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Abstract

Development of microfabrication technology lead to multiple microfluidics tools for
chemical and biological fields and development of materials technology has involved
various biocomposite materials for medical applications. In this study, the
microfabrication-based technologies were employed for directing neuronal regeneration
and cytoplasmic transfer associated with protein modification.

The first focused on development of a biocomposite material to replace the
conventional cell culture system using serum. Photo-immobilization that can enable to
effectively immobilize biomolecules such as a growth factor on a biological substrate was
introduced. We found that nerve growth factor (NGF)-immobilized material can induce
neurite formation of rat adrenal pheochromocytoma (PC12) cells as did soluble NGF.

We also found that the method with immobilization overcame current limitations of
soluble growth factors such as poor stability. In particular, the neurite formation of
neurons can be modulated by micropatterned surface through various micropatterns of a
photomask. The 3D structure (height of the formed micropattern) regulated the behavior
of neurite guidance. As a result, the orientation of neurites was regulated by the strip
pattern width.

The second is investigation on cytoplasmic fusion by a newly designed microfluidic
system as a novel method for induction of cellular resource or protein transduction by
cytoplasm transfer. In terms of cytoplasmic fusion, the research was achieved by a
microfluidic device which has a cell pairing structure (CPS) making cell pairs through
microtunnels with several um width. After trapping one kind of cell with hydrodynamic

forces, another kind of cell was fused through the microtunnel by the Sendai virus



envelope (HVJ-E) method. Using this method, cytoplasmic fraction was transferred
through the microtunnel without nuclear mixing. Although it was previously reported that
the usual cell fusion between somatic cell and embryonic stem cell induced initiation of
cellular reprogramming of somatic cell, the resulting cell was tetraploid which was not
normal and could not be used for medical applications because of the nuclei fusion.

Our microfluidic platform-based cytoplasmic fusion may provide important keys and
new insights for protein modification and pluripotency induction without requirement of
genetic incorporation. In essence, several issues like pluripotency which would be
occurred after cytoplasmic exchange are still subject to the attractive and undiscovered
field for regenerative medicine.

In conclusion, the methods developed in this study offer new approaches useful for the
required cell manipulation in regenerative medicine through the integrated and organized

microenvironments.

Keywords: Microfabrication technology, Photo-immobilization, Micropatterning,

Neurite formation, Microfluidic device, Cell fusion, regenerative medicine
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1.1. General introduction

1.1.1. Microfabricated technology and device

A microfabrication technology has involved the process of fabrication of micro scale
structures or much small scale. Miniaturization of various devices is required in many
fields of science and engineering such as chemistry, materials science, design for
equipment, and etc. as a multi-purpose tool.

In the 90’s, application of micro electro mechanical systems (MEMS) was introduced
and investigated in biology, chemistry, and biomedical fields [1]. The application needed
to control the movement of liquids in micro channels and also has significantly
contributed to the development of microfluidics [2]. Polydimethylsiloxane (PDMS) is one
of the common materials used in the procedure of lithography such as soft lithography
and to make flow delivery in microfluidic chips [3,4].

Up to this day, the applications of polymers such as PDMS for microfabrication have
involