned studies that have already been carried out with analogous mouse cells
transplanted into mice that have diabetes, and that partial restoration of insulin regulation was
observed [56].
The successful transplantation of mouse ESCs into rodents having Parkinson’s disease symptoms
have demonstrated the partial relief of these symptoms [57]. Similarly, studies suggest that mESCs
can be transplanted into animals that have spinal-cord injuries and can partially restore neural function
[58]. Although hESC lines have not been studied for as long as mESCs, several key differences have
already emerged. For example, mESCs have been shown to maintained their pluripotent state in the
presence of the cytokine Leukemia Inhibitory Factor (LIF), whereas LIF does not maintain hESCs in
the pluripotent state [18].
The population doubling time of hESCs is about 24h, which is longer than that of mESCs (12 h), and
this could reflect the longer gestational period in humans compared with mice. If in vitro culturing of
ESCs resulted in producing a desired cell type, the cells can be tested for their potential to repopulate
and to repair damaged or degenerating tissues. Using specific lineages that come from ESC in vitro
culturing is promising, suggesting that ESC-based cell replacement therapy might be applicable to
treating human degenerative diseases associated with a loss or diminished pool of a particular cell
type. Despite the differences existing between hESCs and mESCs, mouse studies still are prerequisite
to clinical and human applications of ESCs [59]. In theory, although a wide range of human disorders
could be treated using hESCs, the proof of fundamental concepts has largely derived from the use of
mouse ES cells.
Overall, investigation of stem cell properties could be facilitated using systems of mESCs, due to their
ease of culture and rapid growth rate. They can be readily differentiated into multiple cell types,
providing closely related progeny that have lost their stem cell potential. Besides, plenty of specific
factors that affect their self-renewal have been identified. They are also able to grow clonally,
allowing many biological questions to be asked at the single cell level. The ease of testing their
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pluripotency using blastocyst injection and the experimental accessibility to their tissue of origin
provide rigorous assays of their stem cell activity.

1.3 Application of ESCs
Regenerative medicine, tissue engineering, and bioengineering are new ways of cell therapy, which
aim to generate and expand specific cells through different cell and tissue methodologies, in order to
replace important differentiated functions lost or altered in various disease states. Indeed, successful
progress and development in cell-based therapies depends on the question of cell sourcing. Due to the
fundamental attributes of ESCs, these types of cells have gained considerable interest from the
biopharmaceutical sector for their use in drug discovery and development and cell replacement
therapy. The key event that opened new possibilities in the studies of developmental biology, as well
as gene functioning on the level of the whole organism, was after the isolation and identification of
embryonic stem cells from mouse by Evans and Kaufman [33, 34]. Through isolation of ESCs from
first primates and then from human blastocysts, these cells emerged as promising sources for
regenerative medicine and tissue engineering research [18, 46]. The promise of the numerous
preclinical animal studies and ongoing ESCs-based research have indicated that the differentiated
derivatives of ESCs can provide functional replacements for diseased tissues, such as for Parkinson’s
disease or spinal cord injury [60, 61].
Although both adult and ESCs can provide starting materials to the development of regenerative
medicine, ESCs have the advantages of multipotency and ready use in the laboratory. ESCs exhibit
many properties whose improved understanding could assist researchers in modifying adult stem cells
to achieve better growth in culture and greater capacity for controlled differentiation. ESCs have great
potential in the area of tissue transplantation, drug screening, and cell therapy because of their unique
potentials, such as unlimited proliferation potential and pluripotency.
Utilizing ESCs in cell and organ transplantation has led to established treatments for a wide range of
diseases. ESCs are used in the development of the cell based Alzheimer’s disease screening assay as
well as in compound identification and optimization [62]. Production of liver like cells, derived from
bone marrow and embryonic stem cells, is an alternative strategy to liver transplantation, which is the
only successful treatment modality for end-stage liver failure [63].
Different experiments provided a clear indication that mESCs can serve as a valuable source of
specific neuronal and glial cells for transplantation [64, 65]. Differentiating ESCs into functional isletlike cells with the potential to rescue experimentally induced diabetes in mouse models has been
reported [66]. ESCs were also differentiated into pancreatic endoderm capable of generating mature
pancreatic cell types that function in vivo [67]. Both adult stem cells and ESCs have been investigated
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for their potential to differentiate into the appropriate cells for repairing damaged bones, cartilages,
and tendons [68, 69]. For instance, mouse ESCs were employed as a screening system to identify
elements that are both required and sufficient for cartilage and bone formation [70, 71]. In fact,
utilizing ESCs as model of cartilage and bone development study can lead researchers to improve
protocols for more successful application of ESCs in cartilage and bone tissue engineering.
Furthermore, the particular lineages differentiated from ESCs have been used for the early stage
evaluation of drug adsorption, metabolism and toxicity [72]. Established mouse ESCs were used for
investigation of mutagenic, cytotoxic and embryotoxic effects for developing toxicology [73].
Today, cardiovascular diseases remain the number one cause of death throughout the world. Another
important potential of ESCs is the ability to differentiate into cardiac lineages, thus representing a
promising source for cardiac regenerative therapy because of the self-renewal capacity. ESCs also
provide a novel and applicable source for generation of infinite quantities of cardiomyocytes for
myocardial repair, as it is not practical and ethical to test the potential of fetal cardiomyocytes in
clinical trials [74].
Differentiation of ESCs into functionally active cardiomyocytes is another important potential of
these cells. The unique electrical, mechanical and biological characteristics of cardiomyocytes make
them an ideal cell type for implantation to replace diseased or necrotic heart tissue. ESC derived
cardiomyocytes display pacemaker-, atrial- and ventricular-like characteristics and spontaneously
beating cluster behaviour, which is considered as one of the most impressive phenotypes developed in
vitro [75, 76].
Field et al. (1996) reported the generation of relatively pure cultures of cardiomyocytes from
differentiating mES cells for the first time. They showed that genetically selected mouse ES
cardiomyocytes could form viable grafts when injected into the uninjured myocardium [77].
It was found that at each stage of lineage differentiation, specific tissue and lineage genes are
developed in a controlled manner. ES cell-derived cardiomyocytes express cardiac molecular markers
found in developing cardiomyocytes. For example, it is reported that mesodermal genes such as
Brachyury and BMP4 are some of the initially expressed genes during cardiogenesis. The next stage
is the expression of genes encoding cardiac transcription factors such as Nkx2.5, followed by
structural cardiac proteins such as α and β cardiac myosin heavy chain (MHC), and finally the
terminal stage genes such as ANF and myosin light chain-2v (MLC2v) [78]. Currently, implementing
pluripotent stem cells (embryonic stem cells or hESCs) for generating heart and vascular endothelial
cells is an interesting expanding area with potential application in cell therapy and as a platform for
drug discovery and toxicity. The development of engineered products could be accelerated by
combination of the available engineering efforts and myocardial infarct scar remodelling, which has
the potential clinical applications of stem cells. A reproducible spontaneous cardiomyocyte
differentiating system from human ESCs has been described by Kehat et al. [79].
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In 2004, Kehat et al. reported the first human ES cardiomyocyte transplantation into the uninjured
swine myocardium [80]. The landmark study is the first to document the potential clinical utility of
regenerating damaged heart muscle by injecting hESC–derived cardiomyocytes directly into the site
of the infarct [81]. To date, ESCs indubitably undergo the most efficient cardiogenesis[82] and are
still the most natural and relevant source of cardiomyocytes for use as in vitro models of cardiac
function and dysfunction, as well as in cell replacement therapy applications. Although the
application of ESCs on experimental models of heart disease indicates an initial success to repair and
improve myocardial function, a long term monitoring of the incidence of arrhythmias and teratomas
in animals transplanted with ES cardiomyocytes preparations is still necessary [74]. ESCs have the
potential to be driven down specific-lineage pathways to replenish damaged tissues and, as with adult
stem cells, to be used for cell replacement therapy of monocellular degenerative diseases [83]. The
versatility of ES cells to form any cell in the body is the normal developmental fate for these cells and
makes them the most desirable for generating cells as therapeutics.

1.4 Technologies developed for stem cell culturing
It has been a long-standing challenge for scientists to find effective therapies for numerous numbers
of incurable degenerative diseases such as Parkinson’s disease and Type I diabetes. In addition to cell
therapy applications, stem cell-based technology platforms have drawn great interest in medical
applications, and in particular, in the development of novel strategies in tissue engineering, drug
screening and in vitro toxicology [84, 85].
The present day, exponentially growing effort of stem cell research emphasizes a major need for
convergence of more efficient and appropriate laboratory technologies to sustain the growth and
proliferation potential of stem cells. This demand for stem cells requires, on the first approach, the
implementation of scalable and affordable culture systems for the production of populations of
undifferentiated cells without compromising their stem cell characteristics (self-renewal ability and
differentiation potential).
However, for successful translation of stem cell-based therapeutics to the clinic, numerous challenges
including gaining precise control over stem cell expansion, proliferation and differentiation still
remain. For instance, in some cases, the actual number of stem cells with the potential to be
transplanted to replace or repair damaged cells is still very low [86].Since stem cells are the desired
products, good manufacturing practices (GMP) and safety need to be considered for further related
applications. Indeed, different in vitro engineering strategies could be successfully applied for better
understanding of the cellular mechanism such as stem cell proliferation and differentiation [87].
Generating a tissue, as a multistep process, starts with the isolation of cells through biopsy, followed
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by an in vitro expansion of cells using appropriate bioreactor or scaffold design (the generation and
maturation of a 3D construct), and finally the use of the construct as a test system or graft [88].
Based on the principle of TE, today there has been growing interest in developing the appropriate cell
culturing environments in vitro using biomechanically active simulation systems, known as
bioreactors, to functionally better mimic the behaviour of tissues in vitro [89, 90]. Bioreactors have
been widely used in research laboratories and industries in large-scale cell culturing to facilitate
mass/gas transport, environment monitoring and control, as well as the ability to support high cell
densities.
Although there is no optimal and universal system for stem cell culture, the development of
bioreactors throughout the last decades has advanced the technology considerably. There is, however,
a large range of designs available, which include fluidized bed, packed bed, airlift and disposable
wave bioreactors, stirred cultures vessels, rotary cell culture (RCC) systems and perfusion bioreactor.
The three last have been the main bioreactors explored in this field and their applications in stem cell
research are described in detail in the following sections (1.4.1).
Providing stem cells with a proper physical environment is an essential stage to enhance and regulate
their proliferation and differentiation for cell-based tissue regeneration. The demand for using stem
cells in tissue engineering/regenerative medicine in the first place requires the proper interaction and
integration with tissue and cells through incorporation of appropriate physical and cellular signals
[91]. Stem cell characteristics, such as proper differentiation and maintenance of the pluripotency, are
regulated not only by the stem cells themselves but also by the micro-environment surrounding cells
[92, 93].
In this regard, tissue engineering provides new means to gain critical insight about the behaviour of
stem cells, by facilitating the control over the stem cell environment, both chemically and physically.
Biomaterial-based TE is another emerging therapeutic approach in which synthetic or natural
materials are employed to fabricate microfluidic or micro-bioreactors devices, with efficient smallscale systems mainly used for the optimization of culture conditions for cell growth and
differentiation. This concept of biomaterial-based tissue engineering was originally introduced
by Langer and Vacanti[7]. It has been demonstrated that the adhesion of cells is a prerequisite for a
multitude of cellular functions such as movement, growth, differentiation, as well as in many
physiological and patho physiological processes, such as cell development of organism, wound
healing, inflammation but also cancer and metastasis [94]. Therefore, control of cell adhesion on
biomaterials for implant materials and colonization of tissue engineering biomaterials is a crucial task.
Although the contemporary materials used in a variety of biomedical applications have excellent
physical and chemical properties, their clinical usage can be restricted by undesired side effects, due
to uncontrolled adsorption of proteins and subsequent conformational changes. Therefore, because of
intimate contact between the material surfaces and the biological environment, the outermost parts of
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the material surfaces need to be modified in a size-scale of a few nano- up to micrometres.
In this respect, it has been found that one of the effective approaches for developing a material for
biomedical application is to modify and optimize the biocompatibility of the materials physically or
chemically [95, 96]. In fact, surface modification aims to create closer in vivo local environment that
enables cells to promote their proliferation and differentiation. Synthetic biomaterials have been used
to create microenvironments that mimic natural extracellular matrix, with the particular aim of
directing stem cell differentiation and morphogenesis of the target tissue [97, 98].
Some of the applications of surface modification are with a combination of microscale technologies
[13, 99]. It has been shown that small-scale microfluidic devices, or micro-bioreactors, are effectively
used for the optimization of culture conditions for cell growth and differentiation, while also
providing the precise control over the cell microenvironment [88, 100]. Micropatterning is an
important technology that allows for the tailoring of the cell microenvironment through controlled
surface chemistry and topography. It has become well established that techniques such as
photolithography and soft lithography are able to produce substrates with micro-scale features having
defined shapes and positions that control cell shape and function, and create highly structured culture
microenvironments [101-104]. Surface modification strategies will be discussed in more detail in
section (1.4.1.2).
As mentioned previously, although a majority of our knowledge in modern biology came from the
classical two dimensional (2D) cell culture methods, it is now well accepted that cells reside,
proliferate

and

differentiate

inside

the

body

within

complex

three

dimensional

(3D)

microenvironments. In fact, culturing cells in 3D culture systems instead of 2D monolayer culture
fundamentally increases their performance and helps to better exploit their potential. Biomaterialbased scaffolds have been one of the most important tools in providing a 3D environment to cells,
both in culture and inside the body.
A higher degree of efficiency, robustness, consistency and more predictive cultures could be achieved
by engineering 3D microstructures. Varieties of microstructures self-aggregated spheroids (3D cell
aggregates), microcarriers and more complex scaffolds based on natural, non-animal polymers such as
gels and sponges, like alginate and cellulose microfibers or synthetic materials, have today been
established [105-108].
The use of three-dimensional scaffolds with proper degradability, biocompatibility, hydrophobicity,
bioactivity, porosity, pore size, and mechanical stability is another successful approach of great
interest to biomaterial scientists for many years. Indeed, hydrogels have received special attention as
required materials for regenerative medicine, for tissue scaffolds or as therapeutic delivery systems.
Due to the innate structural and compositional similarities between hydrogels and the extra cellular
matrix, hydrogels are considered as the most widely adopted materials for extensive 3D framework
cell cultures, for cellular proliferation and survival [109, 110].
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Due to advances in the field of tissue engineering, the need for engineering novel scaffold structures
and reproducible fabrication techniques has become of paramount importance and requires to be met.
Hydrogel characteristics and applications will be discussed in section (1.6.2).
Taken together, improving the biocompatibility and surface properties of existing biomaterials, and
mimicking appropriate stem cell microenvironments and niches using biopolymers (biomaterials), can
assist the improvement in proliferation and differentiation of cells and maintain their biological
functions. Furthermore, there is still the need for bioengineering efficient and affordable culture
systems both in 2D and 3D form without compromising their stem cell characteristics (self-renewal
ability and differentiation potential), which promote our understanding of the microenvironment
where cells are embedded.

1.4.1

Conventional bioreactors for ESCs culturing

In order to use stem cells successfully as an attractive source for cell therapies and tissue engineering,
the clinical efficiency of a tissue-engineered product needs to be accompanied by developing some
novel technologies that allow the systematic production of cells in a robust and cost-effective way.
One such technology is the bioreactor system, which can be defined as an industrial form of the
contained reaction vessel with defined controlled conditions for specific culture outcomes [111].
Ideally, a bioreactor should provide an in vitro environment for rapid and organized tissue
development, beginning with isolated cells and in many cases, three-dimensional scaffolds. So far, a
variety of bioreactor configurations have been designed and adapted for stem cell expansion and
differentiation. A bioreactor configuration could be varied as a basic petri dish or as a complicated
automatically controlled three-dimensional bio-chamber.
Traditionally, stem cells are cultured on flat two-dimensional (2D) surfaces, which support their
growth [112]. The static system is the simplest type of bioreactor, which is usually suitable for
maintenance and proliferation of adherent cells on a monolayer. In addition to low-cost and
disposability, static cultures provide sterile handling procedure and ease of use, making them the ideal
choice for research screening purposes [113]. However, their usefulness is limited when large
quantities are required, as well as their inability for online monitoring, which makes these systems
inadequate for bio-manufacturing and clinical applications (Figure 1.5). On the other hand, however,
although static culture systems are easy to use, they are suitable only for studies of molecular factors
and cannot provide physical regulatory factors. In addition, working with static culture requires
changing medium constantly. Furthermore, it is known that static cultures may cause nonhomogeneous distribution of cells and nutrients and does not allow mimicking the flow stresses that
are present in vivo.
Although conventional 2D culture systems (i.e., Petri dishes, culture flasks) have been widely used in
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both basic biology and tissue engineering studies, 2D culture systems have been shown constantly to
be inadequate in resembling the in vivo developmental microenvironment. Meanwhile, it is
indisputable that cell spatial arrangement and directional cues have strong effects on the cell
differentiation and tissue development in vivo. It has been recognized that for obtaining a wider
understanding of basic cell and tissue function within its native microenvironment, 3D culture model
systems are vital [114].
Thus, introducing another dimension is an essential requirement of large-scale production rather than
a by-product of the ‘‘scaling-up’’ process. The alternative to static growth is to use dynamic culture
systems where homogeneous concentrations of nutrients, toxins, and other components could be
achieved through mixing and thereby removing the problems associated with gradients and stabilizing
the culture environment.

Figure (1.5): Basic schematic of static cell culture bioreactors: (a) Petri dish, (b) T-flask, (c) Multitray cell
culture system, (d) Culture bag, (e) Static membrane flask bioreactor (celline), (f) Multiwell plate
[115]

In the past years, bioreactors have turn out to be crucial tools to initiate, maintain and direct cell
cultures and tissue development in a three-dimensional (3D), physico-chemically defined, tightly
controlled, and aseptic environment [114]. Successful stem cell therapies require large-scale
generation of stem cells based on robust and reproducible culture conditions. Therefore, a requirement
for large quantities of stem cells in vitro as well as improving their quality for medical and
commercial applications will be highlighted. Bioreactors have shown their capability to provide
robust and defined conditions for ESC expansion and embryoid body (EB) formation as well as
differentiation. Furthermore, scaling up and designing each type of tissue construct (e.g., skin, bone,
blood vessel, and cartilage) should be considered individually [88, 116]. Thus, we should take into
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account that it is less likely for a single bioreactor design to generally be used for all cell and tissue
culture operations. Tissue-specific bioreactors should be designed in accordance with comprehensive
understanding of biological and engineering aspects. The fact is that using bioreactors can address
some limitations of static culture, including the lack of mixing and the need for frequent medium
replacement rates [117]. During the last few years, a huge number of different bioreactor concepts
have been developed. There are several bioreactor designs, which can be broadly grouped into stirred,
rotating and perfusion reactors. In the following paragraphs, brief descriptions of different types of
bioreactors, which are commonly used for cell research purposes, are presented.
Stirred (spinner) vessels are the most commonly bioreactor configurations for culturing yeast,
bacterial and mammalian cells for commercial purposes (Figure 1.6). Spinner flasks, when compared
to other bioreactor technologies, provide more attractive benefits mainly because of their scalable
configuration, simple design, a uniform culture condition provided by stirring, and ease of continuous
measuring and controlling culture environment factors, such as nutrient and cytokine concentration,
pH and dissolved oxygen (pO2) [118, 119].

Figure (1.6): Photograph of Stirred bioreactor designs [120]

Many research groups have utilized different types of stirrer bioreactors for expansion and
differentiation of various ES cells. As mentioned previously, mouse ESCs are commonly used animal
models in stem cell and developmental biology. In this regard, Cormier at al. presented a bioreactor
process for the large-scale expansion of undifferentiated murine ESCs to get better expansion
compared with static culture [121]. Zur Nieden et al. showed that murine ESCs could be maintained
undifferentiated as aggregates in suspension culture for at least 28 days while retaining embryonic
body formation potential and expressing ESC surface markers [122]. Kehoe et al. also applied
suspension aggregate systems successfully to mouse ESC culture [123]. Mouse ESCs expanded in
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suspension aggregates in spinner flasks have been shown to be able to differentiate into
cardiomyocytes, in a single process without an intermediate dissociation step [124]. The formation of
an embryoid body (EB) from ESCs is necessary for their expansion and traditionally achieved in
static cultures, but several groups have shown that mESCs can be directly formed in stirred
bioreactors with paddle-type impellers or a rotator cell culture system by enzymatic dissociation [125,
126]. Several types of tissue-specific stem cells have been successfully cultured as aggregates in
stirred reactors [127, 128]. For example, differentiation of mouse ESCs to osteoblasts in spinner flasks
and static culture condition has been compared by Alfred et al. [129]. Niebruegge et al. [130]
combined micropatterning-based ESCs aggregate control and physicochemical (oxygen) control using
stirred bioreactors, and reported two-step bio process for the generation of human pluripotent cellderived mesoderm and cardiac cells in a stirred suspension system. Spinner flasks provide a better
alternative for cultivation of cartilage and cardiac constructs to those cultivated under static
conditions, as a result of providing a well-mixed environment around the cells and minimize the
stagnant cell layer at the construct surface [131, 132].
Spinner flasks, however, may not be optimal because of the hydrodynamic shear stress that is created
by the agitation and/or aeration[133]. Damaging cells due to mixing is an important challenge that
needs be considered in designing suspension cultures, especially when working with mammalian
cells, which are very shear sensitive and have delicate membranes. Impellers need to be designed
carefully in stirred suspension bioreactors to avoid high shear stress that can damage the cells [134].
A low mixing rate of paddle-impeller results in cell clumping, leading to lower mass transport to the
cells, while excessive shear stress due to high rates of paddle-impeller stirring could damage the cells.
Consequently, having an optimal fluid flow for suitable shear stress is critical. However, due to
diverse sensitivities and necessities, different cell types respond differently in terms of the shear
stress, which is an important parameter for the design of bioreactors [122, 135]. It is important to
consider that different types of cells have distinct optimal shear stress and oxygen requirement. For
example, for mammary epithelial cells, the optimal shear stress was 0.21 Pa; however, mESCs
preferred an optimal shear stress of 0.61 Pa and clumped together at a shear stress of 0.45 Pa [121,
136]. In addition, the minimal volume required to set up a cell culture experiment is very high
(approximately 50 mL), demanding higher starting cell numbers, increasing the costs associated to
optimization studies and compromising the use of stirred tank bioreactors for high-throughput
applications. Agglomeration of the EBs is another concern in suspension culture and encapsulation of
the cells in agarose beads has been proposed as a solution to minimize this problem [137, 138].
Using different microcarriers such as collagen coated dextran beads, glass microcarriers, and
macroporous gelatin-based beads in spinner flasks are alternative options [124, 139, 140]. However,
microcarrier cultivation has the disadvantage of requiring dissociation of the cells from the carriers
once the cells reach confluency, which leads to cell loss due to low seeding efficiencies and the
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fragility of cells.
Although shear stress is essential in modulating the mechanical properties of tissue constructs, high
shear stress results in the formation of undesired capsules surrounding the tissues [141], hence various
bioreactors featured with low shear stress have been developed. The most commonly used bioreactor
that exploits the benefits of low shear stress is the rotating wall vessel (RWV) wherein the cells are
grown in a microgravity environment; the RWV is another approach for controlling EB
agglomeration enabled 3D cell cultivation under medium mixing with a minimal shear stress. This
technology, developed by NASA, is composed of a rotating 3D chamber in which cells remain
suspended in near free-fall, simulating microgravity conditions [142]. Although a variety of different
names are given to this type of bioreactor, such as the rotating wall perfused vessel, the high aspect
ratio vessel (HARV) and the slow turning lateral vessel (STLV), the generic configuration is based on
the horizontal rotating vessel (Figure 1.7) [141, 143].

Figure (1.7): Diagram of the rotating bioreactors, Slow turning lateral vessel STLV (A), High aspect ratio
vessel HARV (B) [143]

These bioreactors are horizontally rotating, which is characterized by low fluid shear stress. In RWVs,
the ratio of membrane area to volume of media is high, which results in an efficient gas exchange
[144]. E et al. showed the possibility of cardiomyocyte differentiation in mESCs using a rotary cell
culture system [145].
Gerecht-Nir et al. showed that cultivation of embryonic stem cells within a rotating bioreactor
increased the cell proliferation rate and maintained cell viability. In addition, EBs formed smaller in
size with no necrotic centres in an STLV while forming massive agglomeration in an HARV. They
investigated the dynamic generation of EBs in an efficient mixing low shear rotating bioreactors and
reported that with the mild mixing, a large number of small EBs will form [143]. Cultivation of
cardiac cell constructs in an RWV, in which laminar flow patterns exist, demonstrated improvement
in expression of cardiac muscle-specific markers and in acellularity compared to constructs cultured
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in mixed or static flasks [131]. Liu et al. reported that hematopoietic stem cells (HSCs) and
progenitors could be expanded in an RWV bioreactor with more folding expansion and in a shorter
period than other types of bioreactors [146]. RWV bioreactors have also been used in many other
tissue culture applications including rat neural stem cells, neural progenitors [147], human endothelial
cell [148], human prostate cancer cells [149], and 3D bone constructs [150]. Osteoblasts and rat bone
marrow stromal cells were seeded on bioactive glass, bioceramic, and composite microspheres to
examine 3D bone cell growth on microcarriers [151], bovine chondrocytes were seeded onto
polyglycolide to examine growth under variable metabolic parameters[152], and human osteoblastlike cells (SaOS-2 line) were seeded onto poly(lactide-co- glycolide) to examine mineralized tissue
formation [153].
Although the boundary layer around the cell surface decreases efficiently in RWV bioreactors,
inefficient mass transfer into the core of the cell constructs is one of the limitations. The main
disadvantages of RWVs are the limited control of aggregate size and of the nutrient/gas
concentrations throughout the vessel. This may result in the formation of necrotic centres, leading to
cell death inside the aggregates, and uncontrolled microenvironments, caused by the concentration
gradients resulting from mass transfer limitations.
Bioreactors can also be operated in the form of a perfusion system. In vivo, the process of delivery of
nutrients via capillaries into a tissue is called perfusion; however, in ex vivo, perfusion is described as
transferring culture medium directly through a porous cell-seeded matrix (Figure1.8).

Figure (1.8): Perfusion system. Medium perfuse through macroporous matrix and dissolved oxygen transport is
via both convection and diffusion, thus increasing the oxygen balance [154]

The perfusion bioreactor system was developed to improve cell seeding efficiency onto the porous
scaffolds by perfusing cell suspensions through 3-dimensional (3D) scaffolds with remarkably
uniform cell distribution and high-efficiency [155]. Perfusion bioreactors were successfully tested on
both mouse and human ES cells and showed a higher yield than static culture flasks. The use of
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perfusion bioreactors has been reported [156] for the expansion of mouse ESC lines on a petri dish
with a gas-permeable base. They showed that the cell densities obtained from a perfusion system were
64-fold greater compared to the petri dish controls over 6 days. Several researchers showed that the
perfusion culture supports higher hMSC density within the 3D scaffolds, and MSC expansion was
accomplished without loss of multi-lineage differentiation potential [157-160]. A variety of perfusion
reactors have been used for animal culture cells that required the high amount of medium at very low
shear stress. Dvir and et al. showed that cell viability improved by medium perfusion and enabled the
functional assembly of cardiomyocytes into cardiac tissue, as a consequence of better oxygen
transportation by convection and diffusion rather than oxygen diffusion alone within the staticcultivated cells [161]. Perfusion bioreactors with a frequent feeding system showed positive effects on
the expansion of MSCs, ESCs, mammary epithelial stem cells, and proliferation of human bone
marrow cells while retaining stem cell potential [136, 158, 160, 162-164]. The perfusion system in
Zhao’s research [157] provided a more uniform distribution of hMSCs within 3D scaffolds. Perfusion
or frequent feeding also enhances culture performance by replacing depleted nutrients and/or
removing inhibitory metabolic by products. Indeed, this system provides homogeneous culture
conditions, inhibits waste accumulation, and improves process reproducibility.
Gerlach et al. (2003) used a four-compartment capillary membrane technology for EB formation and
spontaneous differentiation. They showed that the perfusion system more closely resembles that of
mouse fetal tissue development compared to those cultured in petri dish as control [165]. Using a
perfusion bioreactor for differentiation of mESCs led to a very low percentage of necrotic areas
compared to mouse EBs formed in static condition [165, 166]. Recently, Stachelscheid et al. (2012)
introduced a 3D perfusion bioreactor system that allows in vivo-like tissue formation by hESCs. They
showed that the perfusion bioreactor is capable of formation of 3D tumour structure (teratoma)
containing tissue-like structures containing derivatives of all three germ layers [167]. They suggested
that this type of bioreactor could be utilized more effectively for formation of embryoid body in ESCs
since the physiological situation of the cells within the organism could be estimated more
closely[167].
On the other hand, medium flow through the perfusion system removes detached cells, preventing the
non-even distribution of cell mass in the constructs [168]. A perfusion fluid flow system is
categorized as a bioreactor generating shear force. Pumping media through the scaffold within the
bioreactor generates shear force that is influenced by different factors such as flow rate, port size, and
scaffold pore shape [169, 170].
The potential for large scale culture in a perfusion bioreactor is still limited by the fact that partial
harvesting is very difficult and the continuous removal of secreted factors could have unfavourable
effects on cells in terms of yield and phenotype [156, 162]. In addition, relatively low-throughput
nature of these systems is another major limitation of perfusion cultures that is mainly due to the
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space limitations, as perfusion bioreactors require relatively large amounts of space to operate in a
controlled environment [171].
Although several advanced studies have considered culturing specific populations of stem cells, like
mesenchymal stem cells, hematopoitic stem cells, neural stem cells or pluripotent stem cells in
different types of conventional bioreactors [100, 172-174], a number of fundamental challenges limit
the therapeutic applications of traditional tissue engineering.
In fact, although culturing cells in a bioreactor can provide perfusion of medium, control medium
composition [116, 161] and therefore support generating high densities of cells such as ESCs and EBs
[143, 162], the operating volumes of bioreactors are larger than those of well plates, which is a
serious

limitation
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studies

involving

the

use

of

expensive

media

components.

Bioreactors can be disadvantageous in benchtop research because they need large space, consume
huge amount of reagents and need more time to operate and maintain (sterilizing, cleaning,
assembling, and disassembling of the bioreactor components). Bioreactors also have complicated
operating processes.
The requirements for costly equipment and generating shear stress due to fluid flow, and the lack of
physical similarity between microenvironments of bioreactor and actual cell microenvironment, make
using bioreactors undesirable. Furthermore, in conventional cell culture formats, such as dishes and
macro-scale bioreactors, it is quite difficult to attain the delivery of a sufficient amount of nutrients
and removal of waste throughout the cultured tissue. This is attributed to the difficulty in designing
and fabricating large complex bioreactors wherein the cells are fed by a spatially homogeneous
distribution of the fluid flow.
It is obvious that there is still a need for additional efforts to tackle the existing challenges in using
traditional bioreactors and to develop novel kinds of devices, scaffolds, and technologies that
potentially allow the obtaining of a better control over the cellular positioning, organization, and
interactions under good manufacturing practices (GMP) conditions.
In response to these challenges, miniaturised devices (micro- and nano-) have led to the advent of a
new generation of bioreactors aimed at mimicking in vitro the native microenvironment of tissues.
Despite the various conducted studies so far, micro-bioreactors represent relatively new directions in
TE, and there is still plenty of room for new developments in human 3D models to study the
underlying mechanisms in cellular microenvironments. Micro-scale approaches can potentially
overcome some of the limitations of conventional culturing systems.
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1.4.2

Micro-scale culture system for ESCs culturing

In tissue engineering, micro-scale technology is an approach that combines micro-techniques with
materials science and surface engineering, and results in a profound exploration of the
microenvironment in which cells are embedded. These technologies are able to address some of the
limitations imposed by conventional tissue engineering methods. The culture conditions for stem cell
growth and differentiation could be optimized by providing the precise control over the cell
microenvironment using small-scaled or micro-bioreactor systems [88, 100]. Indeed, controlling
different interactions between cell and the microenvironment including cell-cell, cell-extracellular
matrix (ECM), and cell-soluble factor could be facilitated using micro-scale technologies. Nowadays,
the importance of mimicking certain in vitro parameters, which are present in the native environment
of cells and tissues, has been demonstrated.
Developing an engineered bio-mimetic three-dimensional system, which could closely mimic the
stem cell environment, and promote their proliferation or differentiation, is a highly recommended
strategy. Therefore, besides the basics of TE strategies, it is of utmost importance to provide efficient
constructs with the appropriate microenvironment that will encourage effective organization among
the elements of a TE strategy.
Small-scale bioreactors (also known as biochips or cell-chips) offer one of those technologies that
expand our ability to have better control of material transportation and material manipulation at the
micro-scale. Small scale systems are particularly advantageous for biological and medical
applications; these advantages include the ability to create bio-mimetic structures that mimic the in
vivo cellular microenvironment [175], allow experimental parallelization under well-controlled
conditions, reduce reagent consumption, and require shorter sample analysis time [176]. Microbioreactors are the miniaturized versions of conventional bioreactors where high-throughput cellbased assays can be carried out at low cost compared with their macro-scale counter-parts. In fact, the
essential preferences of the small size of micro- bioreactors include the lower consumption of power,
portability and reduced space requirements. Consequently, these elements cause small-scale devices
to be cheaper to deal with and to be easier to manipulate small populations of cells and to study their
behaviour in greater detail. In the case of working with hazardous biological materials, small volumes
are also advantageous, especially for minimizing waste materials [177].These technologies accelerate
the optimization of the biological process for further clinical applications.
Indeed, small-scale bioreactors have shown to be promising substitutes for conventional bioreactors,
not merely as culturing systems but as devices for studying the mechanisms occurring in the tissue
microenvironment. This applicability allows the better design of materials and/or culturing systems.
To be able to maintain the self-replicating ability and pluripotency of stem cells, the micro-bioreactor
should more closely mimic the in vivo microenvironment of stem cells. In this regard, the materials
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using for constructing the micro-bioreactors should be carefully chosen to prevent stimuli such as
growth factors, while needing to be biocompatible, as well as being surface functionalized to provide
cell adhesion sites because pluripotent stem cells are anchorage dependent [178].

Micro-scale

bioreactor systems are progressively starting to find wide selection range of applications in various
fields such as drug discovery, high-throughput bioprocessing, single cell analysis, stem cell research,
and genetic analysis [179].
For instance, micro-bioreactor arrays that contain independent micro-bioreactors perfused with
culture medium have been fabricated via soft lithography [180]. These systems have been used for
adherent or encapsulated cells (including C2C12 cell line, primary rat cardiac myocytes and human
embryonic stem cells (hESCs)) with different levels of hydrodynamic shear and with automated
image analysis of the expression of cell differentiation markers [181]. In addition, these devices can
also be used to study design parameters, mass transport phenomena and shear stress using numerical
simulations [182], providing efficient means to analyse multiple parameters and parameter
interactions. Chin et al. [183] reported a microfluidic bioreactor array for high throughput monitoring
of stem cell proliferation. Lee et al. [184] reported a novel three dimensional direct printing technique
to construct hydrogel scaffolds containing fluidic microchannels for tissue engineering.
A microfluidic device has been developed and utilized to examine the effect of different range of flow
rates on ESC cells growth and proliferation [180]. Park et al. [185] used a microfluidic device to
culture progenitors derived from ESC for eight days under continuous cytokine gradients and showed
that the device was capable of sustaining the differentiation of neural progenitors. Another study
showed the capability of a microchannel bioreactor for the long term coculturing of undifferentiated
colonies of embryonic stem cells on foreskin fibroblast [182]. A combination of a microfluidic
platform with an array of micro-bioreactors was used to control cellular environments and study the
factors that regulate the differentiation of human embryonic stem cells [175]. Encapsulated ESCs in
alginate beads were used in a perfused microfluidic chip for formation of EBs and differentiation
[186]. Moeller et al. [187] developed a microfabricated platform of poly(ethylene glycol) (PEG)
microwell arrays for optimisation of EBs formation in ESCs. A multi-layer, microfluidic array
platform containing concave microwells and flat cell culture chambers was developed to culture
embryonic stem cells and regulate uniform-sized embryoid body (EB) formation [188]. Given these
examples, it is clear that microbioreactors are increasingly opening up new opportunities, especially
in the area of cell biology. Indeed, developing successful novel small-scale technologies for in vitro
cultivation of different types of cells can assist in increasing our knowledge of conditions that control
stem cell growth and differentiation and organ development [189, 190].
In biological processes, biocompatibility is the leading requirement of any material substrate applied
in the construction of functional devices. Because of the inert nature of most of the biomaterials used
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in small-scale devices, they must undergo surface modification prior to cell attachment to promote
adhesion and to prevent adsorption of proteins on the surfaces [179].
A detailed explanation of some of the common methods that have been used for improving the
performance of the micro fluidic devices are presented in the following section, and a new and
effective approach for improving the bio-compatibility of microfluidic surfaces that facilitates stem
cell adhesion and proliferation will be proposed.

1.4.2.1

Surface modification of micro-scale devices

ES cells are anticipated to serve as unlimited cell sources for cell transplantation therapy. In the early
days of stem cell research, and even to date, the use of mouse feeder cells has been required to
maintain pluripotency. Although, common techniques such as adding some soluble biochemical and
biological factors, such as LIF, cytokines and growth-differentiation factors in the growth medium,
have been identified as essential cues for successful ES cell culture [191], these factors are not always
sufficient for controlling ESC behaviour.
Stem cell characteristics, such as proper differentiation and maintenance of pluripotency, are
regulated not only by the stem cells themselves but also by the microenvironment in which they
reside. To safely transfer stem cells into the clinic, there is a need to develop defined and xeno-free
culture conditions. This means that substrates (feeder layers) and culture media containing (animal)
serum need to be replaced by defined culture substrates and by a chemically defined media.
Throughout the last decades, various alternative options have been recognized as feeders to support
ESCs self-renewal in monolayer, thereby limiting cross-species contamination. Indeed, a defined
culture free of animal components and feeder layer would be an ideal culture method for ESC-based
cell and tissue therapy [191-193]. As an essential and a prerequisite step, adhesion of cells to a proper
substrate, plays a vital role in many physiological processes such as development of organism, wound
healing as well as cellular functions including movement, growth, differentiation and survival [94].
For development of a micro-bioreactor for stem cell expansion, the micro-bioreactor needs to mimic
the in vivo microenvironment of stem cells in order to retain the self-replicating ability and
pluripotency of stem cells. Artificial stem cell niches from the synthetic approaches have been shown
to have a great potential to create suitable in vitro biological 2D and three-dimensional artificial
systems for pluripotent stem cell growth and their conversion to specific cell types of interest [194196].
Considering the interactions between the receptors on the surface of ES cell membranes with solid
surfaces is one of the recent approaches to improve the efficiency for controlling the ES cell fate. In
fact, by fixing different signals on a surface of biomaterials that are in intimate contact with their
targets on the cell membrane, the interactions of biologically active components with cells would be
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stronger mainly because when the signalling components are dispersed in a bulk liquid (medium),
they are less likely to encounter their targets.
An important parameter that needs to be considered in the construction of a micro-bioreactor to avoid
stimuli such as growth factors is biocompatibility of the surface that could be achieved through
functionalization to provide cell adhesion sites, since pluripotent stem cells are anchorage dependent
[178]. A micro-bioreactor surface should be engineered to assist cell growth, while being able to
resist the adsorption of undesired analyte molecules such as protein and DNA[197].
Although biomaterials assist the regulation of stem cells, due to the inert nature of most commercial
polymers, functionalization of their surfaces is a prerequisite before the attachment of any bioactive
molecules [198]. A study done by Altankov et al. showed that there is a link between cell adhesion
and the presence and conformation of specific attachment proteins on material surfaces [199]. The
molecular composition of material surfaces dictates the response of the biological systems in terms of
protein adsorption, cell adhesion, and subsequent events. The properties of micro-bioreactor surfaces
have a strong influence on cell analysis. Therefore, it is crucial to control adhesion of cells on
biomaterials and to improve the biocompatibility of materials, which can be achieved by modification
of materials surfaces. On the other hand, since the ultimate goal for the development of miniaturized
bioreactor is to create integrated systems, capable of performing various functions on a single device,
this goal can be achieved by microfabrication techniques. A variety of structures could be formed by
different microfabrication methods that are properly matched to the physical dimensions of most cells
organisation [179].
In the past couple of decades, different strategies have been employed to apply two-and three
dimensional micro- and nano-featured devices to tissue engineering [200-203]. One such technique is
soft lithography, pioneered by Whitesides and colleagues [13], which is a relatively facile and
inexpensive method with widespread applications in micropatterning and cell culture devices [99,
177]. In the following section, we provide an overview about common techniques used for
modification of cell culture surfaces, which are broadly categorized into physical and chemical
techniques.

1.4.2.1.1

Modifying Polydimethylsiloxane (PDMS) surfaces

In order to cultivate various types of mammalian cells in microfluidic devices, the first step is to
fabricate a substrate channel at the micrometre scale, which could be from a variety of materials,
including polymer materials, silicon and glass. Although glass-made microfluidic devices have been
used mostly in the past decades, some of the properties could limit its application in microfluidic
devices. Using glass for microfabrication devices is not accessible for all researchers as it needs clean
room facilities for photolithography and corrosive etching solution, which make these techniques
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relatively expensive [204, 205]. In addition, the thermal bonding technique, which is often used in the
fabrication of glass microchips, is time-consuming and often irreproducible. On the other hand,
although glass is cheaper and transparent, its amorphous structure makes it difficult to etch vertical
walls [206, 207]. Brittleness and materials invariability are other limitations of silicon and glass
materials. Furthermore, it is usually difficult to etch deep channels on glass surfaces, which makes it
troublesome to fabricate directly interfaces for interaction with macroscopic auxiliary equipment.
Therefore, the need for better packing adds cost and complexity.
The above-mentioned disadvantages related to glass microfluidic devices have led scientists to
investigate alternative materials for microchip fabrication and to shift to microdevices made entirely
from polymeric materials. In fact, polymer based microfluidic devices are rapidly becoming more
popular than glass or silicon-based systems in clinical diagnosis and pharmaceutical research [208,
209]. Polymeric materials with almost infinite variability have generated significant interest
particularly for production of microfluidic devices due to their superior biocompatibility, greater
flexibility, reduced cost, and ease of processing. Light weight as well as durability are important
elements that make them easy to handle. In addition, since polymeric materials have different moduli,
they can meet the need of rough environments that require tough materials or low modulus for the
construction of, for example, on-chip pumps. Polymer technology has been an important element for
realizing and defining of the so-called Lab-on-a-Chip concept.
Biomaterials, which assist regulation of stem cells, are of great importance to explore the unique
therapeutic potential of stem cells. It has been demonstrated that the interaction between cells and
substratum is one of the important parameters in biological phenomena. A variety of polymers have
been employed for microchip electrophoresis, including poly (dimethylsiloxane) (PDMS),
poly(methyl methacrylate) (PMMA), polysterene (PS) and polytetrafluoroethylene (PTFE) which
have high impact on lab on chip systems due to their low cost, wider range of chemical reactivity and
easier fabrication, as a clean room is not required [210].
Polydimethylsiloxane (PDMS) is a popular material that has been widely used for microfluidic device
construction, especially for biological applications due to its attractive properties [211, 212]. This
silicon-based elastomer material is biocompatible, optically transparent at wavelengths greater than
280 nm, highly flexible, thermally stable, and can be readily sealed to many other materials through
van der Waals contacts with the surface. Furthermore, the low Young’s modulus and durability of
PDMS are suitable for various microfluidic applications [213-215]. The gas permeability of PDMS
provides better diffusion of dissolved gases such as O2 through its membrane and extraction by
reactions carried out in chambers separated from cell culture by PDMS [216, 217].
PDMS has been used for fabrication of different devices as a cell growth surface, which makes it
important to ensure that cells can readily attach [217-219]. For example, endothelial cells were
successfully cultured as an attempt of vascular system reconstruction [220]. Leclerc et al.
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demonstrated that PDMS could also be used to culture liver cells [221]. Another study by Leclerc
showed the successful culturing of hepatocyte cells on microfabricated PDMS in a bioreactor
composed of multiple layers of PDMS [222]. There are different types of cells that so far have been
successfully cultured on PDMS substrate [223-226].
Considering that developing and producing each and every device requires substantial resources,
current attempts are trying to decrease optimization time by means of using rapid prototyping
techniques, where device geometries are rapidly assessed. A number of techniques have been
employed for fabrication of polymeric micro-devices. The microfabrication process applies these
techniques in a sequential manner to produce the desired structure[227].
Photolithography is one of the widely used techniques for fabricating microstructures in the
semiconductor and, subsequently, the microelectromechanical systems (MEMS) sectors. This is a
technique that is highly developed and well studied since the 1980s in cell and protein patterning
[228, 229]. Throughout photolithography, micrometre-sized features on the photo mask will be
transferred to photoresists coated on top of the substrate, utilizing the photochemical reaction in the
exposed region of photoresists. Etching is the final step that transfers the pattern on the photoresist to
the substrate via either plasma etching or wet etching using chemical solutions such as HF, KOH.
Although photolithography has been extensively used for fine structures, expensive equipment
requirements and the need for clean rooms for manufacturing make this technique inconvenient for
biologists. Furthermore, using solvent in the developing process may denature biomaterials, which is
a deterrent to the use of this technique [99, 230].
To address some of the problems associated with the photolithography technique, soft lithography
was developed for creating chemical structures on surfaces for controlling cell-substrate interactions.
This technique is one of the most commonly used approaches for cell culture studies and was
developed by Xia and Whitesides [231]. This approach makes it possible to rapidly design and
fabricate microfluidic devices compared to traditional micromachining techniques. This method is
low cost and can be used for the creation of highly complex microstructures with diverse
functionalities [232, 233]. Soft lithography techniques are based on the replica molding of
microstructures in elastomer and most typically PDMS [13]. Compared with other microfabrication
methods, the soft lithography (Figure 1.9) technique is preferred for many biological applications, due
to the fact that PDMS is biocompatible, transparent, inexpensive, permeable to gases, and amenable to
surface modification. It is one of the commonly used patterning techniques in which instead of
etching the silicon, a polymer such as PDMS is used to cast against the photoresist (usually SU-8)
mold [231, 234]. Different techniques are applied in soft lithography, including replica molding,
micro-contact printing, micro-transfer molding, micromolding in capillaries, and solvent assisted
micro-molding [235]. The patterned PDMS can be directly used as a substrate with relief structures as
stamp, mold or mask for cell culture or as a stencil to pattern the inoculation of cells onto other
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substrates. This method is one of the most commonly used approaches for cell culture studies [175,
236].

Figure (1.9): A schematic diagram showing the fabrication steps of a PDMS microchannel using soft
lithography: (a–c) mold fabrication and (d– f ) replication/bonding processes[237]

As mentioned above, PDMS is one of the organic polymers that are widely used to build constructs
within the rapidly developing field of medical implants and biomedical devices and cell-based studies.
These properties lead to PDMS being heavily exploited in micro-technology applications in different
areas, including the production of active and passive medical implantation devices that have direct
contact to human tissues [238], artificial lungs [239], technology applications such as microfluidics
and lab-on-chip devices [215, 240], and pharmaceutical applications including porous PDMS
membranes to control the release of drug in dermal patches and tablet coatings [241, 242].
Despite its numerous advantages, the major drawbacks of PDMS, especially from a biomedical
perspective, are the poor wetting and heterogeneous surface charge of the surface, which hinders the
immobilization of biomaterials and causes it to be chemically inert. The hydrophobic surface of
PDMS in an unmodified condition results in poor cell attachment and introduces toxicity to some cell
types [243]. Moreover, hydrophobicity of the surface leads to surface bio-fouling where deposition
and growth of microorganism occur on the polymer surface through the adsorption of small molecules
[244],
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as

fluorescent

dyes

[245],

organic

solvents
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and
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The problem will arise when there is any contact between protein-containing solution with the PDMS
surface in microfluidic applications. This contact causes nonspecific protein adsorption as a result of
the inconsistency of protein composition or the loss of target or biologically important proteins.
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The interplay of electrostatic interactions and alteration of the surface and protein structure on the
hydrophobic surfaces governs the protein adsorption.
Although electrostatic interaction is not a main powerful interaction for protein adsorption on the
surface, it influences the kinetics of the adsorption process as it acts over longer distances. Attached
proteins optimize their structural arrangement on the surface to have the maximum number of contact
points. The close contact between the protein and the surface often is needed for the hydrophobic
interaction between the two components, which may be optimized by structural rearrangements in the
protein [248].
Changes in the conformation of extracellular matrix (ECM) molecules and reduction in the
accessibility of integrin attachment sites for various cell types are another limitation caused by the
hydrophobicity of PDMS surfaces. These changes can affect cell adhesion, proliferation, and
differentiation [249-251]. Cell growth and function were found to be strongly related to the surface
energy (wettability) of materials [199, 252], which have been outlined in Figure 1.10. The existence
of amino or carboxylic groups that represent the charged functional groups has been determined to
promote cell attachment, growth, and function while polar groups like methyl may lessen cellular
activity [251].

Figure (1.10): Simplified view on dependence of cell adhesion on interfacial forces characterized by water
contact angle measurements [253]

The unreactive nature of PDMS is due to its [-OSi(CH3)2-]n backbone (Figure1.11) [254, 255].
Surface coverage by the methyl groups (-CH3) makes it difficult to deal with aqueous solutions [254]
and causes inefficient distribution of protein or cell solutions on the surface [256]. Absorption of
hydrophobic molecules (biomolecules) on the surface of PDMS could also disrupt the microfluidic
devices. The systems are also susceptible to media drying due to the permeability of PDMS to water
vapour [257]. The hydrophilic surface with a large degree of mobility is the only surface that prevents
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protein adsorption on the surface. The mobility of hydrophilic chains is decreased when proteins
come close to the polymer layer; therefore, it opposes the interaction. Hydrophilic polymers are often
based on poly-ethylene-oxide PEO (-CH2CH2O-), also called polyethylene glycol (PEG), and
polysaccharides such as dextran. It is commonly believed that hydrophilic surfaces have levels of
protein adsorption lower than those of hydrophobic surfaces. Studies have shown that while proteins
may readily attach to hydrophobic surfaces, most adherent cells have improved attachment and
proliferation on hydrophilic surfaces [96, 258].

Figure (1.11): Schematic diagram of Molecular structure of polydimethylsiloxane (PDMS)

Native PDMS surface is not suitable for stem cell cultivation; when using a PDMS based microbioreactor, the PDMS surface should be functionalized to prevent protein adsorption, to avoid
contamination, and to minimize loss of precious samples that are of micro/nano volume [259]. It is
vital to modify the PDMS surface suitable for adhesion of target cells, as well as the surface being
bio-inert to prevent protein fouling [113]. The modification of material surfaces can be used as a tool
to optimize the biocompatibility of materials. Surface property engineering of PDMS is the most
crucial step in cell-material interactions. This limitation can be turned to advantage by modifying or
selectively immobilizing different molecules.
There are several engineering approaches that have been described for surface modification of
PDMS-based microfluidic devices, aiming at a precise control of cell adhesion and spreading. Some
processes are based on a direct binding of the biologically active molecules that change the lubricity
of the surface [260] and some other processes provide the material with the capacity to give a
selective answer to a specific target analyte by binding antibodies or enzymes [261, 262]. Surface
modifications of PDMS could be divided into two categories: physical or chemical techniques.
Physical treatments are the most common type of surface modification, which focuses on the
chemistry of the surface to impart the properties required. In physical modification, there is a
hydrophobic interaction (between the hydrophobic PDMS surface and the hydrophobic terminal,
amphiphilic molecules, or copolymers) or electrostatic interactions.
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Presently, there are many different coating polymer options to be employed for physical adsorption
onto the microchannel surface via hydrophobic or electrostatic interactions such as surfactants,
amphiphilic copolymers, and charged polymers such as polyelectrolytes, polysaccharides and
polypeptides [263]. Electrostatic interaction, van der Waals force, hydrogen bonding, hydrophobic
interaction are some of the important interactions associated to the physical technique. Physical
techniques usually do not need complicated and expensive facilities and often require simple methods.
Nevertheless, physical modification poses some drawbacks, such as limited stability due to the weak
interaction force between substrate and immobilized molecules, which limit its practicality. Physical
surface modification commonly includes surface coating or entrapment [95], vapour deposition [264]
and surface self assembly [265] methods.
The layer-by-layer (LBL) technique is another physical electrostatic deposition method based on
alternating adsorption of oppositely charged polymers, including linear polycations and polyanions
[266]. Although this technique has been reported in many studies as an inexpensive and easy method
to implement and successfully applied for microchannel modification [208, 267], all these LBL
procedures involved the manual injection and removal of solutions both for layer formation and the
washing steps, which made the whole process very time consuming. In addition, surface functionality
and stability are dependent on many factors such as polyelectrolyte ionic strength and concentration,
type of solvent, temperature and pH of the solution, particularly for weak polyelectrolytes, which
limit the widespread use of LBL coatings [268]. Recently, Park et al. introduced a new and simple
modification method to enhance stem cell adhesion by immersing PDMS substrates in boiling
deionized water, which creates OH functional groups on the surface [269].
The most common techniques for physical modification of substrates include O2 plasma treatment
[270], corona discharge and ultraviolet-ozone oxidation [271, 272]. These methods alter the surface
property of PDMS through functional group implantation. The type of functional groups created can
be -COH, -COOH, -CO or -C-O-C [272].
Conventional plasma treatment is simple, straightforward, and does not require multiple step
modification. Modification of PDMS surface with oxygen plasma has become a popular tool in the
microfluidic application for increasing hydrophilicity and for permanent bonding of PDMS [273].
O2 plasma treatment provides a rapid operation that improves the hydrophilicity of PDMS surface by
generating a hydroxyl (-OH) layer on it. Studies showed that plasma treatment of silicone changes the
surface into a silica-like state, which has a low surface roughness and ranges between 10 and 100nm
in thickness on the surface [274-276]. Mahlstedt et al. successfully grew hESCs on a surface of the
oxygen plasma etched tissue culture polystyrene (PE-TCPS) in conditioned medium to improve the
culture surface for maintenance of hESC pluripotency [277], and showed that the untreated TC
culture substrate cannot support hESC culture.
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Despite the simplicity, there are some disadvantages being noticed on physically treated PDMS. After
plasma treatment, if PDMS is left at ambient conditions, hydrophobic recovery occurs over a period
of time. Surface modification based on O2 plasma treatment is temporary and not reliable as
hydrophobic recovery occurs. O2 plasma treated PDMS suffers a relatively short lifetime, i.e., one
hour [256, 278, 279], and loses the functionalized effect. The hydrophobic recovery occurs as a result
of reorientation of polar groups from a surface to bulk or bulk to surface, diffusion of the unpolymerized buried chain (low molecular weight LMW) from the bulk PDMS to the
thermodynamically unstable surface, condensation of surface hydroxyl groups, and migration of in
situ created LMW species during discharge to surface [254, 280-282]. These LMW chains can
possibly be uncross-linked linear PDMS chains or even residual cross-linking agents. Therefore, the
fast hydrophobic recovery of O2 plasma treated PDMS does not assure the production of a permanent
hydrophilic surface. Studies have been done on the elimination of LMW species to retain the
hydrophilicity for a greater time by thermal aging, i.e., curing the PDMS mixture over extended time
[283].
Generally, direct modification on a PDMS surface has caused physical damage as well as altered the
bulk properties to a certain extent. Treating PDMS films at a plasma power beyond 150W and longer
time interval will cause a change in the film colour and decrease the transparency as a silica-like layer
is formed [279]. Wang et al. showed that plasma treatment alone resulted in an insignificant increase
in Caco-2 cells adhesion on 10:1 PDMS while pre-incubation with CGM significantly increased cell
attachment to an extent similar to that observed on cell culture treated PS surfaces [284].
An ideal surface modification should be able to achieve the best performance in tailoring the surface
properties as well as maintaining the existing beneficial characteristics of PDMS for microfluidic
devices application. The hydroxyl groups made available through O2 plasma treatment only modify
PDMS surface to be hydrophilic but do not necessarily promote cell adhesion and support cell growth.
Physical treatments usually required sophisticated equipment or dedicated instrumentation, hence are
cost consuming and demanding of specific technical skills.
Despite the disadvantages discussed earlier, O2 plasma treatment still appears to be the choice of pretreatment step before coating PDMS films. The functional groups produced are able to conjugate with
the chemical employed to coat the surface. Although modification of the PDMS surfaces via physical
methods are simple and quick, thermal and mechanical instabilities of these surfaces due to their weak
interactions with the bottom substrate is problematic [247].
Long-term stability of modified PDMS surface and its reproducibility are important issues for specific
applications of PDMS devices. Kinetics of protein adsorption and folding, which influence cellular
activities, are highly affected by the chemical properties of substrates (e.g., hydrophobicity).
Since physically adsorbed coatings are unstable and need periodic reapplication, the coating should be
more stable to avoid any loss of molecules due to external factors.
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The later stage of surface modification promotes chemical treatment or a combination of both
physical and chemical treatment. Chemical modification can be done through surface grafting since
various functional compounds can be utilized to modify surface properties of biomaterials. In fact,
polymers with different functional side or end groups can be easily grafted onto substrata via covalent
binding [285].

The use of high-energy sources is commonly an intermediate step in covalent

modification.
Covalent polymer coating is an effective modification approach that gives more stable and stronger
substrate for cell culturing [247]. As a result of the advanced mechanical and chemical robustness as
well as a high level of synthetic flexibility towards the introduction of a variety of functional groups,
covalent modification has the key benefits over other surface modification methods (e.g., self
assemble monolayer and physical adsorption) [286]. Distinctive methods have been developed and
performed to impart surface properties on PDMS films. Each method has its pros and cons and a
balance should be made between the two. Modification without pre-treatment step offers a simple and
direct way to tailor the surface properties of PDMS, such as direct coating and grafting
polymerization. However, pre-treatment by oxygen plasma treatment does confer to PDMS films
higher stability and enhance further coating. Coated surfaces may have problems of folded or
denatured molecules and inadequate surface coverage. Surface modification eliminates the need to
redesign the bulk material for targeted surface performance.
Silanization is classified as a polymer coating method that is an effective chemical approach for
covalent attachment of polymers through silane chemistry and for preparing surface anchoring layers
on the surface of substrates [287]. In the silanization method, polymers with the functionalized end
groups or with block copolymers are covalently tethered onto the reactive anchoring layer on the
surface (e.g., functional groups introduced by self assembly monolayer). The attachment of
alkylsilanes, through the formation of Si-O-Si bonds between the silanol groups existing on the
oxidized silicon surface and the hydrolyzed organosilane molecules, is the most common way of
silicon surface functionalization [288, 289]. Different silane solutions could provide different
functional groups, to which the biomolecules can be covalently attached [290]. The presence of NH2
and COOH end groups on the surface has been shown to be favourable in biological applications to
support well-expressed focal adhesions with the formation of pronounced actin stress fibres [197,
253]. A common silanized reagent used to improve the hydrophilicity of PDMS surface is 3aminopropyltriethoxysilane (APTES) [256, 291].
To

this

end,

Seguin

et

al.

have

developed

a

method

to

coat

PDMS

with

3-

aminopropyltrimethoxysilane (APTMS) or 3-mercaptopropyltrimethoxy silane (MPTMS). First, they
coated an Ar plasma-oxidized PDMS surface with an aluminium film in order to maintain a
hydrophilic surface [292]. Silanization of PDMS surfaces after being O2 plasma-pretreated with four
different hydrophobic and hydrophilic aminonaphthol silanes showed that the WCAs of surfaces
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modified with two hydrophilic solutions decreased from 109° for native PDMS to 83° and 79°,
respectively, while WCA values for the two surfaces modified with hydrophobic ones increased from
109 to 116° and 122°, respectively [293]. Zhang et al. modified the surface of plasma-pretreated
PDMS

with

two

silane

solutions

(3-glycidoxypropyltrimethoxysilane

and

3-

chloropropyltrichlorosilane) followed by NH2-PEG and alkyne-PEG grafting.
They showed both surfaces became more hydrophilic compared to native PDMS with increase in the
stability of wettability [294]. Tebbe et al. showed that surface silanization of both TiO powder and
titanium sheets substrates with N-(3-trimethoxysilylpropyl) diethylenetriamine coupling reaction
maintained the biological activity of Heparin in its highest level. In addition, the activity of heparin
was found to be the highest for the covalent attachment with N-(3-trimethoxysilylpropyl)
diethylenetriamine due to the long chain of this spacer molecule, which gives the highest mobility to
the drug [295].
An organic polyethyleneimine (PEI) polymer consists of a high density of amino groups with the
potential to get protonated. PEI coated surfaces have been successfully used to enhance the neurons in
primary cell cultures [296]. Different types of cell lines have been effectively attached and
differentiated to neural cells on a modified version of PEI containing hydrophobic groups. PEI also
prevented cell loses during multiple washing steps [297].
Trimethoxysilylpropyl (polyethyleneimine) is an alternative and effective organosilane for microbioreactor surface aminization. Yue et al. showed that trimethoxysilylpropyl (polyethyleneimine) is
more efficient to aminize PDMS surfaces compared with APTMS and N-(3-trimethoxysilylpropyl)
diethylenetriamine [298], due to the presence of multiple amines per molecule.
Regardless of a one-step or multistep modification, a modified surface should possess the following
properties; high stability, long durability, and good uniformity. Silanization is usually coupled with O2
plasma treatment to enhance the conjugation between silane solution and PDMS surface. Wipff et al.
[291] showed that the covalent attachment of ECM on the surface of PDMS after oxygen plasma
treatment and silinization is more stable and resistant to stretch, compared with ECM protein
absorption to untreated PDMS and to electrostatic LBL functionalized PDMS. They showed that the
attachment, spreading, and proliferation of cells improved nearly 2-fold, 2.5 and 1.2 fold,
respectively.
The amino derivative surface, a surface that has been activated by silanization, can then be coated
with polymers that have carboxylated end groups through carbodiimide (EDC/NHS) chemistry.
It was proven that antibodies do covalently bond to the amino groups (-NH2) available in APTES by
their carboxyl groups (-COOH). The immobilization of protein via covalent linking on a microfluidic
device surface is more stabilized, and the protein bio-affinity is not affected. Silanization has been
shown to be a useful step for initiating PDMS modification for covalently binding enzymes. In one
study by Yasukawa’s group, glucose oxidase was immobilized on the PDMS surface after a
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hydrophilization step using a plasma process and further silanization for generating glucose sensor
[262]. Antibodies were also immobilized on a PDMS column for protein purification applications
after applying plasma and silanization by Sandison et al. [299].
In addition, for applications involving the stretch of a PDMS culture surface, chemical modification
may be preferable since it would seem to be mechanically stronger at the interface between PDMS
and the hydrophilic coating. A study by Shafieyan et al. showed that covalently binding of collagen
after surface silinization of PDMS is an effective way to promote osteoclast differentiation on
extendable PDMS substrates [300]. Mahlstedt et al. demonstrated that the pluripotency of human ES
cell culturing can be improved via physicochemical modification of polystyrene by plasma etching
technique [277]. Chemical properties of surfaces can have a profound influence on cellular response,
whether that effect is directly because of surface chemistry, or mediated through adsorbed proteins.
Utilisation of silane-modified surfaces provided a controlled method to investigate the effect of
specific surface chemistries on MSC adherence, viability, proliferation and differentiation.
Curran et al. demonstrated that mesenchymal stem cells showed increased viability and osteogenic
differentiation on surfaces chemically modified with amine-terminated silanes, as opposed to
chondrocytic differentiation on carboxylic acid-terminated silanes [301]. Low et al. investigated the
surface chemistry effect of porous silicon (pSi) through chemical modification of pSi on mammalian
cell attachment [302]. Cell attachment to ozone-oxidized, aminosilane-functionalized, and collagencoated pSi surfaces was compared to ozone oxidised pSi. The results revealed that amino-silane and a
collagen coating enhanced cell attachment to pSi surfaces whereas cells attached poorly to ozone
oxidised surfaces. In another study, the surface of micropatterned PDMS film was functionalized
using plasma oxidation coupled with aluminium deposition, followed by silanization with solutions of
3- aminopropyltrimethoxy silane (3-APTMS) and 3-mercaptopropyltrimethoxy silane (3-MPTMS), to
obtain patterned amine and thiol functionalities, respectively. The modified substrate was shown to
successfully selectively immobilize IgG molecules by protein A to the surface, and for the cellular
arrays. The amine functionalized surface was biocompatible with C2C12 rat endothelial cell growth
and proliferation within a patterned array [292].
Utilizing polysaccharides has proven to be a potential alternative to poly(ethylene glycol), a wellknown material for preventing the nonspecific adsorption of proteins, which also features
biocompatibility and low toxicity. Polysaccharides, such as dextran, have the potential to be replaced
by PEG as nonfouling materials to graft onto aminosilane functionalized glass surfaces [303, 304].
Chitosan and dextran have been physically deposited or covalently grafted onto PDMS surfaces for
biomolecule separation, immunoassay, and protein non-fouling [305, 306]. In addition,
polysaccharides have been shown to be advantageous in improving the cytocompatibility of native
PDMS and in decreasing surface protein adsorption [307].
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Carboxymethyl cellulose (CMC) is an alternative cross linker which is a derivative of cellulose and
commonly used as a Food and Drug Administration (FDA)-approved disintegrate in pharmaceutical
manufacturing [308]. It is water-soluble, biocompatible, and available abundantly at low cost, making
it an attractive biomaterials candidate. In fact, CMC effectively controls protein binding by providing
a hydrogel-like layer on the surface of substrates, which also prevents non-specific protein
interactions. CMC has been also employed as a wound dressing material and co-excipient with drugs
[309]. CMC has been demonstrated to inhibit postsurgical and postoperative adhesions [310-312]. It
has been demonstrated that the presence of CMC on the surface of the substrates dramatically
decreases the amount of bovine serum albumin’s (BSA) adsorption [313].

1.4.2.1.2

Biofunctionalization of PDMS for embryonic stem cells culturing

Biofunctionalization refers to the use of biochemical coatings (e.g., a coating of extracellular matrix
proteins such as fibronectin, vitronectin, and collagen) to allow for the enhancement of interactions
between the materials and the cells through the promotion and regulation of cellular functions such as
adhesion, migration, proliferation, and differentiation [314-316]. To use the potential of stem cells to
obtain highly specialized and functional bioengineering tissues, there is usually a need to use artificial
materials that mimic stem cell compartments. The benefit of having defined and artificial materials is
enormous. Indeed, an ideal opportunity can be provided by artificial materials to control conditions
for stem cell maintenance, instruction, and differentiation. For instance, by providing a better
environment for stem cells growth, the conditions in which ES cells turn into adult stem cells will be
discovered.
Artificial materials can be immobilized with bioactive molecules, such as growth factors, cytokines,
ECM proteins and adhesive peptides, and provide precise biological functionalities. These bioactive
molecules can be adsorbed on the surface of polymeric substrates via physical or covalently chemical
groups previously created on the surface. Cell attachment and growth are then influenced by the
structural parameters of the bio-functionalized surface, such as the density of the ligands, their spatial
distribution, their colocalization with synergistic ligands, etc. Agarose, alginate, hyaluronic acid,
gelatin, fibrin glue, collagen derivatives, and acellular tissue matrices are examples of a various
number of natural materials, which have also been used to support the differentiation for ESCs.
In many different fundamental biological processes, such as guiding cells into their appropriate
locations in the body, providing an attachment surface, and controlling cell proliferation,
differentiation, and apoptosis ECM-cell and cell-cell interactions vital functions. ECMs can be
employed to trigger ES cell differentiation toward a preferred cell lineage by incorporating tissuespecific ECM signals. ECM is established as a potent regulator of cell function and differentiation
[317], and there is already evidence that ECM affects differentiation in stem cells.
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A mixture of ECM molecules (Fibrotectin, laminin, collagen I, collagen III, collagen IV) was used by
Flaim and co-workers to understand their cooperation in cardiac differentiation of murine ES cells
[318]. Lee et al. found that physisorption of extra-cellular matrix (ECM) proteins, such as fibronectin,
could increase mammalian cell attachment on PDMS[319]. Mouse ES cells were also cultured on an
Ecadherin-coated surface, and the result showed that ES cells maintained their morphological
characteristics while keeping their ES cell features. ES cells showed higher proliferative ability and
transfection efficiency than those grown under conventional conditions [320]. In another report,
Goetz et al.[321] described how environmental interactions alone can modify the development of
neurogenic precursor cells. They showed the direct differentiation of stem cells into neural lineages
by using laminin, fibronectin, and gelatin. Evans’s group used decellularized bone-specific ECM to
promote osteogenic differentiation of mouse ES cells [322].
Gelatin, a derivative of collagen, is a natural renewable and biodegradable material that has been used
for coating formulations, and in pharmaceutical and medical applications for its outstanding
properties such as availability, cost-effectiveness, excellent biodegradability and biocompatibility, and
non-immunogenic properties [323, 324]. Gelatin can have positive or negative charge in an
appropriate physiological environment or during the fabrication based on its isoelectric point, which is
a very attractive property for many pharmaceutical researchers. Gelatin is among the natural polymers
that have been used as a support material for gene delivery, cell culture, and more recently tissue
engineering. The release of bioactive agents such as drugs, protein, and dual growth factors has been
controlled by gelatin-based systems [325].
It is known that gelatin contains arginine–glycine–aspartate (RGD) motifs; RGD peptides provide a
high-affinity site for cell binding, and are often incorporated in biomaterials to promote cell adhesion
[326, 327]. Chemical grafting or cross-linking of gelatin is an effective way to introduce stable
covalent bonds between protein segments to obtain a modified product that provides greater control of
chemical and physical properties compared to natural polymers [328].
Overall, it is worth mentioning that since the number of the stem cells in each tissue is generally very
small, they require culture and expansion in vitro for clinical use. Currently, a variety of microbioreactor systems made of biomaterials are being developed that enable cell growth in a tightly
controlled microenvironment. The properties of micro-bioreactor surfaces have a strong influence on
cell attachment and spreading, which are generally greater on certain hydrophilic surfaces relative to
hydrophobic surfaces [199, 228]. As mentioned previously, the ability to support cell growth and the
potential to resist protein adsorption in order to prevent undesired adsorption of analyte molecules,
such as protein and DNA, are important characteristics of effective micro-bioreactor surfaces. Native
PDMS, the most common polymer used in micro-bioreactor fabrication, is not suitable for stem cell
cultivation. When using a PDMS based micro-bioreactor, the PDMS surface should be effectively
functionalized to prevent protein adsorption, to avoid contamination and to minimize loss of precious
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samples that are of micro/nano volume [259]. In this regard, improving the wetting characteristics of
PDMS is an essential step to control nonspecific binding of proteins and increase cell adhesion and
expansion for further applications in microfluidics and bioengineering [329, 330].
To fulfil the first aim of this study, which is improving the ability of cell attachment and proliferation,
an effective and stable physiochemical modification method is provided. In this regard,
Trimethoxysilylpropyl(polyethylene imine), as one of the effective silane solutions, is applied to
introduce amine groups on the surface of PDMS for surface immobilization. CMC is further
conjugated to control the protein adsorption by providing hydroxyl active groups on the aminized
surface. Presence of these active groups makes further biofunctionalization easier. Gelatin is finally
attached to increase the cell adhesion and growth because of its outstanding properties such as
biodegradability, biocompatibility, and low antigenicity. This method enhances the adhesion of stem
cells to the PDMS and improves proliferation of stem cell while retaining their pluripotency and
normal morphology (Chapter 3).

1.5 Culture of cells as three-dimensional (3D) structures
(Differentiation

of pluripotent stem cells as a unique source of cells has been conducted in both two-

and three dimensions; however, a recent study revealed that although both systems support
differentiation of mESCs, the kinetics of differentiation differed greatly for cells cultured in 2D versus
3D [331].

Differentiation studies of several stem cell phenotypes have successfully shown the

potential of 2D systems to spatially and temporally control the presentation of molecules for the
differentiation. Besides providing some bound proteins, culturing stem cells on adherent surfaces (2D
culturing) can provide well controlled exogenous physical cues such as cyclic tension and shear stress.
For example, different studies have reported the observation of beating areas after plating down the
spontaneously differentiating EBs (stem cell 3D structure) on an adherent substrate that exhibit
structural and functional properties of early stage cardiomyocytes [332-334].
However, 2D culturing restricts cell growth to a single geometric plane [331]. Considering that in
most of the cases, the differentiation of cells may require the effects of cell-cell and cell-ECM
interactions provided within the context of embryonic bodies (EBs) in 3D, therefore introducing
another dimension is essential.
In fact, although culture of ESCs in monolayer or co-culture provides a more defined condition for
cell attachment and uniform exposure to soluble components in media, EB as the 3D aggregate of
ESCs more accurately recapitulate the complex assembly of cell adhesions and intercellular signalling
of early embryogenesis. In principle, 3D cultures can be obtained either by exploiting spontaneous
cell aggregation and by generating more or less spherical cellular conglomerates (using various type
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of bioreactors) or by culturing cells on artificial substrates (natural and synthetic scaffolds or
hydrogels) that induce cellular differentiation and maintain cellular function [105, 108, 335-337].
(Different methods for EB formation will be discussed in more detail in the following sections)
Beside EBs as stem cells aggregates, different types of cell spheroids could serve as very useful
models to understand the mechanisms of cell proliferation and cell death since spheroids mimic the
solid tumors more closely than the monolayer culture.

1.5.1

Cancer cells as 3D structures (Spheroids)

In living systems, the responsibility of cells as the basic structural and functional units is to mediate
various biochemical reactions, such as catabolism and anabolism, which help cells to grow and
divide. Communication of cells throughout the whole living system is being done in a highly
intelligent way despite very simple structure of cells. During the last decades, aggregates of cancer
cells have been subjected to plenty of in vitro studies for the better understanding of the principle of
morphogenesis and tissue formation. These aggregates, called “spheroids” with 3-dimensional (3D)
structures, are of paramount importance in biomedical science as they literally mimic the in vivo
tumour tissue structure and microenvironment. These 3D structures often consist of stem cells or
tumour cells from malignant cell lines or fragments of human tumours [338], which are normally used
to study the cell-cell interactions and communication, metabolic gradients, position dependent
proliferation, or gene expression patterns. Mimicking the behaviour of tumours can be done more
effectively in aggregated form rather than regular 2D cell cultures because spheroids, much like
tumours, usually contain both surface-exposed and deeply buried cells, proliferating and nonproliferating cells, and well-oxygenated and hypoxic cells [339].
In fact, although monolayer cultures of tumours have been widely used for studying the various
molecular processes, evaluation of some of the therapeutic strategies cannot be carried out with this
most widely used laboratory system. Indeed, the 3-dimensional organization of solid tumours
provides some complexities, which are not provided in the monolayer cultures derived from tumour
cells. In contrast, multicellular spheroids of tumour cells provide an excellent three dimensional in
vitro model in which hypoxic conditions can be generated to facilitate detailed investigations,
including the response to various chemical agents and radiation [340].
Stuschke and colleagues reported a systematic study in which they identified the degree of
differentiation as an important determinant of radio-responsiveness in various spheroid types of
human origin [341]. Thus, spheroids mirror the radio-sensitivity of differentiating tumours in vivo
more closely than conventional cell cultures. The Kerbel and Teicher groups, in a collaborative study,
showed that after the cancer cells were isolated and grown in monolayers, they lost their drug
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resistance to alkylating, while they could be fully recapitulated when cells were cultured as
multicellular spheroids [342-344]. Spheroids can also be used to study the adhesive properties of
tumour cells [345]. Tumour-induced angiogenic responses can be modelled using cultures in which
tumour spheroids interact with vascular cells generated from embryonic stem cells, also showed the
feasibility of analysing the interaction between different cell types in spheroids [346].
In fact, such efforts that have been made to study the different aspects of tumour cells as 3D
multicellular spheroids highlighted the need for improved and more effective in vitro systems models,
which more closely resemble the in vivo situation and the biological behaviour of the cells.

1.5.2

Embryonic stem cells as 3D structures (Embryoid
Bodies)

The generation of populations of undifferentiated stem cells, without diminishing their characteristics
through scalable and affordable culture systems, is the initial requirement for using the stem cells to
fulfil the promise of TE for repairing/replacing damage organs. This aim can be achieved either
through different conventional or small-scale techniques that mentioned in previous sections.
However, the next important step for using stem cells in clinical application includes the generation of
particular cell types for specific applications, which can be achieved through cell differentiation.
Regarding clinical applications, it is very critical to generate differentiated ES cells prior to
transplantation due to the fact that undifferentiated ES cells could cause teratoma (tumour) formation
in vivo. The therapeutic potential of embryonic stem cells (ESCs) lies in their ability to differentiate
into a variety of clinically useful cell types, such as hepatocytes [347], cardiomyocytes [41],
osteoblasts [348], and neural cells [349]. This superior potential, in addition to providing unlimited
number of cells, has drawn much attention to use them as integral parts of modern clinical treatment.
In vitro differentiation of ESCs, as an important characteristic of these cells, is mostly achieved by
spontaneously self-assembling 3D cell aggregates called embryoid bodies (EBs) through culturing
stem cells in low adhesion culture condition [350, 351]. Aggregation of embryonic cells has clearly
been distinguished by formation of embryoid bodies that represent 3D cultures of pluri- or totipotent
embryonic stem cells. EB formation is the initial step for many pluripotent stem cells differentiation
protocols. Although there have been different approaches for differentiation from pluripotent stem
cells such as END-2 approach and direct cardiac differentiation, EB formation is one of the most
utilized method for generating beating cardiomyocytes and facilitating the differentiation process
[352]. EBs are three-dimensional cell aggregates that can mimic some structures of the developing
embryo and can provide temporal and spatial cues that control differentiation into all three germ
layers (Figure1.12).
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Figure (1.12): In vitro differentiation of ES cells. Undifferentiated mouse ES cells (A) develop in vitro via
three-dimensional aggregates (embryoid body, B) into differentiated cell types of all three
primary germ layers [353]

In fact, when stem cells transferred into EB formation conditions (such as a suspension dish), small
aggregates can be observed after 1-3 days of culturing. In mouse ESCs, the tendency of forming EBs
with a special structure consisting of an internal endoderm layer and an external ectoderm layer; is
higher than human pluripotent stem cells. Over time, some EBs become cavitated and some become
cystic [350]. Figure 1.13 shows the formation of EBs over time.

Figure (1.13): EB formation via suspension culture after one (a), three (b) and five days (c) after dissociation

Studies have shown that differentiation of ESCs through EB formation resembles embryonic
development, in which EBs recapitulate early embryonic developmental phases [350, 354]. In fact,
cells inside the developing EBs possess the capability of differentiating to a more developed phase of
embryogenesis, contributing to various types of cells such as cardiomyocytes, skeletal muscle cells
and endothelial cells [40, 355, 356].
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Embryoid bodies have been broadly subjected to numerous studies during the last years following the
landmark research of Evans and Kaufman [33], and Martin and Evans [34, 357]. The ability of EBs to
recapitulate the developing embryo makes them a valuable tool for studying embryonic development
in addition to their therapeutic usage [44, 354, 358]. The in vitro differentiation of both mouse and
human ES cells can be triggered by formation of embryoid bodies as a widely employed method.
For instance, Serra et al. showed that the differentiation process of human embryonal teratocarcinoma
stem cells into neurons is highly improved when cells are cultivated as 3D aggregates using stirred
bioreactors. The result showed the significant increase in the neuronal differentiation efficiency and
decrease in the time required for the differentiation process [118, 359]. Investigation of different
aspects of mouse and human development in vitro has been shown to be facilitated by establishing
EBs. Considering that the isolation of early stage cells from developing embryos in vivo is almost
impossible, EBs plays a powerful role for characterising the function of precursor cells. In addition,
studies showed that when targeted mutagenesis causes disruption in both alleles of a specific gene in
ESCs, EBs derived from ESCs have often represent a fast alternative for investigating the impact of a
given null mutation [360, 361]. Much progress has been made in different aspects of embryoid bodies
as powerful models in vivo and in vitro, such as mechanistic and molecular work. Research
undertaken by Weiss and colleagues highlighted the potential of targeted mutations in embryoid
bodies [362]. Embryoid bodies were investigated for the mechanisms of vasculogenesis in different
studies [40, 363, 364]. Several researchers have studied the mechanisms of vasculogenesis in
embryoid bodies and analysed the role of cell adhesion molecules for the development of vessels and
their response to inflammatory stimuli [40, 364-366]. Another study, done by Rohwedel et al. [367],
showed that the development of skeletal muscle myocytes from mESCs is very similar in embryoid
bodies and in vivo with regard to the activation of muscle-related genes. Wobus and Hescheler studied
the capability of cardiomyocyte differentiation of EBs. They generated beating embryoid bodies with
cardiospecific receptors, ionic channels, and action potentials [368, 369]. Three-dimensional structure
has been shown to be advantageous for cardiac differentiation, given that close interaction with
endodermal derivatives supports cardiomyogenic induction [370]. The oxygenation and oxygenregulated gene expression in embryoid bodies in different oxygen environments were studied by
Gassmann et al. [371]. EB formation has been demonstrated to help in facilitating the investigation of
several aspects of ES cells in vitro, including the neutralisation of their potential to form tumours.
Studies on embryoid bodies represent perhaps one of the most exciting fields of research with 3-D
culture systems, and much progress with regard to our understanding of embryonic development and
carcinogenesis may come from this research area in the near future. The importance of formation of
cell aggregates encouraged us to engineer 3D culture system technologies capable of providing a
higher degree of efficiency, robustness, consistency and more predictive cultures.
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1.6 Methods for in vitro formation of EBs
So far, different methodologies have been utilized for EB formation, as schematically shown in Figure
1.14.

Figure (1.14): Schematic representation for vessels used in methods to form EBs from ES cells [372]

Traditionally, hanging drop and suspension culture methods were being used as the most widespread
methods for EB formation and for inducing differentiation. Although EBs have successfully been
generated to produce various differentiated cell types through these methods, these techniques allow
only limited control over aggregate size and shape and present practical difficulties with scale-up. In
the hanging drop technique, several droplets of media with identical cell density are suspended from
the lid of a petri dish, resulting in the formation of uniform size EBs. EBs formed by the hanging drop
method have been used to generate a broad spectrum of cell types, such as neuronal cells [373],
hematopoietic cells, cardiomyocytes [355, 374, 375], and smooth muscle cells [376].
It is worth mentioning that this technique is mainly used for research applications and is practically
not suitable for large scale EB production due to its laborious nature, and its low efficiency (each drop
could contain just one EB) [123].
The inherent experimental challenge of the method appears when, in order to form a sufficiently
stable hanging drop for easy experimental handling, the volume of the drop must be carefully
controlled. Because the stability of a hanging drop is governed by the balance of the liquid surface
tension force, and the gravitational force of the drop, it can be pulled off the well if it is too large
[377]. Although efficient in yielding spheroids, the hanging drop technique is well known to be
laborious, and requires a great deal of manipulation. In addition, the hanging drop method cannot
easily be scaled up for large EB production, restricting its practical effectiveness. For example, for the
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biochemical characterization of protein interactions and the interrogation of signalling pathways, over
100 dishes of hanging drops have to be pipetted, sometimes more depending on the experimental
setup.
Alternative techniques, such as those utilizing round-bottom 96-well plate and conical tubes, have
been adopted to form uniform EBs from certain numbers of ES cells [378, 379]. Although roundbottomed 96-well plates and conical tubes induce aggregation more rapidly than hanging drops, these
methods still result in generation of a single EB in each well.
Using suspension bacterial-grade dishes is another approach developed in 1985 by Doetschman et al.
[380]. The suspension method, unlike hanging drop methods, is carried out by adding a suspension of
ESCs to a bacteriological grade dish or other hydrophilic polymer-coated vessel, which inhibits cell
adhesion to the surface of the dish and consequently helps cells to spontaneously aggregate via cellcell adhesions [381]. Cells naturally stick to each other and form aggregates without any shaking. The
suspension method has been used to initiate the differentiation of ESCs into a variety of differentiated
cell types. For instance, mouse ES cells have been induced to neural progenitors [382], vascular cells
[383], cardiomyocytes [77], hepatic cells [384], and germ cells [385] from EBs formed in the
bacterial-grade dishes.
As a result of spontaneous aggregation in the suspension method, the number and the size of each
aggregate varies; therefore, it produces a large variety in EB sizes [351]. Another limitation of this
method is the possibility of EB attachment to the plate due to surface chemistry deficiency, leading to
a greater heterogeneity and loss of EBs from the suspension culture. One of the obstacles of this
method is the formation of larger aggregates, which has negative effects on cell proliferation and
differentiation, along with causing considerable cell death [351, 386]. Indeed, complicated and
difficulties in manageability of the suspension method has limited its practical industrial applications
[387].
Conventional techniques, such as hanging drop and suspension cultures, exhibit lower control over
the size of ES cell aggregates. In fact, although suspension methods produce large numbers of EBs the
major issue limiting cell proliferation in suspension culture is aggregation of EBs when one or more
individual EBs fuse and form bigger aggregates [388].
Bioreactor methods have been shown to be effective methods for the production of large numbers of
EBs [138, 389, 390]. It has been proven that these strategies are more advantageous than suspension
and hanging drop methods since they have the capability of providing nutrient and oxygen to cells
more effectively. As a result of the mixing environment, dispensing of media components is more
homogenous throughout the culture volume, and consequently EBs experience a more uniform
concentration of soluble factors and environmental conditions [391]. These systems fall into two
categories; stirred vessels and rotational vessels. The former category has been used more frequently
in large-scale production of cells for its high success rate in mass transfer [143, 390, 392, 393].
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Krawetz et al. [394] developed a protocol for the expansion of hESCs in stirred suspension
bioreactors, which yielded a 25-fold expansion of pluripotent hESCs over 6 days. Furthermore, Taiani
et al. found that bioreactor culture may induce pluripotency, and reduce the differentiation efficiency
of mESCs, in serum-containing media through fluid shear stress [395].
Sargent et al. found that a rotary bioreactor increased the fraction of cardiomyocytes generated from
mESCs compared with hanging-drop and static-suspension cultures [396].
Lu et al. [392, 397] reported that rotating bioreactors were beneficial for generating spontaneously
beating cardiomyoyctes. Controlling excessive cell aggregation is critical for this approach due to the
formation of a few large cell clumps, or aggregation between EBs (agglomeration), that sometimes
happens. For addressing this issue and controlling the interactions between cells and EBs, some
strategies, such as transferring EBs to stirred-suspension cultures or encapsulating them in hydrogel
capsules, have been proposed [138, 390, 398]. More importantly, generating shear forces due to the
rotation and consuming relatively huge amount of reagents are other important parameters that should
be concerned in using bioreactor techniques. The possibility of formation of bigger aggregates is
enhanced in stirred culture since dynamic conditions boost the likelihood of cell collision and
aggregation.
Recently, several studies have described the formation of uniformly sized cellular spheroids using
microfluidic technologies [224, 399, 400]. Microwell arrays are developed through the merging of
microfabrication and biomaterials technologies that facilitate ES cell culture and EB formation. For
instance, ES cells have been patterned on the microfabricated adhesive stencils for better controlling
on initial mouse ES cell aggregate sizes, which influenced the early differentiation to different germ
layers [388].
In another study, islands of ES cells were generated on microcontact printed substrates for regulation
of the self-renewal of ES cells by local modulation of self-renewal signalling molecules [401]. Mouse
ESCs were also micropatterned on defined size substrate to be analysed for cardiac differentiation
[402]. Photolithography has been used for making a 3-D cuboidal microwell plates to culture hESCs
and form EBs of defined sizes in order to regulate cardiac differentiation. It is reported that
differentiation of ES cells to cardiomyocyte lineage is more likely via EBs with smaller sizes (100–
500µm) [403]. Recently, the agarose microwell plates (non-adhesive substrate) generated by a soft
lithography strategy were used for aggregation of murine induced pluripotent stem cells EBs and
cardiac differentiation [404]. Although the microwell-approach gives more homogeneous EBs and
can be scaled up, commercially available single use microwell-based consumables are still very
costly; therefore, large-scale experiments may be hardly affordable for most researchers. Furthermore,
the need for the clean room facilities and using soft lithography procedures published so far proved to
be technically complicated and time consuming [405, 406].
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Each of the abovementioned methods suffers from at least one of the drawbacks, such as timeconsuming, labour-intensive, complicated production process, inability to scale up, low efficiency of
EB formation, or economical impracticality. The conditions vary between methods; therefore, the size
and shape of EBs produced may also vary. Formation of heterogeneous EBs depends on the different
sizes and shapes of the EB [407]. The lack of homogeneity in the EB results in asynchronous
differentiation of the cells within. Most current methods aim to produce homogenous or uniform EBs.
In order to consider embryoid bodies more efficiently, problems associated with death, adhesion to
the culture dish, uncontrolled agglomeration, and dissolved EBs need to be solved. To physically
separate and encapsulate the EBs in a three-dimensional (3D) semi solid matrix during culture is one
way to cope these problems. Culturing in 3D system has the potential to facilitate the cellular
differentiation and form an in vitro supplement for the 3D supportive tissues that evolves during
embryogenesis in vivo [408, 409].
To create in vivo-like aggregates, mES cells can be cultured on 2D flat substrates and cell aggregation
can be induced over time. However, moving stem cell culture protocols from 2D cell monolayers to
3D environments has been reported to enhance embryonic stem cells performance in vitro and help to
exploit their potential more effectively [410, 411]. In fact, keeping and differentiating EBs inside
three-dimensional culture could possibly persuade better cell–cell interactions, help to entrap secreted
extra cellular matrix, and assist to maintain the spherical cellular morphologies [412, 413]. The
importance of providing the spatiotemporal cell environment for cell behaviour is due to the fact that
3D provides a cellular situation closer to what actually takes place in vivo.
Another attractive development in EB formation techniques is utilizing porous hydrogel-scaffolds as
more controlled systems that are capable of modulating EB size in order to begin to determine the
effects on subsequent differentiation of the cells. Various tissue-engineering studies have pointed out
that 3D scaffolds are well-suited to ESC based tissue engineering applications [410, 414, 415]. The
confined environment of the pore structure in the scaffold would enable the formation of a more
homogeneous population of EBs, minimize agglomeration of EBs, and eventually lead to efficient cell
proliferation and differentiation. In addition, the porous structure of hydrogel fabricated from natural
or synthetic extracellular matrix components, more closely resembles the extracellular matrix, enables
efficient cell seeding and tissue engineering. Moreover, because of their high water-content structure,
hydrogels provide high permeability for oxygen, nutrients and other water-soluble metabolites, which
is an excellent environment for cell growth and tissue regeneration [416, 417].
Considering that EB formation remains important in the in vitro differentiation of stem cells, more
attention needs to be given to the techniques, devices, and procedures used for EB formation. In fact,
to produce a controlled differentiation pattern for ES cells, there is still the need for reliable methods
to produce uniform aggregate sizes. In this regard, developing a novel technique in terms of the ease
of operation, cost, and efficiency is necessary. Furthermore, the difficulties associated with the
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common methods regarding the low yield of the formation of 3D cell structures have led to the
development of approaches capable of forming larger and more homogeneous numbers of cell
aggregates. To meet the aim of this project, two novel effective bioreactors with miniaturized scale
will be proposed for generating stem cell aggregates: liquid marble and a biodegradable porous
scaffold, which will be discussed in detail in sections 1.6.1 and 1.6.2, respectively. This part of the
thesis is dedicated to the introduction of principles and properties and novel biomedical applications
of liquid marble.

1.6.1

Liquid marble, Principles and properties

Wettability is described as the ability of a liquid to maintain contact with a solid surface, resulting
from intermolecular interactions once the two are taken together. This is an important property of the
surface, which is highly influenced by both chemical composition and geometrical microstructure of
the surface [418].
This phenomenon has a large impact on other physical and chemical processes, such as adhesion,
lubrication, catalysis, and friction. Nature, as a valuable and innovative source, always has been an
excellent inspiration to mimic the bio-structures for studying the properties of biological systems.
Formation of water droplets on a lotus leaf due to the low surface energy of the botanical wax on the
leaf is one of the well-known examples of Super-hydrophobicity [419]; the lotus leaf acts as a
superhydrophobic surface, which is defined as a surface with a water contact angle larger than 150°
[420]. The honeydew waste excreted from Phloem-feeders is life threatening for galling aphids. This
waste can act as a trap for the insects to become stuck. However, these insects can avoid the sticking
problem by secreting a hydrophobic powder wax to cover the honeydew. The wax-covered sphere is
then rolled or kicked out of a hole in the gall by the soldier aphids [421]. Butterfly wings are another
example of a superhydrophobic surface that direct drops of water away from the body of the butterfly
[422].
Superhydrophobic surfaces exhibit extreme water-repellency, with water droplets resting on them
with high contact angles. Creating the appropriate rough and low surface energy surfaces is the aim of
different methodologies and instruments for the fabrication of artificial superhydrophobic surfaces.
Various applications take advantage of superhydrophobic surfaces, especially in the last two decades,
just like production of self-cleaning, drag reduction, energy restoration, and antifouling [423-426].
Superhydrophobic surfaces and their applications have attracted astounding attention since the 1990s,
when photolithography technology matured, and it turned out to be possible to build
superhydrophobic surfaces with desired properties [427-429]. In 2006, by hydrophobic silicon
coating, superhydrophobic fabric fibres were created [430]. Furthermore, superhydrophobic surfaces
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could have a number of potential marine applications, where it can prevent marine fouling and be
involved in defence against adhesion and the growth of marine organisms[431].
When a drop of liquid comes into contact with a solid powder surface, based on the surface tension of
the liquid-solid adhesion, the powder particles cover the surface of the liquid, leading to formation of
a liquid marble Figure 1.15. An encapsulated liquid marble can easily form by rolling a drop of liquid
on a bed of micro- or nano-hydrophobic or hydrophilic powder particles. By transferring this drop to
any surface, it is observed to be in a pure non-wetting situation, since the grains prevent any contact
from taking place. This liquid marble can behave as a micro-reservoir capable of moving quickly
without any leakage [432].

Figure (1.15): Covering a drop of liquid with the hydrophobic powder and formation of a liquid marble

The phenomenon of liquid marbles was introduced by the pioneering work of Aussillous and Quéré in
2001 and since then, intensive theoretical and experimental research has been directed toward
miniaturization technology [433-435]. An interest in liquid marbles arises from both their very
unusual physical properties and their promising applications. Liquid marbles present an alternative
approach to superhydrophobicity, i.e., creating a non-stick situation for a liquid–solid pair. The
hydrophobic powder particles have been poorly wetted by the liquid; therefore; they weakly adhere
onto the surface of the liquid drop in a loose and rather random fashion, forming a porous shell over
the liquid drop. The presence of a porous shell around the liquid marble was observed by optical
microscopy [433, 436]. This kind of structure helps the liquid marble to endure a certain degree of
mechanical force and deformation, considering that the porous shell is stretchable. The presence of
the hydrophobic shell provides a barrier to direct contact between a liquid core and any surface
outside of the liquid marble, while allowing air and other gases to freely transport into the liquid
marble [437]. Such a structure makes a liquid marble an ideal respirable micro reactor for biological
applications.
Despite the suggestion of Aussillous and Quéré for using hydrophobic and high surface tension
powder particles for making a stable liquid marble, today hydrophilic powder has also been used for
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making liquid marbles [438, 439] Figure 1.16. It should be mentioned that the covering powder could
be more or less hydrophobic (e.g., marbles coated by graphite and carbon black, which are not
strongly hydrophobic) [438-442]. The covering powder could be made of natural substances, such as
soot or lycopodium, or from artificial substances, such as silica beads by a fluorosilane; the size of the
powder can be varied from 0.1-100micrometre [443].

Figure (1.16): Liquid marble covered with hydrophobic polyvinylidene fluoride (PVDF) particles and
lycopodium powder (yellow) [443]

It is worth mentioning that liquid marbles can be formed using a variety of low and high surface
tension liquids. For microfluidic application, liquid marbles need to be formed with low surface
tension and volatile liquids as well. For example, Xue et al. reported the formation of stable liquid
marbles from both aqueous solution and organic liquids covered by fluorinated decyl polyhedral
oligomeric silsesquioxane (FD-POSS) particles [444]. In another study, Gao and McCarthy made
encapsulated ionic liquids marbles, which are non-volatile and versatile solvents, by fluoropolymer
oligomerictetrafluoroethylene (OTFE) [445]. Liquid marbles have been manufactured using some
other organic solvents such as dimethyl sulfoxide (DMSO), toluene, hexadecane, and ethanol.
However, it should be mentioned that in a majority of studies, using high surface tension liquid
marbles have been reported [433, 445-447]. The Zhang group reported the fabrication of highly water
repellent micro-particles in a mild condition by inspiration from the strong adhesion of mussel
adhesive protein and the micro-nano hierarchical structure of the lotus leaf. His group also, for the
first time, reported the formation of oil liquid marbles under water encapsulated by superhydrophobic
magnetic particles under external magnetic field. The author suggested the great potential of oil liquid
marble in future micro-reactor and sensing applications [448].
Inherently, hydrophobic powder consists of a large proportion of air between its particles.
Environmental scanning electron microscopy (ESEM) images of the surface of liquid marbles showed
that the shell consisted of particles with trapped air between them. The study conducted by
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Bormashenko [449] showed that hydrophobic powder does not form a uniform shell around a liquid
drop. The encapsulating layer of particles can create a loosely packed monolayer or a multilayer
surrounding the droplet. Increasing the angle has a direct relation with the fraction of the air on the
surface of the hydrophobic particles. Nguyen et al. used confocal microscopy technique to investigate
the structure of the liquid marble shell. The images revealed that hydrophobic particles formed a
loosely packed multilayer shell consisting of small and relatively large lumps of primary particles
[434]. They showed that the liquid marble powder shell is composed of predominantly multi-layers of
fine powders. These fine particles help the liquid core to avoid contact with a wetting surface, and
hence increase the flexibility of the liquid marble in withstanding compression forces. The powder
shell is clearly seen in Figure 1.17 with the presence of multi-layers within the powder shell, and
particles can be viewed on the liquid marble surface. Therefore, it is worth noting that the
hydrophobic powder creates a completely non wetting soft solid and forms a porous shell around a
droplet, which is permeable for gases and vapours and enables the liquid marble to act as a gas sensor
[437].

Figure (1.17): A cross-section of liquid marble produced from silica R974 powder and rhodamine B liquid
core. (a) cross-sectional view of liquid marble; with the fluorescence artificially highlighted (b)
aerial view of liquid marble; (c) side view of liquid marble [434]

Because of the hydrophobic nature of the powder, particles cannot be mixed, but instead cover the
surface of the liquid droplet. This drop of liquid is considered as a non-wetting soft solid, and
therefore behaves as a micro-bioreactor able to move easily across a surface by very weak forces and
without any leakage and any residue [432]. Even at high speed, the hydrophobic powder acts as a
preventer of leakages and any disruption. The low friction movement of liquid marble on the substrate
requires low force to move it, making it important in microfluidic applications [440, 450].
Liquid marbles also can be formed with different particle sizes ranging from nano- to microns, which
allow its use in both colorimetric and optical applications. Bhosale et al. [442] studied the stability of
liquid marbles formed with nano- and micro particles. They showed that higher surface area of nanoparticles creates more uniform shell and thereby more uniform coverage of liquid marbles. The
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mechanical robustness of nano-particle liquid marbles was shown to be greater than the conventional
liquid marbles made from larger particles. They believe that this robustness is due to the formation of
an elastic nano-particle thin shell around the marble that self-assembles on the liquid-vapour interface.
Atomic force microscopy images also showed that the presence of chain-shape particles, rather than
spheres on the surface of droplets, allow the formation of particulate networks in the surface coating,
which increased robustness against rupture under applied force. This effect also decreases the
buckling of evaporating marbles made with smaller powder particle size. McEleney et al. studied the
effect of powder density on liquid marble stability. The results of their study indicated that for the
successful formation of liquid marbles, in addition to the hydrophobicity of the system, powder
density and particle size (particle mass) are important parameters. It was also found that liquid
marbles formed using low particle size have the most complete marbles, allow for the greatest ease of
marble formation, and are more stable. Moreover, they provided a procedure to increase the
mechanical strength of the liquid marble, by polymerising methylmethacrylate (MMA) on the surface
of a PMMA [451].
Another interesting characteristic of the liquid marble is its low evaporation rate. The evaporation rate
of a liquid marble depends on the size and the type of hydrophobic powder, and the type of
encapsulated liquid. For example, for a volatile liquid, the life time is shorter and the deformation rate
is higher [439]. The smaller particle size results in transparent liquid marbles, and therefore the
content of liquid marbles can be monitored. This property makes the liquid marble a useful device in
bio-fluidic applications, such as feasibility of optical monitoring of enwrapped biological fluids for
checking the cell health, concentration or other characteristics [452]. The kinetics of evaporation of
liquid marbles coated with PTFE has been also reported by Tosun et al.. The evaporation rate of
chemically inert PTFE liquid marble was compared with that of pure water droplets in the identical
conditions of relative humidity and temperature. The results showed that PTFE liquid marbles have
longer lifetimes. They suggested that these life-times are sufficient for many promising applications in
microfluidics, genetic analysis, antifouling, wear-free micro-machines, electromechanical actuators
and valve fields under normal atmospheric conditions [453]. Dandan et al. also showed that the
evaporation rate of graphic liquid marbles is half that for pure water droplets in the same conditions
[439]. Small non-adhesive contact of a liquid marble with a substrate leads to relative robustness, and
low resistance to motion provides potential for facile manipulation [446].
Another important characteristic of a liquid marble is its ability to deform in shape, which is
dramatically influenced by the volume of liquid encapsulated. Although there is no direct contact
between the internal liquid phase of a liquid marble and its substrate, the shape of the droplet is still
affected by the presence of the powder particles. Since the marbles are soft, they will be deformed to
minimize their potential energy. The marbles keep an approximately spherical shape until a certain
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volume is reached. By increasing the volume of the encapsulated liquid, a quasi-spherical shape of a
liquid marble transforms into a completely non-wetting puddle (Figure 1.18).
The skin of liquid marble exhibits shock resistance when two marbles impact each other, or when it
hits the ground, they will deform during the shock, but not coalesce or explode. This property allows
manipulation of the size of the marble by cutting it with a knife and dividing it in two parts.
Conversely, a marble can be destroyed immediately by making it contact a liquid that penetrates the
powder, such as oil or alcohol [446].

Figure (1.18): Pearland Puddle shapes of liquid marble, marbles were formed by PVDF powder of 10µ l (A)
and 500µ l (B) [454]

1.6.1.1

Applications of liquid marbles as small-scaled bioreactors

Since Aussillous and Quere [433] proposed the unique potential of liquid marbles for the first time,
this relatively new field of study has been subjected to a variety of practical applications during the
past decades. Due to their unique physical and structural characteristics, liquid marbles have drawn
the attention of researchers in a wide range of theoretical and experimental applications.
The presence of a porous and superhydrophobic shell around the marble prevents contact of the liquid
core with an outside surface, and allows gas and vapour permeability and its application for gas
sensing. For example, NH3 was successfully detected through Teflon-coated marbles [437, 455].
Recently, in another study, Fujii et al. [456] proposed a modified idea of using liquid marbles for gas
sensing. In their study, liquid marbles were formed using PS latex particles carrying pH-sensitive
PDEA hair (PDEA-PS particles). The liquid marbles were rapidly disintegrated upon exposure to HCl
gas, presumably due to desorption of the latex particles from the surface of the liquid marbles.
Arbatan et al. [457] demonstrated the use of liquid marbles as micro-bio-reactors, for diagnosis
application for blood typing. Haemagglutination reaction happened after gentle shaking of the marble
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containing the blood and antibody mixture. Tian et al. [437, 455] showed that the porous nature of the
liquid marble shell could be used to allow gases to transport through the marble shell. They
demonstrated the use of liquid marbles formed with gas-reactive indicator solutions to detect gases. In
another recent study, liquid marbles made from lycopodium spores were used to encapsulate aqueous
solutions 9-fluorenylmethoxycarbonyl-diphenylalanine (Fmoc-FF). The formation of the selfassembly of ribbon-like peptide fibrils into an ultrathin peptide membrane was as a result of the
acidification of the Fmoc-FF solution at the liquid/air interface [458]. This study demonstrated the
possible potential of liquid marbles as micro-bio-reactors applications. Polluted water with
contaminations, such as oils, petroleum and its derivatives that decrease the surface tension of water,
was effectively recognized by the liquid marble technique [459]. Bormashenko et al. showed that
polyvinylidene fluoride (PVDF) marbles floating on the surface of contaminated water with silicon oil
or kerosene will be destroyed because of the formation of low surface tension film on the surface of
the water. They showed that liquid marbles could be effectively used for determination of water
pollution from oils and petroleum [459]. The low evaporation rate of liquid marbles covered with
graphite powder compared to uncovered ones showed that these marbles have sufficiently long life
times to keep their spherical shape, which makes them an interesting choice for industrial and
biological applications such as microfluidic, genetic analysis, and anti fouling. Evaporation rate was
also decreased by increasing the humidity of the medium. From these studies it can be concluded that
liquid marbles are also effective storage devices [460]. Wang et al. reported a gas storage system in
which methane molecules were absorbed in the water of the marbles [461, 462].
Due to the ability of liquid marble to be merged, levitated and divided, liquid marbles are of interest
in view of their micro-fluidic applications. Marble transportation could be achieved by exerting extra
forces such as electric or magnetic fields or by tilting the supporting surface. Fe3O4 nanoparticle
liquid marbles were formed, manipulated and transported using magnetic fields. Liquid marbles
formed with magnetic particles exhibited considerable response to an external magnetic force and
provide a straightforward alternative solution to conventional micro-fluidic systems [450, 463, 464].
Using liquid marbles in the pharmaceutical industry has drawn significant attention recently, where
the formation and strength of the liquid marbles are seen to be advantageous in drug delivery. Studies
have shown that the particle size enlargement process, and wet granulation, can produce liquid
marbles. Liquid marbles in the pharmaceutical industry also offer the benefits of handling high drug
loadings, simultaneous control of the size and structure of the granules, production of spherical
granules with excellent flow, good compression properties, and fast drying periods [436, 460, 465].
An edible liquid marble formed by fatty acid crystals and triacylglycerol crystal was prepared in
Kawamura’s research group and has useful applications in food, cosmetic and medical areas [466].
Capsules containing drug components and stimulus-responsive liquid marbles were prepared by
covering marbles with solid particles based on a copper substrate or polystyrene latex [451, 467]. Tian
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et al. recently used the unique property of liquid marbles to build respirable micro-biological
reactors to cultivate microorganisms. They found that this respirable bioreactor could provide a
more suitable environment for the growth of an aerobe than that in McCartney bottles with
shaking incubation; cell concentration increased more rapidly in liquid marbles [468].
The significant advantages of liquid marble bioreactors are the minimization of the consumption of
chemical and biological reagents, more accurately controlled reaction conditions, and much shorter
reaction times as a result of their small dimensions [444, 450]. For this reason, manipulating and
dealing with the small populations of cells becomes cheaper while studying cell behaviour gets easier
and in more details. Small volumes are also particularly important for minimizing waste when
working with hazardous biological materials. Utilizing a liquid marble bioreactor reduces the risk of
biohazard contaminations, since there is no direct contact between the liquid core and the underneath
substrate bed. Liquid marble is an easy and simple method that does not need complicated equipment,
except the regular cell culture facilities. More importantly, controlling the bio-microreaction can be
possible by joining liquid marbles containing different reagents together or by adding different
reagents into the marbles. The extraction, replenishment, or change of the liquid core of the liquid
marble can be undertaken easily, due to the flexible structure of liquid marbles. Liquid marbles are
also disposable.
In fact, all of the above mentioned properties of liquid marbles and specifically I) permeability of the
porous shell, which allows the possibility of gas exchange between the medium and surrounding
environment, II) Non-adhesiveness of hydrophobic powder particles, which encourages cells to
suspend in the medium and form EBs more effectively, and III) a confined liquid core volume that
promotes effective contact between cells, encouraged us to exploit these advantages for the first time
for living cell applications.
Although there are several reports on the applications of liquid marbles [459, 469, 470], no practical
applications considered such unique structures as miniaturized bioreactors for cell purposes. So far,
the biological application of liquid marble for studying the behaviour of cells has not been discussed
and there is still much to be discovered, characterized, and developed.
As part of the aim of this study, it will be shown that (Chapter 4,5,6) how the confined internal space
of liquid marble bioreactors made of highly hydrophobic polytetrafluoroethylene powder can provide
the necessary conditions for accommodating living cells and the formation of plenty of uniform EBs
in a convenient growth condition. EBs will be shown to express all three germ markers associated
with differentiation potential. Additionally, using this novel method provides the differentiation
potential of EBs with features of cardiomyocytes and spontaneous beating. Advantages of this method
over the existing technologies are mentioned and the high efficiency of the method is highlighted.
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1.6.2

Scaffold bioreactors as 3D small-scaled cell culture
system

Although the majority of our knowledge in modern biology has been provided by classical 2D cell
culture techniques, it is now well accepted that cells reside, proliferate, and differentiate in complex
3D microenvironments. The concept of using 3D biodegradable scaffolds as alternatives for
extracellular matrix (ECM), which more closely reform cells’ native structure, is an interesting area of
study in current tissue engineering. For having the unique function of stem cells, they need to reside
in the specialized, three-dimensional microenvironment that surrounds them in native tissues.
The microenvironment components need to be positioned in their physiological and functional
locations; the interactions between those components are crucial for the purpose of controlling stem
cell functions [471].
So far, various studies have demonstrated the significant role of the extracellular microenvironment
(ECM) in controlling cellular behaviour [472-474]. A desired scaffold with proper biochemical and
biophysical cues can provide structural stability for developing tissues as well as direct cellular
behaviour and function. The biomaterial-based scaffold plays a temporary platform for cell activities
[475]. Due to the important role of matrix composition in ES cell proliferation, differentiation and
their behaviour toward specific lineages, extensive efforts have been devoted to constructing
biomaterials that behave more like ECMs.
In this regard, hydrogels with structural and functional similarities to the natural ECM are the most
attractive tissue engineering scaffolds in providing 3D environment to cells, both in culture and inside
the body. In addition, hydrogel has the ideal potential of allowing the proper diffusion of nutrients and
waste to and from tissue due to its high water content and provides an ideal 3D platform for cell-cell
and cell-material communications [476]. Hydrogels are defined as three-dimensional stable networks
of macroscopic dimensions formed from cross-linked hydrophilic polymers to form insoluble
polymeric materials that are able to swell and retain large amounts of water [477]. In fact, different
special characteristics of hydrogel, such as tuneable physical and chemical properties and spatially
controlled distribution of biostimuli, have been proven to guide and affect stem cell fate [191, 478].
As a consequence of presenting highly hydrated three-dimensional networks of polymers in which
cells can attach, grow, and differentiate, hydrogel scaffolds are appealing options for cell delivery and
tissue development. It is also possible to manipulate the mechanical properties of the hydrogel
material by providing chemical signals to the cells through the incorporation of growth factors, and
mechanical signals. Currently, hydrogel scaffolds are being used in an attempt to engineer a wide
range of tissues, including cartilage, bone, muscle, fat, liver, and neurons [479].
A study has shown that the combination of micro-scale technology with a 3D hydrogel resulted in
more viable cells in the fabricated device than in microchannels without the scaffolds, which
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demonstrates the importance of 3D scaffolds in cell proliferation and differentiation [184]. It is worth
mentioning that different properties of hydrogel, such as morphology, mesh size, viscoelasticity,
degradation behaviour, and biological activities, vary based on different chemical composition and the
method of crosslinking [480].

1.6.2.1

Biomaterials for synthesizing hydrogel

Polymers are the commonly used materials for fabrication because of the ability to control their
chemical and structural properties. Polymeric materials for scaffolding can be generally categorized
into synthetic derived and naturally polymers derivatives [481].
Synthetic materials have been inspired by the understanding of the composition of the ECM in
different stem cell niches. Synthetic hydrogels have been generated by polymerization of monomers
with a wide range of properties. These materials offer advantages over natural ones as well as
limitations. For instance, although synthetic materials are inherently less bioactive, they are
mechanically strong and can be engineered with the desirable macro (shape) and micro structure (pore
size and porosity), as well as being modified to possess desired bioactive properties that will facilitate
cellular growth and organogenesis in a biomimetic manner [482, 483]. In addition, the surface
properties of the synthetic polymers can be engineered to suit specific functions, and therefore be
more beneficial for tissue engineering applications. Furthermore, since for many synthetic polymers,
degradation rate and mechanical strength are known, therefore degradation time should not vary
significantly between hosts.
PEG is the most popular synthetic polymer in the biomedical field due to its appealing properties,
such as biocompatibility, low immunogenic polymers, protein-resistant properties, and good solubility
in various solvents [484, 485]. Studies demonstrated that utilizing 3D degradable polyethylene glycol
(PEG) and poly (lactic-coglycolic acid)/poly(l-lactic acid)-based hydrogels, which have been used to
support complex tissue structures, could support the formation of structures with the characteristics of
neural tissues, cartilage and liver, as well as a network of blood vessel-like tubules, and for cultivation
and differentiation of stem cells [410]. In addition, the use of hydrogels represents another useful
method for in vitro organogenesis. Moutos et al. (2006) showed that a three dimensional woven
scaffold made from PGA can be designed to mimic the mechanical properties of a native articular
cartilage [486]. Generally, in comparison with natural polymers, the synthetic ones, which are
hydrophobic and mechanically strong, have comparatively slower degradation rates [475].
Poylacrylamide/acrylic acid copolymers and Poly(urethane)s (PU) are other examples of synthetic
biomaterials with highly tunable properties to influence the behaviour of stem cells. Importantly,
proteolytic sensitivity of these biomaterials can be conferred by using small peptides with enzymespecific cleavage sequences as cross-linkers in polymer synthesis [487].
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Examples of other synthetic polymers used for scaffold fabrication that have been approved by the
USA Food and Drug Administration (FDA) are poly(acrylic amide) (PAAm), poly(acrylic acid)
(PAA) and its derivates and poly(vinyl alcohol) (PVA). PVA has been used in pharmaceutical and
biomedical applications or controlled drug release tests, regeneration of artificial articular cartilage
and for a hybrid type artificial pancreas [488-490]. Despite the ability to control the surface
characteristics of the synthetic polymers, as implied by their name “synthetic”, they are deficient in
the biological component of the native ECM [491, 492]. In addition, due to the degradation process of
these polymers, weak acids will be produced that could be toxic and cause an adverse reaction if they
accumulate locally [493].
Biomaterials derived from natural sources are the vast majority of the initial recorded cases of modern
tissue engineering [494]. Natural biomaterials being used in scaffold fabrication usually consist of
ECM

components

such

as

collagen,

fibrinogen,

agarose,

alginate,

hyaluronic

acid,

glycosaminoglycans (GAGs), hydroxyapatite (HA), etc., and therefore have the advantage of being
bioactive, biocompatible, and with mechanical properties similar to native tissue. Natural
biomaterials, being biologically similar to the native ECM, allow the cells to interact with these
polymers in a natural manner through receptors and signals, and aids in the correct functioning of the
cells, such as attachment, proliferation, and differentiation. A number of natural materials have been
used to support the differentiation for ESCs, including agarose, alginate, chitosan, hyaluronic acid,
gelatin, fibringlue, collagen derivatives, and acellular tissue matrices.
Polysaccharide and proteins are the naturally derived polymers have been shown to have the potential
of biological recognition that might support cell development. Using polysaccharides for fabrication
of hydrogel is beneficial not merely from a biomimetic prospective but also from a scaffoldprocessing point of view. These polysaccharides have abundant functional groups, such as hydroxyl
groups and carboxylic acid groups, amenable to various types of chemical modifications. This
provides the possibility to introduce cross-linkable, cell-specific ligands, or extracellular signalling
molecules, such as peptides and oligosaccharides, into the polysaccharidic precursors of hydrogels
that accelerate tissue reorganization.
Collagen, HA and alginate are some natural polymers that have been employed for tissue engineering
to improve surface chemistry and to encourage cell growth and differentiation of embryonic and adult
stem cells [476]. Collagen fibres or porous collagen 3D scaffolds with the potential of expressing
structural and physiological features similar to the natural microenvironment have been used for
mimicking native cardiac muscle. [495, 496]. Zimmerman et al. have created highly functional
contracting constructs, which incorporate collagen and Matrigel™ along with neonatal rat heart cells.
Collagen is a structural component of typical engineered heart tissues (EHT), which has been used for
generating of cardiac tissue with mechanical and electrophysiological properties similar to the native
myocardium of rats, with the potential of integrating with host tissue [497].
61	
  
	
  

However, natural collagen raises concern over potential immunogenicity and pathogen transmission,
as well as exhibiting poor thermal stability, mechanical strength, water resistance, biodegradability
and handling [498].
Matrigel™ is a commercially available product containing ECM components such as laminin and
collagen IV, and heparansulfate proteoglycans, which have been used extensively in cell culture [50,
499]. However, since Matrigel is derived from Engelbreth–Holm–Swarm mouse sarcoma cells, it
increases the tumourigenicity and hence is unsuitable for implantation [500].
Other examples of derived natural materials used for creating three-dimensional scaffolds and mESC
differentiation are fibrinogen, fibrin [501, 502], and hyaluronic acid (HA), which are highly attractive
natural biomaterials. This component has been shown to participate in cellular behaviour and cell
signalling. Gerecht et al. (2007) reported the use of hyaluronic acid hydrogels for maintaining the
pluripotency and undifferentiated state of hESCs, while by adding soluble factors to the scaffold, cells
could be differentiated into specific lineage [411]. HA has also been used in a nano-structured selfassembling peptide scaffold to encourage osteogenic differentiation of mESCs [503]. Fibrinogen,
fibrin and hyaluronic acid are available commercially; however, they are usually very costly.
Alginate is a well-known natural polysaccharide with broad applications in cell encapsulation and
drug, antibody or growth factor delivery due to its biocompatibility and low toxicity [416, 504].
Alginate has also been used for the encapsulation and differentiation of hESCs and mESCs [105].
Another study showed that by encapsulating mESCs in alginate polyL-lysine (PLL), cells keep their
proliferation ability [336]. Porous alginate as 3D matrices has been also associated with enhanced
proliferation of embryonic, mesenchymal and neural stem cells [476]. In fact, alginate is considered to
have the simplest gelling process as well as the most biocompatible one; lack of bio-active moieties
and lack of diverse modification potential limit its practical applications [505]. Furthermore, since
degradation of alginate includes a process that causes loss of divalent ions into the surrounding
medium, discourages protein adsorption and has an uncontrollable and unpredictable degradation
process, it is not the best biomaterial option [479].
Cellulose is the most widespread naturally occurring polysaccharide found in nature, consisting of
glucose-based repeating units. Since cellulose and its derivatives can be degraded by microbial or
fungal enzymes in nature, it is considered as an environmentally friendly component. In addition, it is
inexpensive and biocompatible. The biocompatibility of cellulose and its derivatives is well
established [506, 507]. It is easily machinable and thus available in a wide range of forms and shapes.
Its mechanical properties have been shown to have a good match with those of hard and soft tissues
[506, 508, 509]. The attractive characteristics of cellulose have promoted the widespread use of
cellulose-based devices in biomedical applications, such as tissue regeneration and controlled release
of drugs [510-512]. Entcheva et al. (2004) demonstrated the ability of a cellulose scaffold to promote
cardiac cell growth, to enhance cell connectivity and electrical functionality, and to grow functional
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cardiac cell constructs [511]. An early result on liver cells demonstrated superior adhesion properties
of cellulose-based materials compared to most polymer surfaces [513]. Several studies report the
applicability of cellulose-based materials for culturing cells and for implantation. Examples include
bone regeneration [514], hepatocyte culturing for an artificial liver [515], and expansion of progenitor
hematopoetic cells in culture [516]. Indeed, cellulosic material is a desirable material for tissue
engineering applications since it is renewable, inexpensive, biodegradable, photo-crosslinkable, easy
to functionalize, biocompatible to most stem cells, and possesses mechanical properties similar to soft
tissues and organs. Besides, cellulose-based materials have very low water solubility, therefore
allowing for better control over scaffold design. Hydrogen bonds from the hydroxyl groups, holding
the cellulose chains together, account for the high degree of crystallinity, low solubility and poor
cellulose degradation in vivo [507].
Commonly used cellulose derivatives include hydroxypropylcellulose (HPC), carboxymethycellulose
(CMC) and hydroxypropylmethyl cellulose (HPMC)[517]. HPC is a commercial derivative of
cellulose that has been approved by the US Food and Drug Administration (FDA) as an agent for drug
delivery applications. HPC is soluble in water and many organic solvents, and it is also available
abundantly at low cost. This has partly contributed to its use in biomedical and pharmaceutical
applications. HPC has exhibited properties such as biocompatibility, biodegradability, and cellresponsiveness, which helps it to be used as a hydrogel for microscale tissue engineering applications.
It also is patternable, flexible and has mechanical rigidity to be applied in paper substrates [500].
Although HPC has been modified with allylisocyanate to a biocompatible 3D interconnected porous
scaffold, this product is not biodegradable, due to the lack of cellulose hydrolyses in vivo [518].
In general, materials from natural sources are advantageous because of their inherent properties of
biological recognition, including presentation of receptor-binding ligands and susceptibility to celltriggered proteolytic degradation and remodelling. However, common disadvantages of natural
polymers include variations in degradation rates, batch-to-batch inconsistency, and poor mechanical
strength [491, 493, 519].

1.6.2.2

Biodegradability and porosity

Biomaterials play an important role in the preparation of cell scaffolds. Basically, the scaffold should
be porous and biodegradable. Biodegradability of polymers is one of the most important factors in
pharmaceutical and biomaterials applications. Biodegradable materials are those can degrade or are
water soluble by any process in the body to disappear from the site where they have been implanted.
Ideally, for functional clinical application, biodegradable scaffolds are needed, which after
implantation are remodelled by the body and replaced by native tissue to restore original function.
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Therefore, the scaffold must support cell growth and differentiation. Furthermore, the scaffold should
degrade into metabolites that do not have any toxicity or immunogenic response.
On the other hand, a 3D scaffold could perform a significant role as an in vitro model to help to
expand our knowledge about a fundamental aspect of tissue biology or to generate systems for drug
and cosmetics screening [520]. Considering that the main composition of extracellular matrix in vivo
includes collagen, non-collagenous glyco-protein, amino-polysaccharides and proteoglycans, and
elastin, the biocompatibility of synthetic scaffold materials has to be raised.
Scaffold pore size is another factor that has been shown to influence cell adhesion, growth and
phenotype [521]. Nutrient and gas exchanges are important requirements for cellular aggregates. A
cell death problem emerges when there is a limitation in the exchange of nutrients and waste
metabolites [522]. This has been tackled by using highly porous scaffolds, where basic designs take
into consider such as shape, cell adhesion sites and the flow of gases, nutrients, and metabolites [481].
In fact, the porosity and pore interconnectivity are two important parameters that need to be
considered in fabrication of a functional hydrogel, because they play a significant role in cell survival,
proliferation, migration and ECM secretion [523, 524]. There are different natural and synthetic
materials derived from biodegradable polymers, such as PGA, PLA, PLGA, and collagen, which have
been widely used for fabrication of porous three-dimensional scaffolds in the tissue engineering of
cartilage, bone, skin, and ligament, etc [525]. Mass transport vascularization and tissue organization is
being facilitated by using porous 3D scaffold. For instance, the induction of vessel networks became
easier by seeding myoblasts, embryonic fibroblasts and endothelial cells in highly porous,
biodegradable polymer scaffolds [526]. In fact, porosity of a scaffold should be sufficient to provide
enough space for penetration and migration of cell suspension within the 3D structure, while
simultaneously being small enough to let cells to give a critical total surface area for appropriate cell
attachment.
It is worth mentioning that different cell types are embedded within matrices possessing distinctly
different properties and shapes. For instance, the requirement for peripheral nerve is to be surrounded
by a soft uniaxially aligned lipoprotein myelin sheath environment, while for osteoblasts, a hard
surface of bone within cuboidal sheets need to be engineered. Therefore, the design of scaffolds must
represent the tissue of interest, and a tremendous diversity exists in the design of scaffolds for the
engineering of tissues. Using a porous hydrogel can provide an effective mass transfer through the
scaffold and consequently provide better cell interactions and a more physiologically relevant
environment for the cultivated cells, which make them proper candidates for tissue engineering
applications [109, 527]. Indeed, porous gels improve cells functions by providing proper 3D structure
[224, 349].
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1.6.2.3

Thermo-responsive hydrogel

Smart materials, which are defined as materials with the ability to respond to external stimuli, are one
of the most interesting classes of materials [528, 529]. Polymer-based thermo-responsive materials are
a class of “smart” materials that have the ability to respond to a change in temperature; this property
makes them attractive materials in a wide range of applications such as sensors, drug and gene
delivery and tissue engineering [530, 531]. Thermo-responsive polymers in tissue engineering are
commonly used for two purposes, one as substrates that enable the cell growth and proliferation as
well as injectable gels, in situ of the scaffold. In the first application, the thermo-responsive ability of
the polymers is used to regulate cell attachment and detachment from a surface [532, 533]. There are
two main types of thermo-responsive polymers based on presenting a lower critical solution
temperature (LCST) and an upper critical solution temperature (UCST). In fact, at different
temperatures lower than LCST and higher than UCST points, the polymer and solvent are completely
miscible [534].
Since thermo-responsive hydrogels only respond to temperature changes for their gelation and do not
require chemical or environmental treatment, they have been classified as, and considered as, one of
the important class of materials. They can be thus produced (e.g., upon injection to the body) when
temperature is increased from ambient to physiological levels.
Poly(N,N-diethylacrylamide)

(PDEAAm),

poly(N-vinlycaprolactam)

(PVCL),

poly[2-

(dimethylamino)ethyl methacrylate] (PDMAEMA), and poly(ethylene glycol) (PEG), also called
poly(ethylene

oxide)

(PEO),

are

examples

of

synthetic

thermo-reponsive

polymers.

Due to the fact that Poly(N-isopropylacrylamide) (PNIPAAm)’s LCST is close to body temperature
and its fast on-off switching, it is one of the most used polymers for the development of thermoresponsive behaviour hydrogels. A major issue for PNIPAAm-based hydrogel is its biodegradability.
PNIPAAm is non- degradable, which limits its application. Many studies have been carried out on
PNIPAAm with the attempt to introduce degradable groups onto PNIIPAAm to render it
biodegradable. PEG is an interesting synthetic polymer for fabricating thermo-responsive hydrogels.
However, PEG and polyester based thermo-sensitive hydrogels release acid during degradation,
which may provoke severe inflammatory response [535, 536].
Gelatin and chitosan are considered as natural biopolymers with thermo reversible properties.
Cellulose is another natural polysaccharide that is insoluble in water. Some cellulose derivatives such
as methylcellulose (MC), hydroxypropyl methylcellulose (HPMC) and hydroxypropyl cellulose have
been extensively studied for biomedical and tissue engineering applications. Utilizing renewable
cellulosic materials with new biochemical and physiochemical properties for developing a thermoresponsive hydrogel will bring attention to new applications in the biomedical field. As a result of
many promising applications of thermo-responsive polymer, new thermo-responsive polymer systems
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with new biochemical and physiochemical properties are still needed to provide multifunctional
platforms.

1.6.2.4

Hydrogel for embryoid body formation

So far, different cell types have been successfully cultured on polymeric scaffold; however, these are
usually single-cell-type cultures [7, 537, 538]. Embryonic stem cells (ESCs) are pluripotent cells with
the ability to organize into multi-cell-type structures during embryonic like differentiation, which
makes them powerful sources for therapeutic, drug discovery and cell replacement applications [33,
34, 38, 79, 405]. Generally, differentiation of ESCs is initiated through an intermediate step involving
the formation of embryoid bodies (EBs) via complex three-dimensional aggregates of ESCs [539,
540]. As mentioned earlier, ESCs aggregates subsequently can undergo differentiation into all the
somatic cell types. Therefore, EBs have the potential to serve as an omnipotent cell resource for cell
therapy, including tissue engineering. One of the primary challenges in ES cell research is the
development of a culture system to control cell aggregation and agglomeration during EB formation,
which has a profound effect on the extent of cell proliferation and differentiation.
Currently, there are several methods with unique peculiarities used to form EBs from ES cells (as
discussed in detail in section 1.6). These methods, such as forced aggregation, spinner flask, and
reactor-based cultures, have been developed to generate a large scale of ES cell derivatives through
the formation of EBs for further applications [119, 138, 541].
However, these methods suffer from several drawbacks, including generating shear forces, which
although manageable, still damage the cells [133, 542]. Some other common techniques such as
hanging drops and the liquid suspension culture may have one of the following limitations, such as
being time-consuming or labour intensive, having a complicated production process, being unable to
scale up, having low efficiency of EB formation, or being economically impractical [138, 143, 390,
543]. It is worth noting that the common disadvantage of all these methods is the lack of support from
extra-cellular matrix, which plays an important role in cell growth and development. On the other
hand, since multi-cellular structures require cells to be able to migrate in three dimensions and interact
with their microenvironment, two dimensional culture environments are not adequate, and there is a
need for proper 3D environment.
As it was mentioned earlier, effective mass transfer can be achieved by generating porous structure in
the scaffolds or selecting highly permeable scaffold materials. Porous collagen sponges have been
used in 3D culture conditions to influence rhesus ESC differentiation [544]. In that work,
undifferentiated rhesus ESCs were seeded on top of the collagen sponges or at the bottom of the
culture well, with or without co-culture of human dermal fibroblasts or keratinocytes. However, in
this study, ES cells were not seeded in the collagen matrix and the process of EBs formation in the
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whole ES cells differentiation was skipped. The research performed by Levenberge et al. (2003)
showed the cultivation of undifferentiated ESCs and differentiated cells with the use Matrigel or
fibronectin as an adhesive agent to prevent cells from leaking out [410]. They also used different
growth factors to direct differentiation. In their study, a combination of porous polymeric scaffold and
Matrigel or fibronectin coating of the scaffold were needed to enable the formation of tissue structures
from differentiated ESCs, while Matrigel alone failed to support cell growth and 3D organization. The
work was unsuccessful in generating EBs by seeding the ESC directly into porous PLLA/PLGA
scaffolds with 250-500µm pore size. In another study, mESCs were induced to become neural
progenitors using three-dimensional (3D) fibrin scaffolds and by adding retinoic acid. However, this
study failed to form the EB-like structure after seeding mESC [501].
The presence of dense reactive hydroxyl groups on the surface makes cellulose surfaces suitable for
immobilization of cell adhesive proteins such as fibronectin [545]. In addition, the densely packed
glucan chain structure in cellulose fibres gives them sufficient mechanical strength to support cell
aggregate structures [546]. Therefore, this natural biomaterial could be considered as one of the
desired components for inducing EB formation. Methylcellulose (MC), one of the derivatives of
cellulose, was employed to coat the surface of a polystyrene dish to cultivate human embryonic stem
(hES) cell clumps for the formation of embryoid bodies (EBs) in liquid suspension culture; however,
in this technique, cells were grown on top of the non porous scaffold [547]. Recently, it has been
reported that biodegradable 3D hydrogel constructed from hydroxypropyl cellulose (HPC), modified
with bio-functional methacrylic anhydride (MA), is biocompatible to human adipose-derived stem
cells (ASCs). ASCs were successfully differentiated into the adipocytes inside the scaffolds, and
therefore demonstrated the potential application of these HPC-MA scaffolds for adipose tissue
engineering [548]. Overall, cellulose-based hydrogels have many favourable properties such as
hydrophilicity, biodegradability, biocompatibility, transparency, low cost, and non-toxicity, which
make them interesting options in tissue engineering [549], controllable delivery system [550],blood
purification [551] and cell culturing.
To our knowledge, however, there have been few studies into the application of cellulose microfibres
as scaffolds for cell culturing, direct formation of EBs inside cellulose-derived scaffolds and the
cardiac differentiation potential of hydrogel-born EBs have not been reported. To achieve this goal, a
modified macro-porous HPC hydrogel is used to study the capability of a 3D porous scaffold to
support stem cell growth and, more importantly, the feasibility of embryoid body formation
comprising the three embryonic germ layers is investigated. The potential of the EBs formed in
hydrogel to differentiate into cardiac lineage cells will also be investigated.
There have been extensive studies on the efficacy of biocompatible natural and synthetic polymeric
hydrogels as 3D tissue scaffolds, which have the ability to degrade and function as “smart” hydrogels,
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as well as in the microfluidics field. However, the use of modified cellulose as a 3D tissue scaffold
has yet to be fully exploited.
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1.7 Scope of the Present Study
Embryonic stem cells (ESCs) are pluripotent cells capable of differentiating into all somatic and germ
cell types. The intrinsic ability of pluripotent cells to generate a vast array of different cells makes
ESCs a robust resource for a variety of cell transplantation and tissue engineering applications. Stem
cell characteristics, such as proper proliferation and differentiation, are regulated not only by the stem
cells themselves but also by their microenvironment.
To shed light on the mechanisms that regulate stem cells, it is important and indispensable to develop
technologies and methodologies that allow the study of stem-cell function in response to isolated
components of a complex system. Biomaterial approaches, in combination with other technologies
such as microfabrication, are well suited to assist studies of stem-cell biology through the creation of
evolving systems that allow key variables to be systematically altered, and their influence on stemcell fate analysed. Biomaterial technologies provide the exciting possibility of deconstructing and
then reconstructing niches, and play an important role in creation of a local environment that enhances
and regulates proliferation and differentiation of stem cells and induces cell-based tissue regeneration.
However, due to the inert nature of most of the biomaterials used in small-scale devices, they must
undergo surface modification prior to cell attachment to promote adhesion and to prevent adsorption
of proteins on the surfaces.
Stem cell adhesion is a prerequisite for eliciting pluripotency. Therefore, it is a crucial task to
efficiently mimic stem cell microenvironments and niches using biopolymers (biomaterials) to control
adhesion and spreading of cells, which can be effectively achieved by surface modification of the
substrates and providing suitable microenvironment using proper biomaterials. Different techniques
can be used to modify the surface of materials, which have the desired physical and chemical
properties, but lack sufficient biocompatibility.
The object of the first part of this work is to engineer an effective surface functionalization method for
enhancing the biocompatibility of a PDMS surface that is protein resistant while facilitating cell
proliferation (expansion) and maintaining the pluripotency potential of cells. A bio-functionalized
surface was fabricated in the form of a disposable micro-bioreactor with a microchannel reactor bed,
which was shown to have the potential to be utilized as stem cell studying tool. (First part of the thesis
study, Chapter 3)
To fulfil this aim, soft lithography was used to fabricate a PDMS micro-bioreactor. The inner surface
of the channel was functionalized by an effective physiochemical modification method. We also
investigated the potential of functionalizing PDMS with carboxylmethyl cellulose (CMC) as a lowcost non-fouling material to minimize protein adsorption. Different characterisation methods were
applied to study the structural and chemical properties of the modified substrate. To investigate the
composition and chemical properties of the composites, Fourier transform infrared (FTIR)
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spectroscopy was used. Water contact measurements were performed to demonstrate the improvement
in hydrophilicity and long term stability of the functionalized surface. Protein adsorption assay was
also performed to demonstrate the protein-resistance of the surface. Biocompatibility of the modified
surface on cell attachment and proliferation was also investigated through different characterization
methods, and compared to the non-modified surface.
In order to use adult or embryonic stem cells for regenerative medicine applications, control over their
self-renewal and differentiation properties must be attained. Differentiation of ESCs into a variety of
cell types is an important characteristic of these types of cells, which is commonly achieved in vitro
by spontaneously self-assembling in low adhesion culture condition into 3D cell aggregates called
embryoid bodies (EBs). Formation of EBs, as a critical step to direct differentiation of the cells
provides opportunities to mechanistically study early differentiation events of 3D assemblies of
pluripotent cells. Miniaturized devices expand our ability to control material transport, and material
manipulation, at smaller scale than their conventional counterparts. Miniature systems are especially
beneficial for biological and medical applications. Indeed, small scale devices have the potential to
create bio-mimetic structures that mimic the in vivo cellular microenvironment, enable experimental
parallelization under well-controlled conditions, minimize the consumption of reagents and reduce
sample analysis time. Engineering new culture-based approaches using advanced biomaterials in the
form of artificial miniature reactors (liquid marble and porous hydrogel scaffold techniques), that
more closely mimic what the body already does and promote the generation of more homogeneous
EBs, is another major goal of this study. (Second part chapter 4,5,6 and the third part of this study,
Chapter 7 and Appendix 7.3)
The second part of this study was accomplished by developing a novel, low cost, high-yield and easyto-control strategy in the form of a miniaturized bioreactor. This novel method was first developed for
formation of cancer cell spheroids inside liquid marbles, with immediate significance in biomedical
and tissue engineering applications. Factors such as the powder particle size, the liquid marble volume
and the cell seeding density inside each liquid marble were also investigated to evaluate the effects of
varying experimental conditions on the efficiency of EB formation within a liquid marble. The
efficiency of the method to support cell viability and to generate more homogeneous EBs was then
compared to one of the most popular formation techniques called suspension culture. A bioreactor
made of liquid marble was further investigated for its capability to induce EB differentiation into
myocytes cells as an easy, cost effective and straightforward method. The loss of pluripotency of cells
in EBs was investigated using the Fluorescence-activated cell sorting technique (FACS). The
differentiation capability of marble-born EBs was investigated via presence of three germ layer
markers. The expression of different stage cardiac genes was investigated using RT-PCR and RTqPCR techniques. Cells were also immunostained for present of cardiac markers. Feasibility of
spontaneous differentiation into beating cardiomyocytes was additionally investigated by plating
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down the EBs. In this study, we proposed for the first time that liquid marble could greatly contribute
to ES cardiac differentiation, which enhances biology and genetic studies.
It is now well accepted that cells reside, proliferate and differentiate in complex 3D
microenvironments. Biomaterial-based scaffolds have been the most important tool in providing a 3D
environment to cells, both in culture or inside the body. A proper supporting matrix can provide
support for cell survival and functioning. The use of scaffolding materials as stem cell embedding
biomaterials in a fixed bed micro-bioreactor is intriguing, since scaffolding materials can mimic the
microenvironment of the extracellular matrix in a human body. In fact, scaffolds act as artificial
extracellular matrices while providing the necessary support for cell proliferation and maintaining
their differentiation functions.
On the other hand, since differentiation of embryonic stem (ES) cells typically requires cell–cell
aggregation in the form of embryoid bodies (EBs), using functional a porous scaffold with the
confined environment of the pore structure in the scaffold would effectively enable the formation of
EBs, minimize the agglomeration of EBs, and eventually lead to efficient cell proliferation and
desired differentiated lineage
In the third part, we further studied the feasibility of using a novel biodegradable porous cellulose
scaffold to create a 3D supportive environment for generating stem cell spheroids (known as
embryonic bodies (EBs)). The morphology and structural characteristics of porous scaffolds and the
formation of EBs inside a 3D scaffold were investigated by scanning electron microscopy (SEM) and
confocal imaging. The efficiency of formed EBs in terms of uniformity and cell viability was
compared with those formed in suspension culture method. The differentiation capability of scaffoldborn EBs was investigated via presence of three germ layers markers by conducting immunostaining
as well as RT-PCR analysis. The level of expression of the three germ layer markers in scaffold-born
EBs over a certain period of time was also compared to those formed via suspension culture. To
determine the capability of EBs formed in scaffold to differentiate into cardiac lineage cells, they
were subsequently plated down to study the development of this lineage. Immunostaining for NKx2.5
as a cardiac transcription factor and the expression of cardiomyocyte filament proteins, cardiac
troponin I (cTnI) as a mature cardiac specific transcript factor was conducted. The capability of the
hydrogel for promoting spontaneous cardiac-like action potentials, which shows the maturation of
EBs, was also investigated.
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1.8 Thesis Overview
This thesis is presented in a “Thesis Partially Based on Conjointly Published and Unpublished Work”
format. It is made up of four published journal articles, one submitted article and one drafted article.
Each chapter contains a brief introduction in which the articles are placed within the context of the
thesis as a whole. The outline of the present PhD thesis is as follows:
Chapter 1 provides an introduction on cell and tissue engineering, information about stem cells and
their different types, their applications and a literature review on the technologies developed for
supporting stem cell proliferation and differentiation including conventional bioreactors. In this
chapter, we will pay special consideration to miniaturized technologies for stem cell growth and
expansion, including the bio-functionalized PDMS micro-bioreactor (as a 2D model), the liquid
marble bioreactor and the macro-porous scaffold (as 3D models). The most common techniques for
functionalization of a PDMS surface will be discussed and the best one will be selected for our study.
The liquid marble will be introduced as a novel mini-bioreactor and its principles, properties and
applications will be discussed. Novel applications are proposed and investigated to demonstrate the
great capability of liquid marbles, particularly as microreactors in biological studies. A novel scaffold
integrated bioreactor will also be used for studying the feasibility of formation of embryoid bodies.
Chapter 2 describes the experimental and characterisation methods used in this thesis.
Chapter 3 concerns the physio-chemical bio-functionalization of PDMS surface. In this chapter, we
present a novel and inexpensive method to prepare a disposable micro-bioreactor for stem cell
expansion. The micro-bioreactor was fabricated in the form of a fixed bed bioreactor with a
microchannel reactor bed. The functionalized surface was found to be biocompatible with MDA-MB231 and Oct4b2 cells, and was demonstrated to facilitate cell proliferation. The expanded Oct4b2 cells
retained their proliferation potential, undifferentiated phenotype and pluripotency.
The results were published in Journal of Materials and Chemistry.
 Publication: Surface-functionalization of PDMS for potential micro-bioreactor and
embryonic stem cell culture applications
The novel concept of small-scale bioreactors made of liquid marbles is demonstrated in Chapter 4.
The idea of using liquid marbles as bioreactors is discussed in this chapter through studying a typical,
yet important, biological assay. Liquid marbles are shown to be capable of accommodating living
cells, in a convenient growth condition. A case study is then done including investigation of the
formation of cancer cell spheroids inside liquid marbles made of polytetrafluoroethylene powder and
cell culture medium. Advantages of the method over the existing technologies are mentioned and the
high efficiency of the method is highlighted.
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The published result is listed below:
 Publication : Tumor inside a pearl drop
In chapter 5, we provide a novel application of liquid marbles for formation of three dimensional (3D)
structures of stem cells, which are called embryoid bodies (EBs), inside liquid marbles. In this part,
we also discuss factors including liquid marble shell properties, liquid marble size and the cell seeding
density and their effects on the size, uniformity and quality of the EBs formed. By using liquid marble
bioreactors, we showed that this method provides a quick aggregate formation method with time
similar to the hanging drop method, which is the most common method. The liquid marble method
also minimized human involvement; once the medium marbles containing cells are prepared, they can
be placed in an incubator until the spheroids are formed. In addition, as a result of producing several
EBs in each individual marble, this method is more efficient. In this part, we also showed that the EBs
that formed using the liquid marble technique are capable of further in vitro differentiation potential.
The published result is listed below:
 Publication : A novel technique for formation of Embryoid Bodies inside liquid marbles
In chapter 6, we further develop the idea of using liquid marble bioreactors for cardiomyocyte
differentiation of mouse ES (mES) cells after formation of EBs inside the liquid marble. The results
demonstrate that ES cells can differentiate into myocytes cells through the liquid marble technique as
a facile, cost effective, and straightforward method. We propose for the first time that liquid marbles
greatly contribute to ES cardiac differentiation, which leads to better exploration of ES biology and
genetic studies.
The results are presented as a submitted paper:
 Publication (Submitted) : Cardiogenesis of Embryonic Stem Cells with Liquid Marble
Micro-bioreactor
Chapter 7 concerns the feasibility of generating homogeneous embryonic bodies (EBs) inside a novel
biodegradable porous hydrogel. The efficiency of hydrogel-born EBs in term of size uniformity and
cell viability are compared with EBs formed through liquid suspension method. Hydrogel born EBs
are further studied for the capability of in vitro differentiation for expressing the three germ markers.
The cardiomyocytes differentiation capability of EBs, which is formed inside hydrogel, is also
examined by conducting PCR and immunostaining for presence of cardiac markers.
The findings of this study is presented in the following submitted publication,
 Publication (submitted) : Stem cells inside Hydrogel Micro-bioreactor
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In Appendix 7.3, the use of thermo-responsive HPC-MA hydrogels for the engineering of tissues with
cell-releasing behaviour is examined. The thermo-responsive properties (such as turbidity, water
contact angle, swelling ratio, dynamic mechanical analysis and thermal analysis) of these HPC-MA
hydrogels were evaluated. Temperature-modulated cell-releasing characteristics were studied using
African green monkey kidney cells (COS-7 cells) and murine-derived embryonic stem (mES) cells.
The findings of this study is presented in the following publication,
 Publication : Thermoresponsive Cellulosic Hydrogels with Cell-Releasing Behaviour
Chapter 8 provides a summary of the concluding remarks in this work and discusses some possible
avenues for future research.
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Chapter 2: Experimental Methodology
An experimental section is given in each of the papers that follow but the detailed experimental
methods have been collected together in this chapter for completeness and convenience.

2.1 Materials and Method
PDMS substrates were prepared using a silicon elastomer kit (Sylgard 184, Dow Corning, MI) and
mixed at a 1:10 curing agent to base ratio. Trimethoxysilylpropyl(polyethyleneimine) (50% in
isopropanol) (Mw= 2000–4000) was purchased from GelestInc, USA. N-Hydroxysuccinimide (NHS),
1-ethyl-3-(3-dimethylaminopropyl) carbodiimide hydrochloride (EDC), carboxymethyl cellulose
sodium salt (CMC, Mw~90 kDa), albumin–fluorescein isothiocyanate conjugate (BSA–FITC), bovine
serum albumin (BSA), acid orange II, and 2-(N-morpholiino) ethane sulfonic acid (MES) were
purchased from Sigma-Aldrich, Australia. Calcein AM, 4',6-diamidino-2-phenylindole, dilactate
(DAPI), Texas Red-X phalloidin, Dulbecco's modified Eagle's medium (DMEM), non-essential
amino acids, GlutaMAX, and penicillin–streptomycin were obtained from Life Technologies,
Australia. n-Hexane was obtained from Merck. Gelatin (Mw=80–140 kDa) was obtained from Wako.
Unless stated otherwise, all other chemicals were purchased from Sigma-Aldrich, Australia.

2.1.1

PDMS microchannel design and preparation

Preparing the PDMS is very straightforward. Sylgard 184 silicone base and curing agent are mixed in
a 10:1 ratio by weight. Then the mixture is degassed to remove any bubbles and poured over the
PDMS master. The PDMS is then baked under vacuum, causing it to cure and ensuring all entrapped
gasses are evacuated. After cooling, the PDMS is easily peeled and cut.
Fabrication of the microchannels was successfully performed at the Melbourne Nano Fabrication
centre next to Monash University. A dark field photomask with a microchannel pattern of 200 mm
width, 50 mm height and 3 cm length was designed using AutoCAD. Standard photolithography was
employed to fabricate the Si master mold for PDMS replication. Spin-coating is a conventional
technique for the preparation of polymer thin films. The wafer was positioned on the centre of the
spin coater, and SU8-2050 (Microchem) was spin coated on a wafer at 500 and 1500 rpm for 5s and
30s, respectively. The high centrifugal force is critical for generating a uniform thickness of the
polymer. The spun coated wafer was placed on a hotplate at 65°C and 95°C in sequence for 5 min and
20 min, respectively. The wafer was then allowed to cool to RT. The photomask was lowered over the
photoresist coated wafer to form a sandwich assembly, and was irradiated under UV at 240 mJ cm2 in
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a Contact Aligner (Mask Aligner, EVG 620). The mask aligner exposes and transfers the pattern of
the mask onto the SU-8 covered silicon substrate.
After UV-irradiation, the wafer was baked at 65 °C for 5 min followed by 95°C for 10 min and then
cooled down to RT. The wafer was subsequently developed for 15 min, followed by rinsing in
acetone and isopropyl alcohol (IPA) before drying with dry nitrogen. The thickness of the patterned
photoresist film was determined using the surface profilometer. PDMS is cast from th e m o st more
commonly used Dow Corning Sylgard184, containing PDMS with two components, Elastomer
(Component A) and the curing agent (Component B). PDMS precursors were combined in a
10:1massratio. Sylgard is a two part resin system containing vinyl groups (Part A) and hydroxysilane
groups (Part B), shown in Figure 2.1.

Figure (2.1): Schematic reaction between two parts of PDMS [552]

A cross-linked network of dimethylsiloxane groups is created by mixing the two resin components
together. Because this material is flexible, it can be peeled off from the SU-8master, leaving them to
interact and ready to produce another device. After mixing the PDMS components, PDMS is poured
on each mold and degassed using a vacuum chamber for 30 minutes to remove air bubbles. Then the
molds are heated at 85°C for 4 hours. As the baking of PDMS is done, a scalpel is used to cut out the
required shape and peel off the silica wafer. The PDMS microchannel replica is gently peeled off
from the master mold and cut into a rectangular plate of dimension 2×3 cm2 to prepare
microbioreactor assemblies. A biopsy punch is used to cut out the holes for the ports. The PDMS
substrates are then washed with hexane for 2 days to remove the uncured prepolymer, followed by
isopropanol to remove contaminants. Figure 2.2 shows the schematic steps for preparing PDMS
microchannel.
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Figure (2.2): Scheme describing of prototyping of microfluidic systems. A system of channels is designed in a
CAD program. A photomask was used in contact photolithography to produce a master. (a) A
master consists of a positive relief of photoresist on a silicon wafer and serves as a mold for
PDMS. (b) Liquid PDMS prepolymer is poured over the master and cured for 4 h at 85°C. (c) The
PDMS replica is peeled from the master. (d) The replica is sealed to a flat surface to enclose the
channels [553]

2.1.2

PDMS surface functionalization

The immobilization of biological entities - such as proteins, enzymes, and cells - is of great
importance for the development of biosensors, immunoassays and bio- microfluidic devices. In this
work, we study the in-situ bio-functionalization and cell adhesion in microfluidic channels. The most
common surface functionalization technique for any silicon-based material is Oxygen plasma
treatment. The glass substrates were soaked in acetone for 10 min and rinsed in isopropanol followed
by drying with compressed air to remove any residual. The glass substrates and the microchannel
PDMS were placed inside the plasma cleaner (Harrick Plasma, PDC-001/002, USA) system. The
PDMS chip surface was placed face up. A plasma cleaner was used to create activated silanol groups
on the surface of glass, and PDMS microchannels. O xygen plasma treatment was applied at 1000
mTorr for 60s. By applying oxygen plasma treatment, we were able to create oxygen free radicals on
the surface of glass and PDMS, and then place the surfaces together for a permanent bond. To

ensure a better seal between PDMS with glass, the PDMS microchannels were heated at 85° C
for an extra 20 minutes.
Immediately after sealing the PDMS channel with the glass substrate, the microchannel was filled
with 4% (v/v) trimethoxysilylpropyl (polyethyleneimine) in acetone in a single injection using a
syringe, and allowed to react for 2 h at RT. The modified microchannel was rinsed with ethanol and
deionized (DI) water to remove any unbound polymer, and dried at 65° C for 3 h. The microchannel
was then equilibrated with MES buffer (50 mM, pH 5.0) for the next step of modification. The amine
group is created on the surface of the PDMS channel and the aminized PDMS substrate is denoted as
PDMS–NH2. CMC was conjugated onto the aminated PDMS substrates in the presence of EDC and
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NHS. To graft CMC onto the aminated substrates, 0.6 mg/ml CMC was dissolved in 50mM MES
buffer, pH 5.0, to obtain the final concentration of 2mg/ml. For activating the CMC, NHS powder was
added to the CMC solution to a final concentration of 2.0 mg/ml until fully dissolved. EDC powder
was then added to the NHS and CMC solution to a final concentration of 2.0mg/ml, and stirred at
room temperature for 30min. Once weighed, EDC powder was added immediately to the NHS and
CMC solution to a final concentration of 2.0mg/ml, stirred at room temperature for 30min. The
activated CMC solution, prepared according to the above procedures, was injected into the PDMS–
NH2 microchannel until the microchannel was fully filled, and was allowed to react at RT overnight.
The CMC grafted PDMS microchannels were then washed with DI water and with MES 0.1M buffer
to remove residual reagents. The samples were dried in an oven at 65°C for 3 h. The CMC grafted
substrate is denoted as PDMS–NH–CMC. Gelatin conjugation was performed in a biosafety cabinet
and under aseptic conditions. PDMS–NH–CMC microchannels were first sterilized in 70% ethanol
overnight. 0.1M MES buffer (pH 5, 1ml per sample) was prepared and autoclaved to sterilize MES.
Gelatin was dissolved in PBS (300µg/ml) at 60°C, and once fully dissolved, it was allowed to cool to
room temperature. Gelatin solution was sterilized with 0.22µm sterile filter. NHS was added followed
by EDC at a final concentration of 2mg/ml to PDMS-NH-CMC. One ml of EDC (2.0 mg/ml) and
NHS (2.0 mg/ml) in MES buffer (pH= 5) was filter sterilized before injecting into a PDMS–NH–
CMC microchannel in a single-injection until the microchannel was fully filled. After reacting for 30
min at RT, sterile gelatin was injected into the activated microchannel in a single-injection until the
microchannel was fully filled, and allowed to react overnight at RT. The microchannel was then
rinsed by injecting sterile MilliQ water followed by PBS. The gelatin-grafted substrate is denoted as
PDMS–NH–CMC-GEL.

2.1.3

PDMS surface characterization

2.1.3.1

Amine adsorption by Acid orange II

Acid orange II is a negatively charged dye that can combine with positively charged amino groups on
a material surface under acidic condition by an ion exchange mechanism, as shown in Figure 2.3. The
number of surface accessible amines was quantified using an Acid Orange II [554]. Each sample of
defined size (2.0 cm2) was incubated in 1 mL of Acid Orange II solution in deionised water (500 mM,
pH 3.0, adjusted with HCl) at RT overnight. The residual Acid Orange II was removed by washing
the films with copious water at pH 3.0, and the films were incubated in 1mL of deionised water at pH
12.0 (adjusted with NaOH) overnight for detachment. The amount of bound dye was quantified by
measuring the solution optical density at 492 nm. PDMS films served as controls. A standard curve
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was created for 100 µM, 200 µM, 300 µM, 400 µM and 500 µM concentrations of Acid orange in
deionised water at pH 12.0. The number of surface amine groups was determined based upon the
assumption that Acid Orange II complexes with amine at a molar ratio of 1:1.

Figure (2.3): Quantitative analysis of amino group on aminated PDMS surface. (a) In acidic solution (pH~3),
negatively charged Acid orange forms complex with –NH3+ ; (b) in basic solution (pH~12) or
organic solvents, the Acid Orange molecules are released from the material surface; (c) molecular
structure of Acid Orange.

2.1.3.2

Contact angle measurement (Wettability)

As a result of oxygen plasma treatment on the surface of silicon based materials, siloxane bonds on
the polymer surface. Atoms and molecules on the surface of polymers are in a different environment
with their bulk molecules. They are subjected to intermolecular attraction from one side only.
Wettability of the surface has a direct relation with the surface energy of the surface and has often
correlated strongly with biological interaction. Hydrophilicity of a surface is measured by the water
contact angle, which shows how much a droplet of water spreads on a surface. The lower the contact
angle, the more hydrophilic the surface is. Oxidation or ionization of the surface introduces more
hydrophilic bonds to the surface, which makes it easier for a drop of water to spread along the
hydrophilic surface, resulting in a lower contact angle. Surfaces that are considered hydrophobic have
a contact angle with water greater than 90o. On the other hand, when the contact angle is less than 90o,
the surfaces are considered hydrophilic [555] Figure 2.4.
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Figure (2.4): (a) Water spreading over a hydrophilic surface and the contact angle is less than 90°, while (b) in
a hydrophobic surface, water forming a droplet.

	
  
Static contact angle measurements were made using OCA20, Dataphysics Instruments GmbH,
Germany. 2 µL drops of deionized water were placed on the sample surfaces, after 5 s the data were
collected to obtain the static contact angle. The measurements were performed on at least three
different areas on each substrate and the values were averaged. PDMS–NH2 and PDMS–NH–CMC
surfaces were immersed in water for up to 25 days for measuring the hydrophilic stability. After a
certain period of time, samples of each surface type were removed from water and dried under a
stream of air and static water contact angle for at least three different areas were measured.

2.1.3.3

Protein adsorption

Due to inherent affinity of PDMS to adsorb proteins and hydrophobic molecules, it usually requires
some modification for use as a micro-bioreactor substrate to prevent the loss of attachment of the
targeted cells and also clogging of the microfluidic channels [556]. Protein adsorption of the surface
was done using qualitative and quantitative methods.
The BCA protein assay kit is a detergent-compatible formulation based on bicinchoninic acid (BCA)
for the colourimetric detection and quantitation of total protein. This method combines the wellknown reduction of Cu+2 to Cu+1 by protein in an alkaline medium (the biuret reaction) with the highly
sensitive and selective colourimetric detection of the cuprous cation (Cu+1) using a unique reagent
containing bicinchoninic acid [557]. The purple-coloured reaction product of this assay is formed by
the chelation of two molecules of BCA with one cuprous ion. This water-soluble complex exhibits a
strong absorbance at 562nm that is nearly linear with increasing protein concentrations over a broad
working range (20-2000µg/mL). The BCA method is not a true end-point method; that is, the final
colour continues to develop. However, following incubation, the rate of continued colour
development is sufficiently slow to allow large numbers of samples to be assayed together. The
macromolecular structure of protein, the number of peptide bonds and the presence of four particular
amino acids (cysteine, cystine, tryptophan and tyrosine) are reported to be responsible for colour
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formation with BCA. Studies with di-, tri- and tetra peptides suggest that the extent of colour
formation is caused by more than the mere sum of individual colour producing functional groups.
Accordingly, protein concentrations generally are determined and reported with reference to standards
of a common protein, such as bovine serum albumin (BSA). A series of dilutions of known
concentration are prepared from the protein and assayed alongside the unknown(s) before the
concentration of each unknown is determined based on the standard curve.
After being equilibrated in PBS at RT overnight, samples with a defined size (4.0 cm2) were
immersed in a freshly prepared BSA solution (3 mg/ ml, 1 ml per sample). Adsorptions were allowed
to proceed at RT overnight under gentle shaking. The samples were then rinsed with PBS and treated
with 1% sodium dodecyl sulphate (SDS) (1 ml per sample) for 20 min to remove the adsorbed
protein. The amount of adsorbed protein was quantified using a Micro BCA protein assay kit (Thermo
Scientific, Australia). Figure 2.5 shows the schematic stages of protein assay. The surfaces of PDMS
were treated by FITC labeled BSA in PBS at 37°C for 1h, and washed by PBS. The amount of protein
adsorption was measured by the fluorescence intensity using confocal microscopy.

Figure (2.5): Protein adsorption assay procedure summary [558]

2.1.3.4

Fourier Transform Infrared spectroscopy (ATR-FTIR)

FTIR is a chemical analytical technique for identifying the functional groups on the surface of
materials by measuring the infrared intensity versus wavelength (wavenumber) of light. This
technique uses infrared radiation to determine the chemical functionalities present in a sample. By
directing an infrared (IR) beam to the sample, chemical bonds stretch, contract, and bend. As a result,
infrared radiation will absorb in specific wave number based on the type of surface functional groups.
Attenuated total reflectance (ATR) FTIR is used for surface analysis of soft samples and liquids. In
this method, the sample is placed on top of the blue crystal and the IR beam passes a few micron into
the sample. For a better result, there should be a good contact between the sample and crystal. Despite
a relatively deep sampling depth of ATR-FTIR, it does not require ultra high vacuum conditions, as
81	
  
	
  

do XPS and EDS, and an analysis can therefore be conducted in less than ten minutes[559]. Figure 2.6
shows the schematic concept of ATR-FTIR system.

Figure (2.6): The basic ATR-FTIR concept (A), equipment to push the sample on to the crystal (B)

2.1.4

Cell handling and protocols

2.1.4.1

Cell lines and reagents

Feeder free murine Oct4B2 ES (129/Sv) cells containing the Oct4-GFP-IRES-puromycin and
hygromycin resistance cassettes were used. Oct4 drove the expression of GFP, hence the EGFP
expression was an indicator of cell pluripotency. ES cell medium was prepared by supplementing
Dulbecco's modified Eagle medium [cat # 11995, Gibco] with 10% FBS (JRH Biosciences,
Australia), 1% non-essential amino acids (NEAA) [cat#11140-050, Invitrogen], 1% GlutaMAX™
[cat# 35050061, Invitrogen], 0.5% penicillin-streptomycin [cat# 15070-063, Invitrogen], 0.1mMβmercaptoethanol [cat# 21985-023, Invitrogen], and 1,000 U/ml ESGRO leukemia inhibitory factor
(mLIF, Chemicon, Australia). Medium was 0.22um filter sterilized and stored at 4 C for up to a
fortnight. EBs were cultured in differentiation medium that is without LIF. mESC expansion medium
consisted of high glucose DMEM (cat#11995, Gibco) supplemented with 10% FBS (JRH
Biosciences, Australia), 1% non-essential amino acids, 1% GlutaMAX™, 0.5% penicillinstreptomycin, 0.1 mMβ-mercaptoethanol, Trypletm express (cat#12605, Gibco),

and 1,000 U/ml

ESGRO leukemia inhibitory factor (mLIF, Chemicon, Australia). An MDA-MB-231 cell line was
also used as a model of study. The MDA-MB-231 human breast cancer cell with epithelial-like
morphology was isolated as one of a series of breast tumour lines from a 50 year old patient in 1973.
This type of cancer cell phenotypically is a spindle shaped cell. MDA-MB-231 cells were maintained
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in high glucose DMEM (cat#11965, Gibco) supplemented with 10% fetal bovine serum (FBS), and
1% penicillin–streptomycin at 37°C in a humidified 5% CO2 incubator [560].

2.1.4.2

Cell attachment and growth

ES cells were plated at a density of 2.5×104 cells/cm2 on gelatinized plates. A 0.1% gelatin solution
was prepared by diluting gelatin 2% Solution Type B: From Bovine Skin (Sigma, cat# G1393) to
0.1% using PBS. The gelatin solution was then sterilized through 0.22 µm PVDF filter (cat#
SLGV033RS, Millipore) and stored at 4°C fridge. A10 cm petri dish was used for maintaining mES
cells. For coating the surface of the petri dish, 5.0 mL of 0.1% gelatin solution was used. The petri
dish was then placed inside the incubator for at least 30 min. The gelatin was then removed and 10
ml of medium was added to the petri dish. Unless otherwise stated, all cell handling protocols were
conducted in a sterile biological safety cabinet using aseptic techniques. All mES and cancer cell
cultures were cultured in a humidified, 37°C and 5% C0 2 incubator. In the case of cancer cells, there
is no need to use the gelatinized dish. The rest is similar to the stem cell.

2.1.4.3

Leukemia Inhibitory Factor

The maintenance medium (for stem cells) was also supplemented with murine Leukemia Inhibitory
Factor (mLIF, Chemicon, Australia) at 1000 U/ml to maintain the undifferentiated state of mES cells.
The working dilution of LIF was 106 U/ml in high glucose DMEM (11995, Gibco). This working
dilution was stored at 4°C in sterile microcentrifuge tubes and added to the mES cell maintenance
medium prior to use.

2.1.4.4

Thawing cells

A gelatin-coated dish was prepared and kept inside the incubator before thawing cells.

The

maintenance media was also warmed up prior to thawing cells. The 2 ml cryogenic vial containing
the desired cells from the liquid nitrogen tank was removed and quickly was submerged in a 37°C
water bath. Care was taken to avoid the water level reaching the lid of the vial, to prevent
contamination. The vial was thawed rapidly. The outer surfaces of the vial were wiped with a Kim
Wipe soaked in 70% ethanol, and the vial was quickly moved into a sterile biological safety cabinet.
The content of vial was added drop wise into 9 ml of maintenance medium (in a 15 ml falcon tube).
The falcon tube was sealed and centrifuged at 1200 rpm for 2 min. Following centrifugation, the
supernatant was aspirated out, leaving the cell pellet in the Falcon tube. One ml of pre-warmed
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maintenance medium was added to the falcon tube to resuspend the cell pellet. The contents of the
Falcon tube were added to the 10 cm petri dish with 9 ml of medium, and the dish was returned to the
humidified incubator. The same protocol was used for thawing cancer cells, except cancer cells do
not need gelatinization of dish before use. The thawing protocol is the same for cancer cells except
using cancer cell medium.

2.1.4.5

Cryopreservation

After centrifugation of cell suspension, the supernatant was discarded and the cell pellet was
resuspended in 1.0 ml of a freezing medium, which consisted of 90% FBS and 10%
dimethylsulfoxide (DMSO, Sigma, cat# D-5879). The freezing medium was filter sterilized prior to
use, using a 0.22 µm syringe filter. Cells stocks were prepared in 1.5ml cryovials (Nunc, Denmark)
and slowly frozen in a cryo freezing container “Mr Frosty” containing isopropanol (BDH) in a -80
freezer overnight. For long-term storage, vials were transferred to liquid nitrogen tanks.

2.1.4.6

Cell counting

Cells were tryptinized into single cells and the cell density was assessed by cell counts a
haemocytometer and the trypan blue (Sigma, cat# T8154) method. Around 15 µl of cell suspension
were taken out and injected into the chamber of the haemocytometer. Trypan blue and 1x PBS were
added to each sample at a 1:2 ratio. Non viable cells turn blue. The number of viable cells in each of
the four corner squares was counted. The mean number of the total viable cells per four corner
squares was calculated. The concentration per ml of vial cells was calculated using the following
formula:
C1 = (N × tb ×104)/4
N = total viable cell count of four corner squares, tb = correction for the trypan blue dilution
(counting dilution was 1/tb), 1/4 = correction to give mean cells per corner square, 104 = conversion
factor for counting chamber, C1 = initial cell concentration per ml. Figure 2.7 shows the Cell counting
using a haemocytometer.
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Figure (2.7): Cell counting using a haemocytometer

2.1.4.7

Cell viability assay

CellTitre-GluR Luminescent cell viability assay (Promega) is an assay that measures ATP levels. ATP
is indicative of the number of metabolically active cells in culture. This cell viability assay was
conducted according to the manufacturer’s instructions. Cells (including EBs) were collected from
inside the hydrogel or low suspension well plates. A volume of CellTitre-GluR equal to the volume of
cell culture medium was added. The contents were manually mixed for 2 mins to induce cell lysis.
After 5 min incubation time at RT to stabilize the luminescent signal, the cell solutions were seeded in
a white opaque-walled 96-multiwell assay plate. Control wells readout contained medium without
cells for background luminescence. The plate was analysed at the appropriate time points by a stable
glow-type luminescent signal on a Fluostar Optima (BMG Labtech, Australia).

2.1.4.8

Passaging of mouse ES cells

Passaging by trypsinization was done when cells reached around 70% confluency. After aspiration of
the culture medium, a wash with DPBS was given. A sufficient amount of Tryple was added to cover
the entire dish surface and left in the incubator at 37°C for minutes. Tryple was inactivated by
addition of ES media at 2 times the volume of Tryple and the entire cell suspension was transferred
to a 15 ml centrifugation tube. The cell suspension was centrifuged for 5 mins at 400 g (Eppendorf
Centrifuge 5702), the supernant was aspirated and the cell pellet was resuspended in appropriate
amount of ES medium, counted and replated at an appropriate dilution.
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2.1.4.9

Culturing cells on PDMS modified surfaces

For PDMS experiments, cells were collected from the plate with Tryple after reaching 70-80%
confluence. MDA-MB-231 and Oct4b2 cell suspensions were plated on different type of PDMS
substrates at densities of 80×103 and 40×103 cell/cm2, respectively. Before seeding cells, all substrates
were sterilized in 70% ethanol overnight followed by rinsing with sterile PBS. Cell proliferation was
calculated at different time points by counting the number of viable cells.

2.1.4.10 Culturing cells in PDMS microchannel
The PDMS microchannels were sterilized using a 30 minute ultraviolet (UV) light treatment. Prior to
cell seeding, all substrates were sterilized in 70% ethanol overnight followed by rinsing with sterile
PBS. Channels were then loaded with the desired density of cell solution using a syringe, and a drop
of medium was placed in the inlet and outlet ports to reduce evaporation and the risk of
contamination. The microchannel was placed in a 37°C, 5% CO2 incubator. The cells were cultured
for four days in the microchannels, and their growth was monitored over this period. To avoid
medium evaporation inside the microchannel, every 5-6 hours, two drops of medium were placed in
the inlet and outlet ports.

2.1.4.11 Immunocytochemistry
After 4 days in culture, the MDA.MB 231 breast cancer cells were stained using a fluorescent dye
(CalceinAM) for visualization of viable of cells inside microchannels.
Nuclei were stained with Hoechst or DAPI (Invitrogen, 1:1000dilution) for 5 minutes at room
temperature, followed by three washes with PBS. The nucleus of cells was stained with DAPI, for
5min. Cytoskeleton protein F-actin was examined with Texas Red -X phalloidin. Cells grown on
modified and native PDMS surfaces were fixed using 4% formaldehyde for 20 min at RT and washed
3 times with 1 PBS buffer, permeated with 0.1% Triton X-100-PBS for 2 min, and washed with PBS.
The samples were further blocked by incubating with 1% bovine serum albumin in PBS (BSA–PBS)
for 15 min, followed by Texas Red-X phalloidin (1/1000 in 1% BSA–PBS) staining for 1 hour.
For immunostaining, we examined Nkx2.5 as a cardiac transcription factor and myofilament protein
gene such as cardiac troponin T (cTnT). Nkx-2.5, which is also designated cardiac specific homeobox
protein (Csx), is a homeodomain-containing nuclear transcription protein of the Nkx-2 gene family.
Nkx-2.5 is essential for normal cardiovascular development. Troponin T is a thin filament regulatory
protein of striated muscle that binds to troponin C and I to tropomyosin and is required for calcium86	
  
	
  

dependent ATPase activity of myofibrillar proteins. It is important in proper muscle function and
myofibril formation.
Cells were fixed in 4% paraformaldehyde for 30 min and washed three times with 1% BSA in DPBS.
For NKx2.5 (Sc-14033, Santa Cruz) and cTnT immunostaining (ab10214, abcam), fixed cells were
incubated with blocking solution (5% goat serum, 1% BSA in DPBS) for 1 h at room temperature .
Cells were then incubated overnight with the primary antibodies diluted (1:500) in blocking solution
at 4°C. Next, cells were washed three times with 1% BSA in DPBS and then incubated at room
temperature for 1 h with secondary antibodies (goat PAb to RbIgG Alexa 594, goat anti-mouse Alexa
594, Invitrogen Australia) at a concentration of 1:400 in blocking solution. Cells were washed three
times with 1% BSA in DPBS for 10min. Nuclei were counterstained with Hoechst (1µg/ml, Sigma)
dye. For determining the expression of three germ layers, Nestin (MAB 353, Ectoderm marker),
Brachyury (ab20680, Mesoderm marker) and Foxa2 (SC-6554, Endoderm marker) were selected as
primary antibodies. Fixed cells were incubated for 1 h at room temperature with blocking solution
[(5% goat serum (for Nestin and Brachyury), 1% BSA in DPBS and 5% donkey serum (for Foxa2),
1% BSA in DPBS)]. Cells were then incubated overnight with the primary antibodies diluted (1:1000)
in blocking solution at 4°C. Next, cells were washed three times with 1% BSA in DPBS and then
incubated at room temperature for 1h with appropriate secondary antibodies (for Nestin goat antimouse, goat anti-rabbit for Brachyury and for Foxa2 donkey anti-goat IgG Alexa-Fluor 594,
Invitrogen Australia) at a concentration of (1:400) in appropriate blocking solution.

2.1.4.12

Cell Imaging

Fluorescent and phase-contrast microscopy
Fluorescent and transmitted microscopy was performed with optical and epifluorescence microscopy
(Olympus 1X70 microscope).

2.1.4.1.1

Confocal Microscopy

Observation of EBs inside the hydrogel, and also stained CCSs in marble was done using laser
scanning confocal microscopy (LSCM, Nikon A1Rsi, Nikon Instruments INC., NY, USA.). The
captured images were converted to grayscale using ImageJ for further image analysis.
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2.1.4.1.2

Scanning Electron Microscopy

For observation of EBs inside scaffolds and the surface and cross-sectional morphologies of the
scaffolds as well, gels were fixed for 30 min in 4% paraformaldehyde. The samples were then quickly
soaked in liquid nitrogen and kept at-800C overnight. The samples were then freeze dried for 72 hr.
The freeze-dried samples were sputter-coated with platinum-gold alloy and examined using JEOL
JSM-7001F FEG SEM (Japan). An acceleration voltage of 5 kV was used and images were obtained
at different magnifications.

2.1.5

Molecular biology

2.1.5.1

Reverse transcription polymerase chain reaction (RT-PCR)

Samples used for RNA extraction were snap frozen using dry ice and stored at -80°C. RNA extraction
was performed using the RNeasy kit (Qiagen) according to manufacturer’s instructions. Briefly, cells
were homogenised in lysis buffer and 70% ethanol added to promote selective binding of RNA to the
RNeasy membrane. Contaminants were eliminated by successive washes through the RNeasy
membrane column. RNA was eluted by the addition of RNase free water and stored at -20°C. The
amount and purity of extracted RNA was measured by absorbance at 260/280 nM on a nanodrop ND
1000 Spectrophotometer (NanodropTM, ThermoScientific). 1 µg of RNA was used for subsequent
cDNA generation. Total RNA was first treated with RQ1 DNase at 37°C for 30 mins to remove
contaminating gemonic DNA. DNase treatment was stopped by the addition of the stop buffer and
incubated at 65°C for 1 min. To further exclude the possibility of genomic DNA contamination,
control reactions without reverse transcriptase enzyme (RT-) were concluded in parallel. Next,
random primers, RNase out and MQ water were added to the reverse transcriptase (RT) reaction and
incubated at 65°C for 5 mins. The RT reaction was cooled on ice for 5 mins and then Superscript
buffer, 0.1 mM dithioreitol (DTT), 10 mM dNTP mix and Superscript III reverse transcriptase added.
This RT reaction was incubated at 50°C for 50 mins and the enzyme subsequently inactivated by
incubating the mixture at 37°C for 20 mins. cDNA ( complementary DNA) was stored at -20°C and
1-2 µg was used for subsequent PCR reactions.
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2.1.5.2

Real time reverse transcription polymerase chain reaction (RTqPCR)

Real-time PCR analysis was performed on the 7900HT Fast Real-Time PCR system (Applied
Biosystems) at standard reaction conditions using Power SYBR Green PCR Master Mix (Applied
Biosystems) in triplicate for each sample and each gene.
A PCR master mix was prepared in 1.5-ml microcentrifuge tubes. This master mix contained reverse
and forward primers, H2O and Syber green in a 10 µl final volume. 9 µl of the PCR mix above was
added into individual wells on a 384-well plate. 1 µl of each cDNA sample was added to separate
wells in the plate. And the plate was subjected to the following cycling. Briefly, after a 2 min
denaturation at 95°C, 35 cycles carried out at 95°C for 15 s, 58°C for 30 s and 72°C for 30 s
following by a dissociation stage. Relative mRNA levels were calculated using the ∆∆CT method and
were analysed using SDS Version 2.4.1 software. Primers sequences were obtained from the online
NCBI Primer-Blast databank as depicted in Table 2.1 below. The β-actin was used as an internal
control.

Table (2.1): PCR primer sequences and the NCBI accession numbers for the corresponding genes.
Gene

Forward/ Reverse

Name

(5'

3')

NCBI
accession no.

Flk-1

GGCGGTGGTGACAGTATCTT/CTCGGTGATGTACACGATGC

NM_010612.2

Nkx2.5

ACACCCACGCCTTTCTCAGTCAAA/CGACAGGTACCGCTGTTGCTTGAA

NM_008700.2

Gata4

TCTCACTATGGGCACAGCAG/GCGATGTCTGAGTGACAGGA

NM_008092

MLC2a

TCAGCTGCATTGACCAGAAC/AAGACGGTGAAGTTGATGGG

NM_022879.2

MLC2v

AAAGAGGCTCCAGGTCCAAT/CCTCTCTGCTTGTGTGGTCA

NM_010861.3

α-actinin

ATGAGGATTGGCTGCTTT/ TGTTCCACCCGGTCTTG

NM_013456

β-actin

CACCACACCTTCTACAATGAGC/TCGTAGATGGGCACAGTGTGGG

NM_007393.3

Nestin

TCTGGAAGTCAACAGAGGTGG/ACGGAGTCTTGTTCACCTGC

NM_016701.3

Brachyury

CATGTACTCTTTCTTGCTGG/GGTCTCGGGAAAGCAGTGGC

NM_009309.2

Foxa2

TGGTCACTGGGGACAAGGGAA/GCAACAACAGCAATAGAGAAC

NM_010446.2

2.1.6

Embryoid body formation

2.1.6.1

Inside liquid marble

In a typical cell spheroid formation experiment, 300 µL drops of medium containing Hep G2 cells or
ESCs (~104 cells/marble) were placed onto a Poly Tetrafluoroethylene (PTFE, 35 µm or 100 µm
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particle size) powder bed inside a petri dish (60 mm diameter) using a micropipette. The liquid drops
were then gently rolled on the powder bed until they were covered completely with powder particles
to form liquid marbles. This Petri dish containing the liquid marbles on a powder bed was then placed
in a larger Petri dish (10 cm), half filled with water or PBS, to provide an atmosphere saturated with
water vapour to suppress the evaporation of the medium in the liquid marbles. This experimental
setup minimises the problem of water core evaporation from liquid marbles reported in the literature.
The petri dish was then capped and placed inside an incubator to provide the cells with suitable
growth conditions. In order to monitor cell aggregation, the liquid core of a marble was extracted out
of the marble using a micropipette for confocal imaging. Figure 2.8 shows the steps in preparation of
liquid marble bioreactor.

Figure (2.8): Steps towards the formation o f liquid marbles containing stem cells.

2.1.6.2

Inside porous scaffold

Prior to cell seeding, the scaffolds were first soaked in PBS overnight and then sterilized with 70%
ethanol for 5 hr by changing ethanol three times. Each scaffold was then rinsed with PBS for 5 hr.
PBS was then removed from the scaffold, and the well plate kept inside the hood overnight. The next
day, 0.1% gelatin was added and incubated for 24 hr for better cell attachment before cell seeding. For
EB formation, the undifferentiated ESCs were collected, counted and were resuspended in DMEM
medium supplemented with 10% FBS, 1% NEAA, 1% mM L-glutamine, 1% penicillin-streptomycin
(EB formation medium). It is worth noting that EB-forming medium does not have LIF. For EB
formation, 2.5×105 cells in approximately 40 µl of EB medium was then added drop-wise on top of
the hydrogel surface in each 48-well plate. Immediately after cell seeding, the cell-seeded hydrogel
was placed in the incubator in 5% CO2 incubator at 37°C for 15-20 min to allow swelling
equilibration. Fresh medium was then added to cover the scaffolds.
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Chapter 3:Development and Surface
Functionalization of PDMS based Microbioreactor
3.1 General Overview
Chapter 3 compromises one publication as a full paper.
Cell anchorage is a strict requirement for survival of most cell types. Studies showed that their
adhesion to the substrate has a critical role in many cellular functions including migration,
proliferation, differentiation, and apoptosis [538, 539]. Many polymer systems promote the physical
adsorption of cell adhesion molecules from surrounding fluids due to a thermodynamic driving force,
and proteins in solution are extensively deposited onto these hydrophobic surfaces.
In this paper, polydimethylsiloxane (PDMS) was surface functionalized by activation with oxygen
plasma and treatment with trimethoxysilylpropyl(polyethyleneimine) followed by grafting with
carboxylmethyl cellulose (CMC) to improve its hydrophobic and antifouling properties for further cell
and microfluidic applications.
Acid Orange II assay was performed to confirm and quantify the amount of amine groups introduced
on the PDMS substrate. It was observed that the amount of amine groups on treated surface was much
higher than those on non-treated PDMS. Carboxylmethyl cellulose (CMC) was then grafted
covalently onto the aminized surfaces. CMC was conjugated onto the aminized surface via EDC–
NHS coupling to form a hydrophilic layer, preventing nonspecific protein adsorption. A protein
adsorption assay using bovine serum albumin (BSA) showed that the introduction of CMC could
reduce the adsorption of negatively charged BSA. CMC-modified PDMS surfaces showed proteinrepelling properties. Confocal imaging also showed only very weak fluorescent signals on a CMC
modified surface compared to the native one, indicating that the CMC functionalization was effective
in preventing BSA adsorption. The stability of the amino-grafted PDMS (PDMS-NH2) and
polysaccharide modified PDMS (PDMS-NH-CMC) surfaces were investigated using water contact
measurement after 25 days by exposing to DI water. Both surfaces showed increase in hydrophilicity
while polysaccharide modified PDMS remained more hydrophilic compared to aminized and native
PDMS ones. Physiochemical properties of functionalized PDMS were also determined using
attenuated total reflection Fourier transform infrared (ATR-FTIR) spectra. The results showed the
presence of different peaks attributed to the carboxylic acid groups, which confirmed the successful
grafting of CMC onto PDMS–NH.
Gelatin type B was conjugated onto the modified polydimethylsiloxane surface to improve cell
adhesion ligands, to promote cell anchorage and to advance its cytocompatibility for cancer and
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embryonic stem cells applications. Nucleus and cytoskeleton staining revealed that as expected,
cancer cells appeared to form aggregates and were not attached to the native PDMS substrate. In
contrast, cells adhered well onto PDMS–NH–CMC–GEL and proliferated until they reached
confluence. In the case of ESCs, cells on PDMS–NH–CMC led to lower proliferation rates compared
to that of the PDMS–NH–CMC–GEL culture, indicating that the cells did not adhere well onto the
PDMS–NH–CMC substrate due to the lack of cell adhesion ligands. In contrast, cells grown on
PDMS–NH–CMC–GEL appeared to be larger with more spatially dispersed bodies. In vitro
cultivation of breast cancer cells and mouse embryonic stem cells on the bioactive
polydimethylsiloxane showed a significant increase in number of viable cells, while cells retained
their proliferation ability and normal morphology during culturing on modified surface.
The potential application of the bio-functionalized polydimethylsiloxane in a microfluidic application
was also investigated by fabrication of a micro-bioreactor in the form of a fixed bed bioreactor with a
microchannel reactor bed. The PDMS microchannel was fabricated using the photolithographic
fabrication method. The inner surface of microchannel was modified with the abovementioned
protocol and cells were seeded inside the channels. Live/dead staining was performed using
CalceinAM to confirm the viability of cells inside microchannels after 4 days. The results revealed that
the majority of cells remained viable (stained in green) inside the microchannel and demonstrated the
ability of the present method to support cell cultivation. The results demonstrate a facile method for
surface bio-functionalization of PDMS as a micro-bioreactor with CMC towards potential
applications in stem cells and microfluidic applications. This work demonstrates the potential of
applying polysaccharides in a PDMS microfluidics-based cellular study.
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3.2 Surface Functionalization of PDMS for Potential
Micro-bioreactor and Embryonic Stem Cell Culture
Applications
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Chapter 4: Tumor inside a Pearl Drop
4.1 General Overview
This chapter comprises one published communication paper.
For more than a century, the comprehensive understanding of cancer processes and development has
come from precise scientific research of the histopathology of tumours. The formation of tumour cells
as multicellular tumour spheroids (MTS) is a useful tool in anticancer drug evaluations, which can
lead to better understanding in the design and development of drug delivery systems. Spheroids have
been employed for a diverse range of studies in cancer biology and in radiobiological investigations,
due to the fact that they can reasonably mimick the radio resistant hypoxic cell population that is
commonly found in tumours in vitro[1].
In this chapter, we proposed a novel approach for in vitro formation of cancer cell spheroids. Microbioreactors made of liquid marbles were explored in this chapter as a powerful means for forming 3D
cancer cell spheroid culture. The difficulties associated with the common methods (e.g., hanging drop
and suspension, using non-adhesive dishes and conventional bioreactors), including generating
spheroids with low yield, low viability and irregular structures, have raised the demand in developing
novel approaches capable of overcoming these limitations. Cancer cells were cultured inside the
liquid marbles, a miniature, yet efficient bioreactor, made of cell growth medium and
polytetrafluoroethylene powder particles. In vitro formation of 3D cancer cell spheroids, a tumourlike structure, is proven to be not only possible but more efficient in the liquid marble bioreactor.
After innoculation, successful cell aggregation was observed after one day in the liquid marbles. In
addition, the resulting cell aggregates remain viable in the liquid marble. Liquid marble bioreactors
were used to facilitate stem cell aggregate formation and subsequent differentiation, and will be
described in the next two chapters. A publication was derived from the results obtained during liquid
marble bioreactor development, and is attached below.
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4.2

Tumor inside a Pearl Drop
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Chapter 5: Formation of Embryoid Bodies inside
Liquid Marble Bioreactor
5.1 General Overview
This chapter comprises one published journal paper. The capability of a liquid marble bioreactor for
formation of embryoid bodies from stem cells was investigated in this publication (section 5.2).
Understanding the factors that regulate stem cell fate will lead to better control of their differentiation
in potential clinical applications. In addition to responding to growth factors, retinoic acid, and other
soluble regulators [2, 3], stem cells can be stimulated to differentiate by physical means. Stem cells
self assemble into embryoid bodies that mimic the inner cell mass of embryos. EB formation has been
widely used as a trigger to induce in vitro differentiation in ESCs and iPSCs into 3 germ layers, the
formation of 3 germ layers is a critical intermediate step in the induction of lineage specific
differentiation [4]. The differentiation into the specific lineage within EBs closely simulates lineage
differentiation in the developing embryo, which is of great importance in morphogenesis study [5].
In this chapter, we report the use of liquid marbles as low cost, high-yield and easy-to-control micro
bioreactors for the formation of EBs. The effect of different factors - including liquid marble shell
properties, liquid marble size and the cell seeding density on the size, uniformity and quality of the
EBs formed - were investigated. Cell seeding density (CSD) and liquid marble size (LMS) are shown
to have an influence on the efficiency of the method; the greater the CSD and LMS, the higher is the
efficiency of the EB formation inside liquid marbles.
The EB formation efficiency inside a liquid marble (LM technique) was compared with the liquid
suspension culture method (LS technique), which is a common technique used for EB formation. It
was found that there is a significant difference in the viability of cells obtained from the LM and LS
methods. Viability of cells formed inside LM was observed to be higher than those formed in low
adhesion plates. The morphology of EBs formed via both methods also confirmed that the LM
technique in comparison produces more homogeneous EBs in terms of size distributions. Markers of
all three germ layers were observed in the EBs formed inside liquid marbles, which confirmed the in
vitro differentiation potential of EBs formed using the liquid marble technique. Our initial study also
confirmed that LM may have the potential to differentiate EBs to beating cardiomyocyte-like cells.
The liquid marble micro bioreactor provides a facile new method for highly efficient production of
EBs. Herein, we optimize the condition used for EB formation, and show that the liquid marble
bioreactor is capable of producing EBs of more homogeneous size and shape compared to the liquid
suspension method. Miniaturization of bioreactors using the liquid marble concept also has a clear
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economical advantage over the existing methods. A publication was derived from the results obtained
in this study, and is attached below.	
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5.2 A novel technique for Formation of Embryoid Bodies
inside Liquid Marbles
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5.3

Appendix

5.3.1
Effect of different parameters including powder particle size,
liquid marble volume and cell seeding density on EB formation

Figure (A-1): the effect of (A) powder particle size, (B) liquid marble volume and (C) cell seeding density at
day three of EB formation in liquid marble; the results are presented as mean value ± standard
deviation. Then, the means of each group of data were compared by using analysis of variance
(ANOVA), where p values lower than 0.05 were considered statistically significant.

It was observed, through repeated quantitative and qualitative experiments, that liquid marbles formed
from smaller PTFE powder promoted EB formation more efficiently compared with liquid marbles
made from larger particles, in terms of shape and uniformity of the EBs, number of EBs formed and
their surface compactness (A-1A).
When keeping the number of cells and the powder particle size constant, liquid marbles of 300 mL
yielded a higher number of EBs that were more uniform than those harvested from the 50 mL liquid
marbles. These results are in complete accordance with expectations, since a larger liquid marble
contains a greater quantity of growth medium (6 times greater in this set of experiments), so it can
provide a cell growth medium more nutrient-rich than a smaller liquid marble (A-1B).
Liquid marbles of the same size, containing four different cell seeding densities (1000, 5000, 10000
and 20000 cells per liquid marble), were made and investigated. As can be seen in these figures,
although EB formation was observed in all cases, liquid marbles having a higher cell seeding density
led to the formation of a greater number of EBs compared with liquid marbles containing lower cell
seeding densities. (A-1C)
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Chapter 6: Stem cell Differentiation through Liquid
Marble Technique
6.1 General Overview
Cardiovascular disease is one of the leading causes of death worldwide. On the other hand, adult
cardiomyocytes are unable to replace the damaged myocardium in any clinically significant manner
[6]. The regeneration of the injured or diseased myocardium to prevent or treat heart failure has
proven to be a difficult challenge that has attracted many investigators over the past two decades.
Differentiation of ESCs via EB formation remains the most promising, convenient and economical
approach; however, there remain several drawbacks with the common methods using for EB
formation.
This chapter includes a comprehensive study on the capability of liquid marble in terms of forming
EBs and subsequently inducing cardiomyocytes differentiation for future transplantation and clinical
application.
To achieve this aim, a 5-day-old EB formed via the liquid marble method was attached onto a gelatincoated plate and cultured for further differentiation. Quantitative gene expression studies
demonstrated that the cells inside the EB expressed cardiac specific structural genes including the
Myosin light chain-2v (MLC2v), the myosin light chain 2a (MLC2a), α-actinin as cardiac sarcomeric
protein and cardiac transcription factors GATA4, Nkx2.5. Upon differentiation, spontaneous beating
cells were observed after plating down the EBs for 3-4 days, the number of beating EBs increased
over time, and retained contractility for over 18 days. Cells in the contracting areas were stained
positively for cardiac marker (cardiac troponinT (cTnT)).
Altogether, these results demonstrated that mES cells could differentiate into myocytes cells using the
liquid marble technique as a simple, cost effective and straightforward method. Liquid marbles is a
promising tool that facilitates cardiac differentiation, and can be used in various biology and genetic
studies.
This chapter compromises one submitted article as a full paper to the Journal of Advanced Healthcare
Materials.
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6.2.1

Abstract

A liquid marble micro-bioreactor is prepared by placing a drop of murine ESC (Oct4B2-ESC)
suspension onto a polytetrafluoroethylene (PTFE) particle bed. The Oct4B2-ESC aggregate to form
EBs with relatively uniform size and shape in a liquid marble within 3 days. For the first time, the
feasibility of differentiating ESC into cardiac lineages within liquid marbles is being investigated.
Without the addition of growth factors, suspended EBs from liquid marbles express various precardiac mesoderm markers including Flk-1, Gata4 and Nkx2.5. Some of the suspended EBs exhibit
spontaneous contraction. These results indicate that the liquid marble provides a suitable
microenvironment to induce EB formation and spontaneous cardiac mesoderm differentiation. Some
of the EBs are subsequently plated onto gelatin-coated tissue culture dishes. Plated EBs express
mature cardiac markers MLC2a and MLC2v, and the cardiac structural marker α-actinin. More than
60% of the plated EBs exhibit spontaneous contraction and express mature cardiomyocyte marker
cardiac troponinT (cTnT), indicating that these EBs have differentiated into functional
cardiomyocytes. Together, these results demonstrate that the liquid marble technique is an easily
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employed, cost effective, and efficient approach to generate EBs and facilitating their cardiogenesis.
The cardiomyocytes generated using this liquid marble approach could be useful for transplantation.

	
  

6.2.2

Introduction

Adult hearts have a very limited capacity for self-regeneration after myocardial infarction (MI; heart
attack). Transplanted stem cells or progenitor cells have the capacity to repair infarcted myocardium
[7, 8]. Pluripotent ESC, isolated from the inner cell mass of a developing blastocyst [9] possess the
ability to self-renew, and have the potential to differentiate into various cell lineages, including all
three germ layers [10] and cardiomyocytes [11]. The ability to engineer these ESC genetically,
together with their ability to differentiate into cardiomyocytes in vitro, make them valuable and
promising cell sources for cell therapy, tissue engineering and regenerative medicine [12]. Forming
three-dimensional (3D) embryo-like cell aggregates, known as embryoid bodies (EBs), is a key step
for the in-vitro differentiation of ESC [4]. Indeed, an embryoid body consists of three germ layers
(ectodermal, mesodermal, and endodermal tissues) that emulate the features of a developing embryo
[10, 13], thereby providing a valuable tool for various embryogenesis studies [14, 15].
Several methods have been employed to form EBs from ESC and to subsequently differentiate them
into cardiomyocytes. These include: hanging-drop culture, [14] spinner flask, [16] centrifuge-forced
aggregation, [17] and suspension culture in a low-adherence vessel. [4, 10] The hanging-drop method
is the most commonly used technique for EB formation, in which an ESC suspension was placed on
the inner surface of a petri dish lid. EBs can be formed after inverting the lid due to the balance of
gravitational and surface tension forces. Changing the droplet volume and seeding density can tune
the size of the EBs. However, the hanging drop method is labour intensive and time consuming. It is
also practically impossible to perform medium exchange using this method. In addition, the drop
volume is limited to less than 50 µl, thereby making it incapable of supporting large-scale production.
[13] Rotation-based methods, such as the spinner flask and centrifuge-forced aggregation methods,
can facilitate large-scale production. However, these methods require costly equipment; moreover, the
shear stress induced by the rotation may reduce cell viability, and disrupt cell-cell signalling and the
subsequent cell differentiation. The method based on suspension culturing using conventional lowadherence vessels has limited control over size, shape and uniformity of EBs [18].
The liquid marble was first described by [19] and consists of a drop of liquid encapsulated by
hydrophobic powder particles. These particles adhere to the surface of the liquid drop, isolating the
liquid core from the supporting surface, while allowing gas exchange between the interior liquid and
the surrounding environment [20]. A liquid marble can be rolled around similar to a droplet of
mercury [21]. As the shells of liquid marbles are made from discrete particles, the shells can be
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opened, allowing materials such as reagents and products to be introduced into or extracted from the
liquid marble; this unique property therefore facilitates chemical and biochemical reactions to be
controlled within liquid marbles.
In addition, reagent consumption can be reduced due to the small size of a liquid marble. The chance
of contamination is low as a result of the indirect contact between the liquid core and the supporting
surface, thus providing an advantage for a variety of applications [20, 22-24]. The use of liquid
marbles as miniaturized bioreactors is particularly attractive because of the capability to contain
chemical and biological reactions [23, 25-27]. Our previous studies reported the production of 3D
cancer-cell spheroids using liquid marble micro-bioreactors [26]. This liquid marble method is
advantageous for spheroid production, as it allows the production of spheroids with homogeneous size
and shape at a larger scale compared with the hanging drop method, as well as facilitating medium
exchange. Unlike rotation-based methods, the liquid-marble method does not induce shear stress on
the spheroids, thereby producing viable spheroids [18].
Herein, we report the use of the liquid marble as a micro-bioreactor to produce EBs from ESC and,
for the first time, we study the feasibility to further differentiate the EBs into lineage-specific cells.
The in-vitro cardiac differentiation ability of the resulting EBs was assessed by examining gene
expression, protein expression and contraction characteristics. We demonstrate that liquid marbles
provide a promising platform to facilitate EB differentiation into cardiac lineages.

6.2.3

Experimental Section

6.2.3.1

Tissue Culture

Feeder free murine Oct4B2-ESC (129/Sv) containing the Oct4-GFP-IRES-puromycin and
hygromycin resistance cassettes were used for this work. For expansion, ESC were cultured in
Dulbecco's modified eagle medium (cat#11995, Gibco) supplemented with 10% FBS (JRH
Biosciences, Australia), 1% non-essential amino acids (NEAA) (cat#11140-050, Invitrogen), 1%
GlutaMAX™ (cat#35050061, Invitrogen), 0.5% penicillin-streptomycin (cat#15070-063, Invitrogen),
0.1 mMβ-mercaptoethanol (cat#21985-023, Invitrogen), and 1,000 U/ml ESGRO leukemia inhibitory
factor (mLIF, Chemicon, Australia). The medium was filtered through a 0.22um filter for sterilization
and was stored at 4°C for up to a fortnight. Cells were cultured on 0.1% gelatin-coated 6-wellplates
(BD Falcon) at 37°C in a humidified 5% CO2 incubator and were passaged every 2-3 days. The GFP
expression of the cells was monitored using an IX71 Olympus epifluorescence microscope.
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6.2.3.2

Preparation of cell containing liquid marble micro-bioreactor	
  

ESC were cultured to 70-80% confluency; cells were then washed with Dulbecco’s phosphate
buffered saline (DPBS, Sigma) and dispersed into single cells using TrypleTm express (Gibco, Life
Technologies, Australia). To form liquid marbles, 2×104 ESCs were suspended in 300µl of
differentiation medium. The differentiation medium consisted of high glucose DMEM (Gibco, Life
Technologies, Australia) supplemented with 10% FBS (JRH Biosciences, Australia), 1% nonessential amino acids, 1% GlutaMAX™ (Gibco, Life Technologies, Australia), 0.5% penicillinstreptomycin (Gibco, Life Technologies, Australia), 0.1 mMβ- mercaptoethanol (Gibco, Life
Technologies, Australia) and without mLIF. This drop of cell suspension was placed onto a
polytetrafluoroethylene (PTFE, 35µm particle size, Sigma, Australia) powder bed inside a petri dish
(60 mm diameter) using a micropipette. When the drop of cell suspension was rolled on the
hydrophobic powder bed, the powder particles wrapped the surface of the drop, thus leading to the
formation of a liquid marble. The petri dish was then placed inside a larger petri dish (100 mm
diameter) containing sterile water to minimise evaporation from the liquid marbles, following which
the set of dishes was covered and kept inside a humidified incubator. The ESCs were allowed to
aggregate to form EBs within the liquid marble over a period of 5 days. Figure 6.1 illustrates the
process of forming the liquid marbles.

Figure (6.1): Schematic illustration of the steps involved in preparing a liquid marble bioreactor. (A) 300
microlitre of cell suspension is placed onto a hydrophobic PTFE powder bed, (B) The Petri dish
was then rolled gently to allow the PTFE particles to cover the cell suspension to form the liquid
marble. (C) Placing the marble dish inside a bigger petri dish with sterilized water to prevent
evaporation.
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6.2.3.3

EB morphology and pluripotency characterization

ESC-containing liquid marbles were prepared and allowed to incubate for a period of 10 days. EB
samples were taken from the liquid marbles at day 3, 7 and 10. The morphology and GFP expression
of EBs were monitored using optical and epifluorescence microscopy (Olympus 1X70 microscope).
Both phase-contrast and epifluorescent images were captured. The collected EBs were further
dissociated into single cells using TrypleTm express; the GFP expression of these cells was quantified
using fluorescence-activated cell sorting (FACS) at different time points during EB formation.

6.2.3.4

In Vitro cardiac differentiation

For cardiac differentiation, 5 day old EBs were removed from the marbles and transferred to 0.1%
gelatin-coated 24-well plates and cultured in differentiation medium for further analysis. The plated
EBs were examined daily for contractile activity based on videos captured at 15 fps using a camera
through an optical microscope. The detailed description of the protocol is illustrated in Figure 6.2.

Figure (6.2): Schematic steps for cardiac differentiation

6.2.3.5

Reverse-Transcription and Real-Time Polymerase Chain Reaction

The gene expression analysis of the EBs and the cells undergoing differentiation was carried out
quantitatively using the reverse-transcription (RT) polymerase chain reaction (PCR). Liquid-marble
suspended EBs and plated-down EBs were both subjected to RT-PCR analysis using various
differentiation markers.
EBs were allowed to form inside the liquid marbles for 3, 7 and 10 days, and were then retrieved from
the LM for RT-PCR. To allow further differentiation, some EBs were retrieved from liquid marble
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after 5 days and plated down on gelatin-coated wells for another 15 days. The plated EBs were
analysed for differentiation markers at time points D6, 8, 10, 12 and 15 days. Cells were harvested
with TrypleTM express, the resulting cell pellets were snap chilled at -80°C prior to analysis. For RTPCR, ribonucleic acid (RNA) was isolated from cells using the RNeasy kit (Qiagen, Australia)
according to the manufacturer’s instructions. RNA quality and concentration were measured using a
NanoDrop ND-1000 (NanoDrop Technologies, Australia). The isolated RNA was subjected to RQ1
DNase (Ambion, Australia) treatment to remove any contaminating genomic deoxyribonucleic acid
(DNA). Complementary DNA (cDNA) was generated using the Superscript III enzyme (Life
Technologies, Australia) according to the manufacturer’s protocols. The cDNA samples were
subjected to PCR amplification with mouse cardiac specific primers. β-actin was used as an internal
control. The primer sequences were obtained from the online NCBI Primer-Blast databank and are
listed in Table 6.1. The PCR products were size fractionated using 1% agarose gel electrophoresis at
110V for 1 h. For quantification, real-time PCR was performed. Real-time PCR analysis was
performed using a 7900HT Fast Real-Time PCR system (Applied Biosystems, Australia) at standard
reaction conditions using the Power SYBR Green PCR Master Mix (Applied Biosystems, Australia).
Briefly, after 2 min denaturation at 95°C, 35 PCR cycles were carried out at 95°C for 15s, 58°C for
30s and 72°C for 30s, followed by a dissociation stage. Relative mRNA levels were calculated using
the ∆∆CT method [28] and were analysed using SDS Version 2.4.1 software. The experiment was
replicated three times.

Table (6.1): PCR primers sequences and the NCBI accession numbers for the corresponding genes
Gene

Forward/ Reverse

name

(5'

3')

NCBI
accession no.

Flk-1

GGCGGTGGTGACAGTATCTT/CTCGGTGATGTACACGATGC

NM_010612.2

Nkx2.5

ACACCCACGCCTTTCTCAGTCAAA/CGACAGGTACCGCTGTTGCTTGAA

NM_008700.2

Gata4

TCTCACTATGGGCACAGCAG/GCGATGTCTGAGTGACAGGA

NM_008092

MLC2a

TCAGCTGCATTGACCAGAAC/AAGACGGTGAAGTTGATGGG

NM_022879.2

MLC2v

AAAGAGGCTCCAGGTCCAAT/CCTCTCTGCTTGTGTGGTCA

NM_010861.3

α-actinin

ATGAGGATTGGCTGCTTT/ TGTTCCACCCGGTCTTG

β-actin

CACCACACCTTCTACAATGAGC/TCGTAGATGGGCACAGTGTGGG

NM_007393.3

Oct4

GTTCAGCCAGACCACCATCT/CCAGGGTCTCCGATTTGCAT

NM_013633	
  

6.2.3.6

NM_013456

Immunocytochemistry

The protein markers on the cells were characterized using immunostaining. Incubated cells were first
fixed in 4% paraformaldehyde for 30 minutes and washed three times with 1% bovine serum albumin
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(BSA) in +/+DPBS. Fixed cells were incubated with blocking solution (5% goat serum, 1% BSA in
+/+DPBS) for 1 hour at room temperature. Cells were then incubated overnight with NKx2.5 primary
antibody (Santa Cruz, ThermoFisher Scientific, Australia) and cTnT primary antibody (Abcam,
Sapphire Bioscience, Australia) diluted (1:500) in blocking solution at 4°C. Next, the cells were
washed three times with 1% BSA in +/+DPBS and then incubated at room temperature for 1 hour
with Alexa 594 labelled secondary antibodies (Molecular Probes, Life technologies, Australia) at a
concentration of 1:400 in blocking solution. Cells were washed three times with 1% BSA in DPBS for
10 minutes. Nuclei were counterstained with Hoechst (1µg/ml, Sigma, Australia) dye. Cells were
analysed by epifluorescence microscopy (IX71 Olympus microscope, Australia).

6.2.3.7

Image analysis

After plating 5-day-old EBs for another 4 days in gelatin-coated wells, beating foci appeared in the
outgrowing EBs. Videos of the beating foci were captured using the microscope camera system; these
videos were converted into image sequences using NIS viewer elements software (Nikon, USA). The
images were converted to gray scale. The contraction rhythm of the EBs was evaluated using a
modified image processing method described in Arshi et al. [29]. As the EB underwent rhythmic
beating, the cell cluster colour changed from dark to light. Ten different areas were selected from each
video, the contracting motion through changes in gray scale intensity in each area was analysed using
ImageJ software (NIH, USA), and the resulting mean intensity was plotted against time.

6.2.4
6.2.4.1

Result and Discussion
Pluripotency and propagation of EB

Formation of three-dimensional aggregates called EBs is an important step that precedes the initiation
of in vitro differentiation of ESC into various cell types [30]. Under the in vitro conditions, an EB is
known to simulate the events of a developing embryo. In a previous study, we reported the possibility
of using LMs as a facile and efficient micro-bioreactor for in-vitro EB formation [18]. In that study,
ESC were cultivated inside liquid marbles and cell aggregates were obtained from day 3. All three
germ layers developed spontaneously within the cell aggregates, indicating that the ESC formed EBs
successfully inside the liquid marbles [18]. In our present study, we use liquid marbles as microbioreactors to generate EBs from Oct4B2-ESC and investigate, for the first time, the capability of
liquid marble to facilitate cardiac differentiation. The morphology of cells harvested from the liquid
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marbles was assessed using optical microscopy. The Oct4B2-ESC contain a pluripotency marker that
drives the expression of GFP, hence GFP expression is a direct indicator of cell pluripotency [31].
The pluripotency of cells forming the EBs was monitored by examining their GFP expression.
Representative images in Figure 6.3 show that after cultivating Oct4B2-ESC in liquid marbles for 3
days, these cells aggregated to form EBs, and that these EBs exhibited a compact and round shape
with relatively uniform size.
As evident from Figure 6.3A,B, the ES cells, while aggregating to form clusters destined to form EBs,
retained their GFP expression, indicating that the cells do not lose their pluripotency. The Day 10
analysis of the EBs revealed an increase in size suggesting the proliferation of cells within the LM.
There was a decrease in the GFP flourescence observed, stipulating the loss of pluripotency and that
there was an initiation of differentiation of ES cells within the LM (Figure 6.3D).

Figure (6.3): Representative phase-contrast and fluorescence microscopy images showing the morphology of
EBs. These EBs were formed by allowing Oct4B2-ESC to aggregate inside liquid marbles for
(A,B) 3 days (scale bars represent 100 µm) and (C,D) 10 days (scale bars represent 500 µm).
Fluorescence microscopy images (B,D) show the expression of GFP under the control of Oct4.

Oct4B2 cells were allowed to form EBs in liquid marbles for 10 days; samples were collected from
the liquid marbles at day 0 (control), 3, 7 and 10. FACS analysis was performed on the dissociated
cells to quantify the number of GFP+ cells in an EB in order to examine their pluripotency.
Representative FACS analysis profiles in Figure 6.4 show that 98.8% and 92.4% of cells expressed
GFP at day 0 and 3, respectively. The GFP expression gradually reduced to 20% and 9.4% at day 7
and 10, respectively. Thus, the loss of GFP expression as suggested from the FACS analysis and the
flourescence data implies the ability of LM to allow proliferation and differentiation of Oct4B2 cells.
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This novel system is thus capable of providing a suitable microenvironment for the growth and
differentiation of ESCs.

Figure (6.4): FACS analysis: GFP expression of LM induced EBs of Oct4B2 at day 0 (control), 3, 7 and 10.
Numbers indicate the percentage of GFP+ cells. GFP is indicated on x-axis, and autofluorescence
on y-axis. GFP- population is represented by blue dots, while GFP+ events are represented by
green dots.

It has been well documented that during the development of contractile cardiomyocytes, progenitor
cells need to first anchor to a substrate followed by cell spreading, withdrawal from the cell cycle, and
fusion with nascent myotubes before their ultimate differentiation into cardiomyocytes [32]. In order
to promote cardiogenesis of our LM induced EBs, 5-day old EBs were plated onto gelatin-coated 6wells and allowed to differentiate further. Upon EB adhesion, the cells began to migrate and grew
outwards from the periphery of the EB to form a monolayer, as shown in the representative images in
Figure 6.5A and 5B. In the outgrown areas shown in Figure 6.5C, it was observed that cells exhibited
heterogeneous cell morphology. At the start of cardiac differentiation, cells were small and rounded,
which upon further differentiation changed to elongated, spindle shaped cells. This observation was
in-line with the results of the electrophysiological measurements conducted by Hescheler, et al. 1997
[33] wherein the heterogeneous population of cardiomyocytes undergoes a shift from early stage
cardiomyocytes (small and rounded with rarely developed sarcomeres) to terminally differentiated
atrial-/ventricular- like (elongated with high content of organized myofibrils) cells.
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Figure (6.5): Phase-contrast images of a cardiac explants outgrowth. (A) Representative image showing a plated
EB attached to a gelatin-coated plate after 1 day, (B) representative image of plated EB outgrowth
at day 4, scale bars represent 500 µm. The black line shows the border of flattened EBs after
plating down. (C) Representative image of the plated EB depicting the heterogeneous cell
morphology (small and round, spindle shaped cells), at day 8, scale bar represent 100 µm.

6.2.4.2

Reverse Transcription PCR analysis of cardiac marker expression

during cardiogenesis
To characterize the differentiation pathway of EBs generated from a liquid marble, the gene
expression of EB-derived cells was qualitatively determined using RT-PCR. Cells from a suspended
EB obtained from a liquid marble and plated EBs were collected at different time points and were
characterized using a series of cardiac markers. Flk-1 expression is found in mesodermal progenitor
cells that have the ability to further differentiate into cardiac muscles [34, 35]. Gata4 is a regulator of
early cardiogenesis [36], it expresses in pre-cardiac mesoderm and subsequently expresses in the
endocardial and myocardial tissues of developing heart and heart tube; overexpression of Gata4 is
known to up-regulate the expression of transcription factors Nkx2.5 [37]. The cardiac specific
transcription factor Nkx-2.5 is the key regulator of cardiac-specific transcription involved in
cardiogenesis which is generally observed in the pluripotent stem cell-derived cardiomyocytes [38].
Therefore, Flk-1, Gata4 and Nkx2.5 were all employed as pre-cardiac mesoderm markers in this
study. β-actin was used as housekeeping marker gene. Atrial myosin light chain 2a (MLC2a) and
ventricular myosin light chain (MLC2v) are both cardiac structural proteins, and are often employed
as mature cardiac cell markers[39, 40]. Sarcomeric protein α-actinin is a cardiac structural protein that
crosslinks actin filaments within the Z-disc of cardiac muscle [39, 41]. MLC2a, MLC2v and α-actinin
were thereby used as mature cardiomyocyte markers in this study. Figure 6.6A shows that cells from
suspended EBs expressed Gata4 from day 3 to day 10. Flk1 and Nkx2.5 expressions could also be
detected in suspended EBs from day 3 to day 10. The positive expression of Flk1, Gata4 and Nkx2.5
suggests that liquid marbles provide a suitable environment to induce cardiac mesoderm
differentiation in ESC. Figure 6.6B shows the RT-PCR analysis of the plated-down EBs. Nkx2.5,
Gata4, MLC2a, MLC2v, and α-actinin expressions were detected from day 6 to 15, revealing that
these cells had differentiated into pre-cardiac mesoderm and mature cardiomyocytes after plating156	
  
	
  

down. Similar to the ESC differentiation seen in a hanging drop [42], removing LIF from the medium
in our culture system, signs of ESC differentiation were detected in suspended EBs inside liquid
marbles as well as in outgrown cells in plated-down culture. The use of the liquid marble allows the
formation of EBs, which in turn enables cell-to-cell interactions. This cell-to-cell interaction is known
to stimulate the expression of early cardiac lineage markers [39], Nevertheless, the liquid marble
method permits the use of larger drop volumes compared to the hanging drop method, and is therefore
more advantageous for larger scale studies.

Figure (6.6): (A) Representative RT-PCR analysis for pre-cardiac mesoderm markers expression in cells from EB

suspensions obtained from liquid marbles after 3, 7 and 10 days of culture. (B) Representative
RT-PCR analysis for pre-cardiac mesoderm and mature cardiomyocytes markers expression from
EBs after plating down for 6, 8, 10, 12 and 15 days. β-actin was used as a housekeeping gene.
Cells obtained from murine cardiac tissue (MCT) were used as a positive control.
Undifferentiated ES cells were used as a negative control.
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6.2.4.3

Quantitative Real-time PCR analysis of cardiac markers expression

during cardiogenesis
EBs were allowed to form inside liquid marbles for 5 days, and were plated in gelatin-coated plates
with differentiation medium that contained no growth factors. The gene expression of these cells was
quantitatively determined using real-time PCR by harvesting cells at days 6, 8, 10, 12. The time
dependent expressions of various lineage and cardiac markers during the course of differentiation is
shown in Figure 6.7. β-actin was used as a constitutive housekeeping gene for real time PCR and used
to normalize changes in specific gene expressions. Octamer-binding transcription factor 4 (Oct4) was
used as a marker of undifferentiated cells. Oct4 expression was down regulated from day 6, which
suggested that the ESC had lost their pluripotency. The expression of pre-cardiac mesoderm markers
Flk-1, Gata4 and Nkx2.5 were up regulated after plating down the EBs for 6 days compared with
undifferentiated ES cells. The expression of Flk-1 decreased from day 8 onward, while the expression
of Gata4 and Nkx2.5 decreased from day 10 onward. These results together suggested that the ESC
had differentiated into cardiac mesoderm and subsequently differentiate into other cell types. The
formation of cardiac mesoderm is a prerequisite intermediate step for cardiomyocytes differentiation
from pluripotent stem cells. Expressions of MLC2a, MLC2v and α−actinin were first detected at day
6. The MLC2a expression increased at day 10, and decreased gradually from day 12. The MLC2v
expression increased at day 8, and decreased gradually from day 10. The α−actinin expression
remained constant from day 6 to day 12, and increased sharply at day 15, thus suggesting that stable
sarcomeric structural protein was formed within the cell culture. The expression of MLC2a, MLC2v
and α−actinin, together indicated that plated EBs had differentiated into cardiomyocytes
spontaneously. It is noted that spontaneous beating was observed in EBs after plating down for 4
days. The results are consistent with those reported in other studies, where Nkx2.5, MLC2v and
MLC2a are expressed in beating cardiomyocytes that had differentiated from ES cells [37].
Altogether, the results indicate that EBs derived from liquid marbles had differentiated into mesoderm
and subsequently into mature cardiomyocytes.
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Figure (6.7): Real-time PCR analysis of gene expression over 15 days of cardiomyogenesis after plating down
5-days old EBs derived from liquid marbles. Cardiomyogenesis was characterized by a
continuous decrease in pluripotency marker (Oct4) expression over the course of differentiation,
followed by an initial increase in the expression of the pre-cardiac mesoderm markers (Flk1,
Nkx2.5 and Gata4) expression, which eventually decreased. The increase in the expression of
mature cardiomyocytes markers (MLC2v, MLC2a and α-actinin) expression as seen resulted in
the formation of mature cardiomyocytes.

6.2.4.4

Immunocytochemistry

Five day-old EBs were collected from liquid marbles and plated down. Immunostaining was
performed on EBs that exhibited spontaneous contraction to detect the presence of the cardiac specific
proteins. As shown in representative images in Figure 6.8 (top panel), the expression of the cardiac
transcription factor Nkx2.5 (AlexaFlour594, stained red) was detected after plating down the EB for 7
days. Nkx2.5 is a transcription factor that is expressed in myocardiogenic progenitor cells during
myocardial development [38, 43]; Nkx2.5 is the earliest known marker for cardiogenesis in the
veterbrate embryo [44-46]. Representative images in Figure 6.8 (bottom panel) show that cells
expressed cTnT markers (AlexaFlour594, stained red) after plating down for 12 days. Cardiac
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troponin T (cTnT) is a marker for mature cardiomyocytes [39], EB derived cells expressed cardiac
specific protein markers, thus further confirming that this liquid marble method can generate
functional EBs that can further differentiate into mature cardiomyocytes.
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Figure (6.8): Immunostaining for Nkx2.5 (after 7 days) and cTNT (after 12 days) of plated down cells, Nuclei
were counterstained with Hoechst (blue). Scale bars represent 100 µm.

6.2.4.5

Beating cardiac cells

In order to observe contractile, EBs were kept inside liquid marbles for 7 days. At day 7, EBs were
retrieved and suspended in a low-adhesion dish. After 8 hours, it was observed that only ∼4.5% of
EBs exhibited spontaneous contraction (Supporting information 1), the contraction only lasted for a
few hours, probably because once the ESC had differentiated into lineage-specific progenitor cells,
they needed to anchor onto a substrate for optimal differentiation, as reported by Engler et al.[32]
Nevertheless, this observation confirmed the differentiation potential of EBs into generate
cardiomyocyte-like cells inside liquid marbles. To examine if EBs generated from liquid marbles can
further differentiate into beating cardiac cells, 5 days old EBs were removed from the liquid marble
and plated down in a gelatin-coated wells and the activities of the EBs were monitored. These EBs
adhered and proliferated well on the substrate. Spontaneous rhythmic beating was detected in the
outgrown EBs after plating down for 4 days. Supporting information 2, 3 show the videos of beating
cells derived from EBs after plating down for 4 and 7 days, respectively. The rhythmic beating was
considered as a functional cardiac marker [47]. For brevity, EBs that differentiated into beating cells
are denoted as beating EBs. Figure 6.9A and 9B show the mean intensity of beating obtained from
representative areas of beating foci after plating down the EBs for 4 and 7 days, respectively. At day
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4, the beating was relatively regular with minor arrhythmia. At day 7, the beating became more
regular. The beating frequency was calculated by measuring the time interval between two
consecutive peaks in the mean intensity patterns. The frequency increased from 0.76 s-1 at day 4, to
1.29 s-1 at day 7, as shown in Figure 6.9C. This was probably because the cells were initially beating
asynchronously after migrating out from the EB; these cells became more synchronized given the
longer culture time.
After plating the EBs for 4 days, approximately 16% of the EBs underwent differentiation into
rhythmic beating cells (Figure 6.9D). The percentage of beating EBs increased to 48% after 7 days.
The percentage of beating EBs continued to increase over time reaching a maximum of 64% after 9
days. After 10 days, the rhythmic beating activity declined, possibly due to the overgrowth of cells
causing peeling of cells from the plate, although approximately 35% of the EBs still exhibited
rhythmic beating activity from day 12 to day 16. Approximately 8% of EBs still exhibited rhythmic
beating at day 25. As expected, a larger number of EBs exhibited spontaneous contraction in plated
culture compared to suspension culture. This observation is consistent with other studies that found
that EBs differentiate extensively after attaching to a substrate [48, 49]. The observation of
spontaneous rhythmic beating again confirmed that liquid marble derived EBs differentiated into
functional cardiac cells. Taken together, these results indicate that the liquid marble is a promising
platform for EB generation, and for facilitating further differentiation into cells with a cardiac lineage.
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Figure (6.9): Mean intensity patterns obtained from representative areas in contractile EBs after plating for (A)
4 and (B) 7 days. (C) The beating frequency of EBs at day 4 and 7. (D) The percentages of
contractile EBs at different time points.

	
  
	
  

6.2.5

Conclusion

In this study, we investigated the capability of liquid marbles to induce EB formation and subsequent
differentiation into cardiomyocytes. Liquid marbles were prepared by inoculating ESC onto a bed of
hydrophobic PTFE particles. ESC aggregated to form uniform EBs after inoculation, and
subsequently differentiated into cardiac mesoderm cells without the use of growth factors. Further on
plating, these EBs further differentiated into contractile cardiomyocytes. The contraction of
cardiomyocytes was synchronized with longer time in culture. The liquid marble method was found to
be advantageous for EB formation as it is cost effective and simple; it also allows larger-scale EB
production compared with the hanging drop method. Overall, this study shows that liquid marbles can
serve not only as a novel platform to induce the formation of EBs, but also to facilitate cardiogenesis.
The cardiomyocytes generated via this liquid marble strategy could provide a continuous source of
donor cardiomyocytes for cell replacement therapy in damaged hearts. Furthermore, this technology
would be highly beneficial to provide cardiomyocytes for use in cardiac drug discovery programs and
safety testing. Since the quantity of cells required for the above mentioned applications is very high, it
becomes imperative to develop defined and efficient in vitro protocols, which would then provide the
stringent levels of safety and quality control making stem cell transplantation therapy realizable. Our
study provides a step up this ladder and gives a new promise and hope in cardiovascular research.
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Supplementary video 1: Beating EB derived from liquid marble. Oct4b2 cells were allowed to
aggregate inside liquid marble to form EB for 7 days. The EB was transferred to a low adhesion dish,
when beating activity was observed 8 hours later.
Supplementary material 2: Contracting foci in plated down EB. Oct4b2 cells were allowed to form
EB inside liquid marble for 5 days, beating activity was observed in EB that was plate down after
another 4 days.
Supplementary material 3: Contracting foci in plated down EB. Oct4b2 cells were allowed to form
EB inside liquid for 5 days, beating activity was observed in EB that was plate down after another 7
days.
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Chapter 7: Development of Cellulosic Hydrogel
based Bioreactor for Embryoid Body Formation
7.1 General Overview
Embryoid bodies (EBs) are three dimensional (3D) aggregates of cells derived from embryonic stem
(ES) cells, which provide an excellent model for studying the molecular and cellular interactions in
the very first stages of embryo development. Indeed, formation of stem cell 3D structures (EBs) is a
prerequisite for further ESC differentiation.
Currently, most of the current techniques for generating EBs are based on employment of hanging
drops or suspensions in non-tissue culture treated plates, microwells, and spinner flasks. The practical
application of these methods is limited in terms of scalability, size uniformity, labour-intensively,
production process complicacy and economical impracticality. However, more importantly, all these
methods suffer from not providing proper 3D environments to cells that behave more like ECMs [1].
Hydrogels made of natural and synthetic polymer network are promising candidates for 3D tissue
engineering scaffolds [2]. Macroporous hydrogels as scaffolds have been shown to be advantageous
in supporting cell proliferation, migration, cell aggregation and tissue regeneration compared to nonporous ones [3-5].
In this regard, applying a new biodegradable, biocompatible scaffold with interconnecting pores and
appropriate mechanical strength, capable of EB formation and further differentiation is the main aim
of this part of study.
There have been extensive studies on the efficacy of biocompatible polymeric material hydrogels as
3D tissue scaffolds, ranging from natural to synthetic polymers with the ability to degrade and
function as “smart” hydrogels, as well as in the microfluidics field. However, the use of modified
cellulose as a 3D tissue scaffold for embryonic body formation has yet to be fully exploited.
This chapter concerns the feasibility of formation of embryonic body formation and subsequent
differentiation through a novel porous hydrogel, which acts as a 3D culture scaffold. To meet this aim,
mouse embryonic stem cells were seeded into the biocompatible cellulose scaffold with defined pore
sizes. Formation of EBs were observed via fluorescent, confocal and SEM microscopy. The images
clearly showed the ability of cells to attach, grow and successfully form 3D aggregates inside the
hydrogel. Size distribution of EBs compared to that for the liquid suspension method with the same
conditions also showed the formation of more uniform EBs. The results also confirmed higher cell
viability in EBs formed inside scaffolds than those formed in liquid suspension during the period of
culturing. Expression of germ markers via quantitative PCR and immunostaining confirmed that the
hydrogel-born EBs have the in vitro differentiation potential. RT-PCR also demonstrated that all
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cardiac markers tested, such as Flk1, Nkx2.5, and Gata4, have been expressed in EBs in hydrogel.
Positive immunostaining of cardiac marker (cTnT) and observation of beating EBs showed the further
potential of EBs to differentiate into cardiac cells lineage.
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7.2.1

Abstract

Differentiation of embryonic stem cells (ESCs) can be prompted through the formation of embryolike aggregates in suspension, known as embryoid bodies (EBs). ESCs are promising for tissue
engineering primarily because of their ability to differentiate into multiple tissue lineages and their
capacity to exhibit pluripotent differentiation. The combination of stem cells with biomaterials
scaffold provides a promising strategy for engineering tissues and cellular delivery, since scaffolding
materials can mimic the microenvironment of the extracellular matrix in a human body.
In this study, a porous hydrogel scaffold prepared from bifunctional methacrylates (MA) modified
Hydroxypropylcellulose (HPC) was used for formation of spherically symmetric EBs. When single
ES cells were seeded in three dimensional cellulose scaffolds, they grew into aggregates gradually and
formed EBs with circular structures that would eventually differentiate into the three embryonic germ
layers. The ES cells seeded scaffolds were characterized using scanning electron, confocal and
fluorescence microscopy. It was observed that the stem cells attached to the scaffold, followed by
penetration into the pores and proliferation within, and consequently formation of uniform EBs.
Evaluation of the EBs in terms of morphology and potential to differentiate indicated that they
exhibited the typical structure of EB and could generate three germ layers (mesoderm, endoderm, and
ectoderm). Moreover, the results demonstrated that culturing ES cells inside the HPC-MA porous
hydrogel with controlled porosity could eventually allow ES cells to differentiate towards cardiogenic
lineage; the resulting cells expressed cardiac markers and showed spontaneous contraction after
culturing in the scaffold for 13 days.

Keywords:
Embryonic stem cell, Embryoid body, Porous Hydrogel, three germ layer makers, cardiogenesis
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7.2.2

Introduction

In the body, cells are surrounded by a complex molecular framework known as the extracellular
matrix (ECM). ECM has several functions such as supporting and isolating tissues from one another,
and regulating intercellular communication. The rapidly increasing demand for organ and tissue
transplantation has promoted tissue engineering as a promising alternative, in particular the use of
stem cells seeded tissue scaffolds. Artificial three dimensional (3D) scaffolds are structures that
mimic native ECM for attachment, growth and organization of cells. It has been shown that along
with ECM’s structural role, it plays a physiological role by affecting the immediate microenvironment
of the cardiomyocytes. Biocompatible and biodegradable three dimensional (3D) polymeric scaffolds
have received much attention due to their ability to provide structural support similarity to the ECM,
while as well as providing newly secreted tissues with the appropriate 3D architecture for in vivo
tissue regeneration[6].
Embryonic stem cells (ESCs) are pluripotent cells with the ability to organize into multi-cell-type
structures during embryonic like differentiation, which make them powerful sources for therapeutic,
drug discovery and cell replace applications [7-11]. The formation of the three-dimensional structure
of ES aggregation known as embryoid bodies (EBs) is a key step to induce ES cells differentiation
[12, 13]. In fact, utilizing EB as a reliable in vitro model is widely proposed for in vitro mouse
embryogenesis studies since the study of embryos imposes certain restrictions [14].
EB compromises 3 germ layers known as the ectodermal, mesodermal, and endodermal tissues,
which resemble the construction of the developing embryo, and are often used as in vitro model for
morphogenesis study [15, 16]. So far, different methods have been employed to aggregate ES cells in
order to produce EBs, including forced aggregation, bioreactor-based methods, hanging drop,
suspension culture and spinner flask cultures [12, 17-23]. Most of these methods for producing EBs
are based on preventing cell attachment to the surfaces of the dish and keep cells in suspension culture
[24, 25]. However, each method is limited by at least one of the drawbacks such as laborious
procedure, tedious manipulation, time consuming, production of hydrodynamic shear stress,
complication and difficult manageability and requirement for large amount of medium [20, 25-27].
It is worth noting that the common limitation of all these techniques is the lack of extra-cellular matrix
support, which represents an important role in cell growth and development. From the material
science and biomedical engineering view, biodegradable porous scaffolds provide significant
advantages to facilitate repairing or regenerating damaged organs, because they can be customized to
modulate cell attachment, grow and differentiation.
Embryonic stem cells have been employed for cardiac repair; however, dissociated ESCs displayed
poor viability in the scaffold and do not form the embryoid body (EB)-like structures [28]. Using a
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porous scaffold on the other hand can provides 3D environment that is essential for the formation of
tissue-like structures, as a structural support provide a better cell interactions and more
physiologically relevant environment for the cultivated cells [4, 5]. In addition, porous gels improve
cells functions by providing proper 3D structure [29, 30].
Typically both natural and synthetic polymers have been widely used as biomaterials for the
fabrication of medical device and 3D architectures scaffolds for cell seeding and cultivation [31].
However, natural materials have advantages compared to synthetic materials in tissue engineering due
to similarity to materials in the body and therefore support tissue development by directing cell
adhesion and function[32].
More recently, there is an increasing demand for using environmentally friendly materials and
renewable resources such as cellulosic materials in polymer composites [33]. Cellulose, consisting of
glucose-based repeating units, is the most abundant naturally occurring polysaccharide found in
nature. It can be chemically modified by esterification or etherification of their hydroxyl groups.
Cellulose and its derivatives are eco- friendly, as it is biodegradable in nature by microbial or fungal
enzymes. The biocompatibility of cellulose and its derivatives is well established [34, 35]. These
interesting features of cellulose have encouraged the use of cellulose-based devices in biomedical
applications such as tissue regeneration [36, 37], and controlled release of drugs [38].
Hydroxypropyl-cellulose (HPC) is the commercial derivative of cellulose which is water-soluble,
non-toxic and inexpensive component. Recently, it has been reported that biodegradable 3D hydrogel
constructed from hydroxypropyl cellulose (HPC), modified with bio-functional methacrylic anhydride
(MA), is hydrolytically degradable and biocompatible to human adipose-derived stem cells (ASCs).
The successful adipocytes differentiation in HPC-MA scaffolds demonstrated the usefulness of this
scaffolds in tissue engineering [39]. In addition, it has been demonstrated that the cellulose-based
materials provide better adhesion properties due to a their resulting surface tension, an indicator of
material hydrophilicity/hydrophobicity, compared with other polymers such as polysulfone (PSf),
polypropylene (PP) and perfluoropolymer (PF), which was confirmed with study using liver cells
[40].
To the best of our knowledge, there have been few studies into the application of cellulose scaffolds
for cell culturing, direct formation of EBs inside cellulose-derived scaffolds and the cardiac
differentiation potential of hydrogel-born EBs have not been reported. To test the feasibility, a
modified macro-porous hydrogel prepared from bifunctional methacrylic anhydride (MA) modified
HPC is used to study the capability of a 3D porous scaffold to support stem cell growth and, more
importantly, the feasibility of embryoid body formation. The potential of the EBs formed in hydrogel
to differentiate into cardiac lineage cells will also be investigated. The cells in EBs were shown to
express protein markers specific for the three embryonic germ layers. Finally, the feasibility to further
differentiate these EB to cardiac cells will be evaluated.
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7.2.3

Material and methods:

7.2.3.1

Synthesis of HPC derivatives

Hydroxypropyl cellulose methacrylate (HPC-MA) was synthesized by a two-step reaction and the
synthesis route is shown schematically in Scheme 1. Briefly Hydroxypropyl cellulose (HPC, SigmaAldrich, MW=10, 000 g/mol) was dehydrated by azeotropic distillation at 50oC in toluene to remove
the moisture prior to use. The typical procedure for the activation of HPC by methylacrylic anhydride
is as follows. Briefly dehydrated HPC (4.0 g) was first dissolved in 150 mL of chloroform and then
4.17 mmole of methylacrylic anhydride (MA) and 4.17 mmole of N’N-dicyclohexylcarbodiimide
(DCC) were added drop by drop in chloroform. 0.4 g of 4-dimethylaminopyridine (DMAP) was
added as catalyst and the reaction mixture was stirred for 48 h. The resultant product (HPC-MA) was
then purified by precipitation in anhydrous diethyl ether. Better purification of HPC-MA was
achieved by frequent dissolution in chloroform and precipitation into diethyl ether. The purified HPCMA was dissolved in water, filtered, and then dialyzed in deionised water for 72 h and finally
lyophilized.

7.2.3.2

Preparation of HPC scaffolds

The solution of HPC-MA in deionised water (20%w/v) was prepared, 2-hydroxy-1-[4-(2hydroxyethoxy)phenyl]-2-methyl-1-propanone (Irgacure 2959, Sigma-Aldric, Australia) was added as
photo-initiator to a final concentration of 3-5%. The solution was placed in a water bath at 45oC for 10
minutes to induce phase separation. The resultant solution was then cross linked in a ultra-violet ray
(UV) cross-linker (Honle UV Technology, UV-F 400, Germany) for approximately 6 minutes. The
cross-linked gels were then washed with deionised water to remove any uncross-linked HPC-MA
conjugate and photo-initiator before used. The samples were kept at -20oC before lyophilisation. The
samples were then sterilized by washing twice with PBS and soaking in pure ethanol for 12h followed
by washing with PBS and soaking in PBS for 12h. Samples were then dried and incubated in 0.1%
gelatin 48h prior to cell seeding.
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Figure (7.1): Schematic of the synthesis of HPC-MA and sketch of the cross-linking reaction between photoinitiator and HPC-MA

	
  

7.2.3.3

Swelling ratio and mechanical properties of HPC-MA

The lyophilized HPC-MA scaffolds were submerged in water at 4oC, room temperature and 42oC for
48 h. The weight of the swollen sample was obtained after blot drying with a moist filter paper and
the dry weight of the sample was measured after drying the sample under vacuum at 25°C for 48 h.
The swelling ratio, SR, of scaffold was calculated according to the equation 1 below,
SR= (Wh-Wd) / Wd

(1)

where Wh is the weight of the scaffold in the swollen equilibrium and Wd is the weight of the dried
scaffold. Each sample was measured three times from the four replicate specimens and the average
value of the measurement was taken. The mechanical properties of the hydrated scaffolds were carried
out using a dynamic mechanical analyzer (TA Instruments, Q800) at a frequency of 1 Hz and at 0.01
N. The testing was performed under atmospheric condition and 310 K. The compression testing was
performed in quadruplicate.	
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7.2.3.4

Culture of murine ES Cells

Feeder free Oct4B2 ES cells contained Oct4-GFP-IRES-puromycin and hygromycin resistance
cassettes were used for this work. This cell line possesses a green fluorescent protein (GFP) under
control of the Oct4 promoter (Oct4-GFP) [41]. Cells were maintained in Dulbecco's modified eagle
medium [DMEM, cat# 1995, Gibco] supplemented with 10% FBS (JRH Biosciences, Australia), 1%
nonessential amino acids (NEAA,cat#11140-050, Invitrogen), 0.1mM 2-mercaptoethanol (cat#
21985-023, Invitrogen), 1% GlutaMAX™ (cat#35050061, Invitrogen), 1% penicillin-streptomycin
(cat# 15070-063, Invitrogen), and 1000U/ml murine leukemia inhibitory factor (mLIF, Chemicon,
Australia) on 0.1% gelatin-coated dish (cat#9391, Sigma) at 37°C in humidified air with 5% CO2.
Cells were passaged every 2-3 days after 70-80% of confluency. After aspiration of the medium and
washing with DPBS (cat#D8662, Sigma), Trypletm express (cat#12605, Gibco) was added and the
dish was kept inside the incubator for 5min. Tryple was inactivated by addition of ES media. The cell
suspension was centrifuged for 3min at 1600rpm. The supernatant was aspirated and the cell pellet
was resuspended in appropriate amount of ES medium.
	
  

7.2.3.5

Embryoid Body formation inside porous gel

For EB formation the dissociated ES cells were resuspended in DMEM medium supplemented with
10% FBS, 1% NEAA, 1% mM L-glutamine, 1% penicillin-streptomycin (EB formation medium). It is
worth mentioning that EB-forming medium does not contain any Leukemia inhibitory factor LIF.
Prior to cell seeding, the scaffolds were first soaked in PBS overnight and then sterilized with 70%
ethanol for 5hr by changing ethanol three times. Scaffold was then rinsed with PBS for 5hr. PBS was
then removed from the scaffold, and the well plate kept inside the hood overnight. For EB formation
2.5×105 cells in approximately 40µl of EB medium was then added drop-wise on top of the hydrogel
surface in each 48-well plate. The cell-seeded scaffolds were then pre-incubated in 5% CO2 incubator
at 37°C for 15-20min to allow cells to penetrate into hydrogel pores. Fresh medium was then added to
cover the scaffolds. The next day 0.1% gelatin was added and incubated for 24hr for better cell
attachment before cell seeding. EB formation and the microstructure of the hydrogel without and with
cells were investigated using a laser scanning confocal microscope (Nikon A1Rsi MP) with an
excitation wavelength of 488 nm and an emission wavelength of 550 nm and fluorescent microscope
(Nikon, Eclipse Ti) on different days. EB diameters were measured using Imagej software.

174	
  
	
  

7.2.3.6

Immunocytochemistry

Cells were fixed in 4% paraformaldehyde for 10 min and washed three times with 1% BSA in DPBS.
For determining the expression of three germ layers, Nestin (MAB 353, Ectoderm marker), Brachyury
(ab20680, Mesoderm marker) and Foxa2 (SC-6554, Endoderm marker) were selected as primary
antibodies. Fixed cells were incubated for 1 h at room temperature with blocking solution [(5% goat
serum (for Nestin and Brychury), 1% BSA in DPBS and 5% donkey serum (for Foxa2), 1% BSA in
DPBS)]. Cells were then incubated overnight with the primary antibodies diluted (1:1000) in blocking
solution at 4°C. Next, cells were washed three times with 1% BSA in DPBS and then incubated at
room temperature for 1h with appropriate secondary antibodies (for Nestin goat anti-mouse, goat antirabbit for Brachyury and for Foxa2 donkey anti-goat IgG Alexa-Fluor 594, Invitrogen Australia) at a
concentration of (1:400) in appropriate blocking solution. Cells were washed three times with 1%
BSA in DPBS for 10min each. Negative controls for staining were performed using only the
secondary antibody. The protocol for NKx2.5 (Sc-14033, Santa Cruz) and cTnT immunostaining
(ab10214, abcam) was similar to the above mentioned, with the primary antibodies diluted (1:500) in
blocking solution at 4°C and secondary antibodies (goat PAb to RbIgG Alexa 594, goat anti-mouse
Alexa 594, Invitrogen Australia) at a concentration of 1:400 in blocking solution.

7.2.3.7

Scanning electron microscopy (SEM)

For observation of EBs inside scaffolds, gels were fixed for 30min in 4% paraformaldehyde. The
samples were then quickly soaked in liquid nitrogen and keep in -80 overnight. Sample was then
freeze dried for 72hr. The freeze-dried samples were sputter coated with platinum-gold alloy and
examined using JEOL JSM-7001F FEG SEM (Japan).

7.2.3.8

RNA isolation, cDNA synthesis and qRT-PCR

For quantitative RT-PCR analysis, the EBs inside hydrogel were lysed, and total RNA was isolated by
using the RNeasy kit (QIAGEN Inc.) and subsequently cleaned up for removing any remaining
genomic DNA contamination by treating with Turbo DNase (Ambion) according to the
manufacturer’s instructions. Reverse transcription reaction carried out by using Superscript III First
Strand Synthesis System (Invitrogen) according to the manufacturer’s instructions. Real-time PCR
analysis was performed on the 7900HT Fast Real-Time PCR system (Applied Biosystems) at standard
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reaction conditions using Power SYBR Green PCR Master Mix (Applied Biosystems) in triplicate for
each sample and each gene. Briefly, after a 2 min denaturation at 95°C, 35 cycles were carried out at
95°C for 15s, 58°C for 30s and 72°C for 30s following by a dissociation stage. Relative mRNA levels
calculated with the ∆∆CT method [42] were analysed using SDS Version 2.4.1 software. Primer
sequences used for SYBR Green PCRs are listed in Table (7.1). The house keeping β-actin was used
as an internal control.
Table (7.1): PCR primers name and details
Primer

Primer sequences (Forward-Reverse)

PCR
Product

NCBI Accession
No.

5'→3'

size

Nestin

TCTGGAAGTCAACAGAGGTGG/ACGGAGTCTTGTTCACCTGC

350

NM_016701.3

Brachyury

CATGTACTCTTTCTTGCTGG/GGTCTCGGGAAAGCAGTGGC

313

NM_009309.2

Foxa2

TGGTCACTGGGGACAAGGGAA/GCAACAACAGCAATAGAGAAC

289

NM_010446.2

Flk-1

GGCGGTGGTGACAGTATCTT/CTCGGTGATGTACACGATGC

203

NM_010612.2

468

NM_008700.2

Nkx2.5

ACACCCACGCCTTTCTCAGTCAAA/CGACAGGTACCGCTGT
TGCTTGAA

Gata4

TCTCACTATGGGCACAGCAG/GCGATGTCTGAGTGACAGGA

136

NM_008092

β-actin

CACCACACCTTCTACAATGAGC/TCGTAGATGGGCACAGTGTGGG

242

NM_007393.3

7.2.3.9

Cell viability assay

CellTitre-GluR Luminescent cell viability assay (Promega) was conducted according to the
manufacturer’s instructions. Cells (including EBs) were collected from inside the hydrogel or low
suspension well plates. A volume of CellTitre-GluR equal to the volume of cell culture medium was
added. The contents were manually mixed for 2mins to induce cell lysis. After 5 min incubation time
at RT to stabilize the luminescent signal, the cell solutions were seeded in a white opaque-walled 96multiwell assay plate. Control wells readout contained medium without cells for background
luminescence. The plate was analysed at the appropriate time points by a stable glow-type
luminescent signal on a Fluostar Optima (BMG Labtech, Australia).

7.2.4

Results and Discussion

7.2.4.1

Synthesis and preparation of HPC-MA
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To create a 3D supportive environment to organize mES cells into embryoid bodies and direct
differentiation, we used a biodegradable cellulosic scaffolds. HPC-MA hydrogel was prepared as
illustrated in Figure 7.2. Briefly, HPC-MA conjugates with 0.35 degree of substitution (DS) is watersoluble and formed single-phase solution when dissolved in aqueous solution. The aqueous solution,
upon heating at 45oC underwent phase transition from isotropic solution to colloidal solution owing to
the low critical solution temperature (LCST) transition properties of HPC at around 42°C. The
fixation of colloidal structure of HPC-MA was achieved by UV polymerizing the HPC-MA conjugate
and produced an opaque hydrogel. UV-irradiation was selected to induce photopolymerization due to
its many advantages including ease of hydrogel shaping and fast polymerization rate at low
temperature[43]. Irgacure 2959 has demonstrated to cause minimal toxicity to a wide range of
mammalian cells [44], and was employed as photoinitiator in this study. HPC-MA-20 % hydrogel
samples were prepared, lyophilized and subjected to characterization, and will be described in later
sections.

Figure (7.2): Preparation of HPC-MA scaffold (scale bar 1.0 cm)

7.2.4.2

Swelling ratio and mechanical properties of HPC-MA

The swelling behaviour of HPC-MA- 20 wt% is shown in Figure 7.3 and was carried out at 4oC, room
temperature and 42oC. The SR was found to be decreasing with increasing temperature (p < 0.05). At
4oC and room temperature, the hydrogel exhibited a SR of 13.44 g/g and 12.94 g/g, while the swelling
ratio decreases from 12.94 g/g to 8 g/g at 37oC. As the temperature drops further, the swelling ratio
was reported to be 6.4 g/g. The swelling ratio is a measure of hygroscopic behaviour, its swelling
attributed to the presence of hydroxyl groups on the HPC chain that participate in hydrogen bonding
with surrounding water molecules; further, the presence of pores also result in water retention.
Hydrogels with high swelling ratio are highly permeable, which facilitates oxygen, nutrient and
metabolites exchange, and are considered as promising material for tissue scaffolding [45].
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Figure (7.3): Swelling behaviour of HPC-MA–20 wt%.

A hydrogel should provide sufficient mechanical support necessary for a given application. The
stiffness of the substrate is an important parameter that regulates stem cell behaviour. For example, a
soft substrate is known to stimulate neurogenesis of stem cell cultures, whereas stiffer substrates have
been reported to stimulate myogenesis [46]. For tissue regeneration to be successful, it is believed
that the mechanical properties of scaffold should match roughly the mechanical properties of tissue
growth in order to provide cells with instructive microenvironment. The storage modulus of HPCMA-20 wt% was found to be 4.19±0.56 KPa at 37oC. This storage modulus is comparable to those of
soft tissues such as organs such as breast tumour, brain, lymph node, mammary gland, liver, fat and
kidney[47] and neonatal rat heart tissue[48]. The result reported by Rodriguez et al.[49] also indicated
that culturing cardiomyocytes on stiffer substrates led to a myofibril structure that helped to improve
cardiac contractility which suggests that HPC-MA hydrogels can be used as tissues scaffolds for the
formation of embryoid body.

7.2.4.3

EB formation

Culturing ESCs in vitro as EBs provides possibilities to mechanistically investigate early
differentiation functions of 3D constructions of pluripotent cells. For instance, gene mutation or
knockouts, which have been proven to be lethal during normal embryonic development, could be
studied through in vitro differentiation studies of ESCs. EB formation has already been regarded to be
an important step to induce lineage differentiation, which recapitulates various aspects of early
embryonic development [50, 51]. EB differentiation begins with the formation of the ESCs
aggregates, the size of which varies based on the initial number of cells which self assembled via cellcell adhesion receptors [12, 52]. Since EB formation is similar to embryonic gastrulation process, it
has been widely used to promote spontaneous differentiation of ESCs [53]. It is known that ESCs can
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be induced to form 3D multicellular aggregates (EBs) when cultivating in suspension without antidifferentiation factors, which yields aggregates with highly irregular geometry [54-56].
In this study, we examined the capability of the 3D novel porous cellulose based scaffolds (HPC-MA)
to efficiently entrap the seeded mESCs and support the formation of EBs.
Toward this end, undifferentiated mESCs were dissociated and resuspended in EB formation medium.
Cells were seeded onto the scaffold coated with gelatin to initiate cell adhesion. Cells were then
seeded into the porous gel with pore diameter of ranging from 30 to 300um with median pore
diameter of approximately (42.4 µm) and controlled porosity of ((~96 ± 0.9%) as measured by
mercury porosimetry, which is believe to be suitable for inducing cell aggregation into EB [39].
The Oct4b2 mouse ES cells express green fluorescent protein (GFP) under the Oct4 promoter and
thus enable cell visualization with a fluorescence microscope without the need to further stain these
cells. Figure 7.4 shows the bright field and fluorescent images of the ES cells seeded into the gel and
the formation of EBs after 1hr, 3 and 14 days of culturing. As shown, seeding ES cells into the gel
resulted in formation of relatively uniform EBs with the size variation of 100-200 micron, which
matched the size of the scaffold pores. The seeded cells aggregated to form rounded discrete EBs after
3 days, while the GFP expression decreases over time, likely because EBs are maturing over time,
when cystic structures of EBs were observed at day 14 (darker parts), revealing the presence of
various type of differentiated cells from the EBs. It was observed that EBs retained their original
spherical structures with almost no outgrowths around in cellulose scaffolds, even after culturing for
14 days, which indicates that cellulose could provide the physical confinement for EBs formation,
provision of physical confinement has been used widely in in vitro model for mouse embryogenesis
[14]. Decrease in GFP intensity is an indicator showing ES cells are losing their pluripotency over
time (Figure 7.4E,F). The arrows show the formation of EBs at different layers of hydrogel.
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Figure (7.4): The morphology of EBs formed in porous gel after 1hr of seeding (A,B), 3days (C,D) and 14days
(E,F) , A,B,E are bright field images while B,D,F are GFP expression, Scale bar=200µm

We compared the size distribution of EBs inside porous hydrogel to those produced in low adhesion
suspension method (a common method for EB formation [54]) at different point times by measuring
EBs diameter using Imagej software.
For this purpose, cells with defined density were seeded (2.5×105cells/well) into 48 well-plates
containing hydrogel and were compared to those seeded onto low adhesion 48 well-plates. Size of
EBs is an important parameter, not only to improve the reproducibility of ESC differentiation
experiments, but also to regulate cell type-specific differentiation lineages [53].
As shown in Figure 7.5, the average diameters of EBs cultivated in both scaffold and suspension
increases with continuous growth. There is no significant increase in the size of EBs formed in gel
during day 6 to 14. When compared with the EBs formed in liquid suspension, the scaffold-EBs, were
more uniform with smaller size distribution after 14 days of culturing. As for the suspension
technique, EBs with a wider size distribution and non-uniform morphologies were observed over
time.
Moreover, as can be seen in Figure 7.5, when the average diameter of EBs formed inside scaffold and
liquid suspension are compared at different times, the obtained standard deviation confirms that there
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is a broad size distribution among EBs formed by suspension method while the size variation was
found to be much smaller for EBs formed by the scaffold method. Although EBs can be generated
using the low adhesion suspension culture method, EBs formed inside scaffold are more
homogeneous, while the former technique suffers from a large variation in size and morphology of the
obtained EBs, limiting its yield. A study by Valamehr [57] showed that EBs formed with 100-300
micron size hold the greatest differentiation potential, and have the lowest rate of cell death compared
with smaller or larger than these range. The diameter of EBs formed inside hydrogel were in the range
of 100–300 µm.

Figure (7.5): Size distribution of EBs formed inside HPC gel and in suspension low adhesion dish over 14 days
of culturing, results are shown as mean± the standard error (SEM).

The viability of cells inside EBs formed via scaffold and liquid suspension methods was also
quantified by measuring ATP activity of cells. The results revealed that at each time point hydrogel
method gives more viable cells compared to suspension method. For example, the viability of cells
increased by about 1.4 and 1.8 fold in hydrogel method after 5 and 14 days, respectively (Figure 7.6).

Figure (7.6): Cell viability measured by CellTitre-GluR Luminescent cell viability assay in scaffold-borne EBs
compared with EBs formed in liquid suspension method. Data are expressed as mean± the
standard error of the mean (SEM). Statistical significance was determined by analysis of variance
(One-way ANOVA) with p < 0.05.
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Distribution of ES cells and EB formation in a scaffold over time is an indication of cellular
compatibility and appropriateness for tissue engineering applications which is known to be dependent
whether the scaffold can facilitate cell migration and proliferation within [58]. GFP expression and
proliferation of cell and distribution on 3D scaffolds were observed using confocal microscopy. As
cells seeded into pores gel hydrogel, they were observed to penetrate into the pores and fill the pores.
Figure 7.7 shows the distribution of cells after seeding into the porous hydrogel. Cells were closely
associated with each other (Figure 7.7 A,B) and began to self-assemble, formed cell clumps (Figure
7.7 D) and formed a single cell aggregate (EB) within 36h (dashed circles show the boundaries of
pores in hydrogel) and subsequently forming round and compact EB after 3 days (Figure7.7E). In
vitro aggregation of murine ES cells are known to trigger the formation of embryo and facilitates
spontaneous, unguided differentiation analogous to that seen in developing mouse embryos [59].

Figure (7.7): Dispersion of single stem cells in porous hydrogel 3 hours after seeding (A,B), dashed lines in (B)
illustrate the boundaries of pores in porous. Cell start accumulation in gel at 8hours (C) and form
cell aggregation after 36hr (D) and consequently compact EBs after 3 days (E), Scale
bar=50micron

The microstructures of the lyophilized HPC hydrogel before and after cell seeding were investigated
using scanning electron microscopy (SEM). From the SEM observation of the cross-sectioned
hydrogel before seeding cells showed a highly porous structure with submicron size interconnected
pores as shown in Figure (7.8A). This highly porous structure should allow cell penetration, growth,
differentiation and proliferation. A few hours after seeding ES cells into the scaffold, they started to
cover the pores (Figure 7.8B,C). The images clearly show the attachment of ES cells to the inner
walls of hydrogel and covering pores over time. After 36hr, ES cells started to grow and were able to
form bigger aggregates and colonised into the 3D structure (Figure 7.8D). Figure (7.8E) also clearly
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shows the attachment of the round and compact EB to the base of hydrogel at day 3. The attachment
of a number of EBs on the surface of scaffolds clearly demonstrates the potential of HPC-MA
scaffold to support cell-cell interaction for further in vivo studies.

Figure (7.8): Cross-sectional SEM images of a 3D HPC hydrogel showing a porous structure of gel before cell
seeding (A) 3 and 8 hours after seeding (B,C) and three days (D,E,F) after seeding cells.

7.2.4.4 Reverse Transcription PCR analysis of three germ layer markers
and cardiac marker expression in embryoid bodies
To assess the potential of mESCs to form derivatives of all three embryonic germ layers in scaffolds,
cells in scaffold were characterized for their (Brachyury (mesoderm), Foxa2 (endoderm) and Nestin
(ectoderm)) gene expression. Cells were cultured in HPC-MA and allowed to from EB inside the
hydrogel. At day 3, 6, 8, and 10, EBs were collected for RT-PCR analysis. All EBs collected at
different points expressed all these differentiation markers, confirming the in vitro differentiation of
EBs, while three germ layers markers were not detectable in the ES cells (control) (Figure 7.9A).
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Figure (7.9): The differentiation status of EBs at different time points, using three different germ layer markers
(A). The expression of cardiac lineage and progenitor markers at different time points of EB
formation (B). β-actin was used as a housekeeping gene. Undifferentiated cells were used as
negative control.

Quantitative real-time PCR analyses were performed to characterize the differentiation markers for
the 3 germ layers (endoderm: mesoderm, and ectoderm). The markers expression of EBs generated
and collected from scaffold were compared to those collected from liquid suspension method.
Octamer-binding transcription factor 4 (Oct4) was used as a marker of undifferentiated cells. Oct4
expression was down regulated from day 3 of EB formation, which suggested that the ES cells had
lost their pluripotency when EBs are becoming mature.
The expression of Foxa2 as endoderm marker increased in a time-dependent manner in both methods
and reached its peak at day12 in hydrogel method. However, this Foxa2 level decreased in suspension
techniques from day 8.
The expression of ectodermal marker (Nestin), gradually increased in hydrogel and suspension
method over time except a slight decrease at day 8 for suspension. Although higher endodermal
expression was observed in suspension-EBs at day 8, endoderm marker reached its highest level at
day 12 in hydrogel-born EBs.
The result also showed that although there is a slight decrease in the expression of Brachyury from
day 3 to 6, this gene started to increase and reach its maximum level 12 days after EB formation.
Overall, higher Brachyury expression was observed in scaffold-born EB compared to that formed in
suspension at day 6 and day 8.
Expression of 3germ layers showed the level of Fox2a, Brachyury and Nestin increased over time in
EBs formed inside scaffold which confirms the in vitro differentiation potential of EBs which are
formed using the scaffold technique. The successful potential of hydrogel to further induce
differentiation of EBs confirms that hydrogel could be a reliable substitute for liquid suspension
method.
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Figure (7.10): The results shown are mean values (± SD).

We have also investigated the protein expression of three germ layers for EBs formed inside HPCMA scaffold. For this purpose, 5-day-old EBs were collected from hydrogel and were stained. We
examined the expression of these markers by plating down some 5-day-old EBs for another 5 days in
gelatinized dish. The results (Figure 7.11, and 7.12) confirmed the presence of ectoderm (Nestin),
mesoderm (Brachyury) and endoderm (Fox2a) in EBs and also in plated EBs. All secondary
antibodies were selected red because ES cells were already GFP positive.
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Figure (7.11): Immunostaining 5-day- old EBs for three germ layers mesoderm (Brychyury,A) endoderm
(Foxa2, B) and ectoderm (Nestin,C), the blue staining
is Hoechst for nuclei, Scale
bar=250micron.

Figure (7.12): Immunostaining of plated down EBs for three germ layers Brychury, Foxa2 and Nestin, the blue
staining is Hoechst for nuclei, Scale bar=500micron.

These results suggest that a porous HPC-MA scaffold can preferentially induce the formation of 3D
stem cells structure with the potential to differentiate into all 3 germ layers.
One of the first types of differentiated cells derived from pluripotent stem cells in embryoid bodies is
cardiomyocytes, in which cell to cell interactions stimulate the expression of markers for mesodermal
and early cardiac cell lineages [60]. To characterize the cardiac differentiation potential of EBs
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generated from a hydrogel, the gene expression of EB-derived cells was qualitatively determined
using RT-PCR (Figure 7.9B).
Flk1 is quite promiscuous with the lineage derived from mesoderm, and since the cardiomyocytes are
derived from the mesodermal lineages, it serves as a lineage marker to detect the initiation of
mesoderm during differentiation.
The study of post implantation development pointed out that Flk1 is the factor first detected during
gastrulation in mesoderm cells in a region that further developed into heart. This gene is then
expressed in endothelial cell precursors and developing endothelial cells of the heart and embryonic
and extraembryonic vasculature [61]. Thus, Flk1 is found to be the initial molecular marker of
endothelial cell precursors [62, 63]. For this purpose, Flk1 was chosen as an early cardiovascular
progenitor which usually expresses in the early stage of mouse cardiac development.
We also chose two markers, Gata4 and Nkx2.5, that are key regulators of cardiac-specific
transcription associated with cardiogenesis; these markers are usually detected in the pluripotent stem
cell-derived cardiomyocytes [64, 65].
Nkx2.5 is one of the cardiac specific transcription factors that plays an important role in the
specification of myocardial progenitors in heart looping in mice [66] . It has been shown that Nkx2.5
plays an important role in the process of heart development and a considerable amount of Nkx2.5 is
expressed in the heart during the initiating of cardiac differentiation [67].
Gata4 is another transcriptional factor that plays an important role in promoting cardiac muscle
development. This factor was also detected in cardiac progenitors cells [65, 68]. Studies suggest that
differentiation of cardiomyocytes from non-cardiac cells (e.g., bone marrow stem cells) or in the ESEB cell system is associated with increased expression of well-characterized transcriptional factors
including Csx/Nkx2.5, and Gata4 [69, 70], suggesting a role for these transcriptional factors in cardiac
development. Gata4 regulation occurs by Nkx2.5 transcription factor as the coactivator and
corepressor during differentiation of heart, for regulating the transcription and expression of
downstream structural and regulatory genes [71]. Positive expression of this gene indicates that cells
at the mesodermal stage were committing to cardiac differentiation.
Semi-quantitative RT-PCR demonstrated that all cardiac markers tested, including Flk1, Nkx2.5,
Gata4, were expressed in 3, 6, 8 and 10-day old EBs, indicating that cells in EB became precardiac
mesoderm. These findings demonstrate the cardiac potential of EBs formed inside cellulosic scaffold,
and showed the fact that the mouse ES cells are able to differentiate to a cardiac lineage.
To promote cardiac differentiation, 5 day-old EBs were collected from scaffold and plated down on
gelatinized plate. Cardiac immunostaining using specific cardiac markers, including Nkx2.5 and
cTnT, was then conducted. The expression of two cardiac-specific proteins, Nkx2.5 and cardiac
troponin T (cTnT), were examined by immunofluorescence.
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Representative images show the positive protein expressions of the cardiac markers (cTnT) (appeared
in red) after 12 days of cultivation, which revealed the successful formation of organized sarcomeric
myofilaments in differentiated cell population (Figure 7.13). As shown in Figure 7.13A-B, cells in
plated down EB have differentiate toward cardiomyocytes, as indicated by their early cardiac markers
Nkx2.5 (appeared in red) and cardiac-specific markers expression. The nuclei were counterstained by
Hoechst (appeared in blue).

Figure (7.13): Immunostaining for expression of Nkx2.5 (on day 7) and cTNT(cardiac troponin) (on day 12),
Nuclei were stained with Hoechst (blue).

7.2.4.5

Spontaneous beating foci

We tested the differentiation potential of hydrogel-born EBs into cardiomyocytes by routinely
examining the presence of spontaneous beating. Interestingly, after around 13 days of being in
hydrogel, some of the EBs contained beating cardiomyocyte foci (supplementary video). It is worth
mentioning that although the results confirm the potential of cellulose scaffold to induce beating EBs,
the efficiency of beating should be optimised.

7.2.5

Conclusion

The production of large numbers of homogeneous cell populations for use in regenerative cellular
therapies and diagnostic cell-based technologies could be facilitated by engineering the EB
microenvironment through engineered biomaterials to enhance the directed differentiation of ESCs.
In this study, a new model for EB formation and ES cell differentiation was successfully established.
Cardiac differentiation is accomplished in a three dimensional extra-cellular matrix composed of a
degradable and highly hydrated porous cellulose-based hydrogel, which more closely mimics the in
vivo environment. We also showed that porous hydrogel with controlled porosity (between ~96 ±
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0.9%) can result in formation of uniform EBs that can be further used in directing the differentiation
of ESCs for different clinical applications.
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Appendix 7.3: Use of Cellulosic Hydrogel for Cellreleasing
A 7.3.1 General Overview
This section compromises one published paper.
In this publication, the application of a thermo-responsive hydrogel (hydroxypropyl cellulose (HPC))
with cell releasing behaviour was carried out. The thermoresponsive membrane applied for cell
grafting took advantage of the temperature responsive property of HPC. The thermo-responsive
properties (such as turbidity, water contact angle, swelling ratio, dynamic mechanical analysis and
thermal analysis) of these HPC-MA hydrogels were evaluated. Temperature-modulated cell-releasing
characteristics were studied using African green monkey kidney cells (COS-7 cells) and murinederived embryonic stem (mES) cells. The results showed that embryonic stem cells adhered and
proliferated well on the hydrogel surfaces under normal cell-culture conditions, and spontaneously
detached from the hydrogels without trypsinization when the temperature was reduced to 4 degree.
These unique properties make our HPC-MA hydrogels potential substrates for cell sheet engineering.
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A 7.3.2 Thermoresponsive Cellulosic Hydrogels with CellReleasing Behavior
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Chapter 8
8.1 Concluding remarks
A summary of what has been discussed in this thesis will be presented in this chapter, in addition to
some suggestions for the future work on each part (PDMS modification, liquid marble bioreactor and
porous scaffold bioreactor).
This thesis consists of three major parts: The first part (chapter 3) focused on providing a useful
method for improving the ability of stem cells to attach and grow on the surface of the substrate. For
this purpose, we presented a novel, facile and cost effective method that surface bio-functionalizes
PDMS with silane, CMC polysaccharide and gelatin to render it bioadhesive.
Native PDMS inhibits protein and encourages cell attachment. Modification of a PDMS surface is
therefore needed to render it hydrophilic; such modification can be carried out with a physiochemical
method, which provides more hydrophilic coatings for improving biocompatibility of PDMS. In our
method, PDMS was first activated with oxygen plasma, followed by treatment with
trimethoxysilylpropyl(polyethylene imine) as one of the most efficient silane solutions in surface
amination of PDMS. The aminized surface was subsequently conjugated with CMC followed by
gelatin using EC/NHS coupling. Verification of the existence of successive functionalization of
PDMS was obtained through FTIR measurements, which showed the presence of carboxylic acid
groups on the surface of the modified PDMS and confirmed the successful grafting of CMC. Contact
angle measurements showed that the introduction of the CMC greatly improved the hydrophilicity of
native PDMS substrates. Water contact measurement showed that the modified surfaces keep their
hydrophilicity for a long time, which confirmed the long-lasting stability of the surfaces. Quantitative
and qualitative protein adsorption assays showed that that CMC modified PDMS surfaces can reduce
the adsorption of negatively charged BSA albumin, and exhibited protein-repelling properties. The
ease of PDMS modified surface for further modification with bioactive molecules (gelatin) to promote
interfacing with different cells was demonstrated.
Compared with the native PDMS substrates, the introduction of the polysaccharides on the PDMS
surfaces greatly improved the viability of the cells. The proliferation of cells on different substrates
was quantified and the results revealed that the number of cells grown on the modified substrate was
much higher than that cultured on the unmodified PDMS substrate. It was demonstrated that the
functionalized surface facilitates stem cell propagation, as well as retaining the undifferentiated
phenotype and pluripotency of the cells. The proliferation of cells implies that the functionalized
microchannel surface is biocompatible with the cells. As a whole, this study provides a simple
approach for the treatment of PDMS substrates to prevent protein adsorption while enhancing cell
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adhesion and growth. This work also demonstrated the potential of applying polysaccharide in a
PDMS microfluidics-based cellular study.
Research on liquid marbles has been the core subject of the second part of this thesis (Chapter 4,5,6).
Liquid marbles (LMs) are known as non-wetting droplets of liquid that can slide and float on solid or
liquid supporting surfaces, thanks to their non-adhesive hydrophobic powdery shell. Having unique
interfacial properties, liquid marbles offer immense possibilities in many fields. The unique properties
of liquid marbles make it possible to utilize these LMs as microreactors and bio microreactors. In a
proof of concept study demonstrated in this thesis, liquid marbles made of liquid growth medium and
non-adhesive powder particles were introduced as efficient bio microreactors capable of supplying a
non adhesive environment for cells to grow and aggregate. Cancer cell growth and aggregation inside
liquid marbles were studied to demonstrate the capacity of liquid marble bio microreactors to
facilitate these cells to form cell aggregates known as spheroids.
The feasibility of using liquid marble microreactors for formation of embryonic stem cell aggregates
called embryoid bodies (EBs) was also investigated. The results revealed that many EBs can be
formed inside a single liquid marble with more uniform morphology compared to the suspension
culture method. The results showed that liquid marbles formed from smaller powder particles
promoted EB formation more efficiently compared with liquid marbles made from larger particles, in
terms of shape and uniformity of the EBs, number of EBs formed and EB surface compactness.
Liquid marble made of different volumes of medium showed different influences on the shape and
number of EBs formed inside liquid marble micro bioreactors. Larger liquid marbles yielded a higher
number of EBs that were more uniform than those harvested from the smaller ones, which is in
complete accordance with expectations. This is because a larger liquid marble contains a greater
quantity of medium and, therefore, can provide a cell growth medium more nutrient-rich than a
smaller liquid marble. It was also shown that increasing the cell density allows the formation of a
greater number of EBs.
The efficiency of liquid marble-born-EBs compared to the conventional liquid suspension (LS)
technique as the chosen control method in terms of cell viability and EB uniformity revealed that cells
in liquid marble are more viable compared to those in suspension. Measuring EB size distribution as
an indicator of uniformity also confirmed that EBs obtained by the LM method are morphologically
more uniform and of a narrower size distribution compared to those formed in LS.
The gene expression of LM generated from EBs were studied. The expression of markers of all three
germ layers was quantified using the RT-PCR and qPCR method in EBs, which confirmed the in vitro
differentiation potential of EBs formed using the liquid marble technique. The presence of three germ
layers demonstrates the potential of these EBs to differentiate into multipotent stem cells
(progenitors), which will eventually progress into terminally differentiated cells. This part of the study
used liquid marble micro bioreactors as a facile new method for the highly efficient production of
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EBs. Optimization of this method showed that LM is capable of producing EBs of more homogeneous
size and shape compared to EBs produced by the liquid suspension method. The preliminary study on
the feasibility of EB differentiation inside liquid marbles also showed that the LM technique can
support specific lineage differentiation.
In the next study, we proposed for the first time that liquid marbles could greatly contribute to ES
cardiac differentiation. The work on small scale bioreactors made of liquid marbles successfully
proved that liquid marbles can provide a powerful means for biological and biomedical studies,
because of the unique interfacial properties and structure of liquid marbles. Simply consisting of a
non-adhesive shell and a confined liquid core, liquid marbles have all that is required for cells to
reside; the porous shell allows oxygen and carbon dioxide exchange, while the liquid core provides all
the nutrients needed for the cells’ metabolism and growth. Moreover, flexibility of the structure of a
liquid marble allows easy control and manipulation of the bioreactors made of liquid marbles. A
comprehensive study was then conducted to determine the feasibility of cardiomyocyte differentiation
of mouse ES cells after formation of EBs inside the liquid marble micro-bioreactor. Gene expression
studies demonstrated that the cardiomyocyte differentiation of the ES cells occurred, and was
characterized by expression of mesoderm and cardiomesoderm markers, followed by expression of
cardiac specific transcription factors, and finally by cardiac-specific structural genes. Spontaneous
beating was observed 4 days after plating down the EBs and lasted for at least another 25 days. Cells
in the contracting areas were stained positively for cardiac markers (cardiac troponinT (cTnT)). These
results demonstrated that ES cells could differentiate into myocyte cells through the liquid marble
technique.
The third section of this thesis (chapter 7) concentrated on the feasibility of formation of embryoid
bodies using a novel biodegradable and macroporous 3D hydrogel made from modified cellulose as
bioreactor embedding material. EB formation inside hydrogel was observed using scanning electron,
confocal and fluorescence microscopy; this observation implied that the stem cells attached to and
penetrated into the hydrogel pores, and proliferated well, while forming uniform EBs. Uniformity of
EBs formed inside hydrogel compared to the EBs formed in the suspension method showed that
hydrogel-born EBs are more homogeneous. Quantitative expression of differentiation markers
(mesoderm, endoderm and ectoderm) using RT-PCR confirmed the in vitro potential of EBs grown in
scaffolds to form derivatives of all three embryonic germ layers. EBs were stained positive for the
presence of three germ layers markers [mesoderm (Brachyury) endoderm (Foxa2) and ectoderm
(Nestin)]. Quantitative PCR (real time) analysis of differentiation markers for the 3 germ layers for
EBs formed inside hydrogel and in the suspension method was also performed, with the results
showing an increase in level of Fox2a, Brachyury and Nestin over the time in EBs formed inside
hydrogel. The positive cardiac markers immunostaining and observation of spontaneous contracting
in hydrogel-born EBs showed the inherent potential of this scaffold for different clinical applications.
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Overall, we investigated the capability of the formation of EBs inside a biodegradable porous 3D
tissue scaffold, derived from porous cellulose (HPC). In this part, we showed that culturing ES cells
inside the porous hydrogel with controlled porosity induces the formation of uniform EBs inside the
pores with the preferential spontaneous differentiation towards cardiogenic lineage.

8.2 Future work
There are many opportunities to follow up on aspects of the work reported here. Some prospects for
future work are identified below:
-

In the PDMS functionalization work, we chose a feeder independent type of stem cell; it
would be interesting to use a feeder dependent cell line and compare the efficiency of the
functionalization method for both cell lines.

-

Another area of future work is to investigate the potential of the modified surface to direct
differentiation of stem cells with combination of different growth factors.

-

In the marble section, further study is required to find out why different liquid marble shell
particle sizes affect the uniformity and quality of EBs differently.

-

There is also need to improve the efficiency and purity of differentiated cardiac cells using
different growth factors.

-

For the hydrogel part, it would be interesting to study the effect of hydrogel with different
stiffness on cardiomyocyte behaviour (e.g., beating frequency).

-

Improving the efficiency of cardiac differentiation inside the hydrogel by introduction of
different growth factors would be another important area of future study.
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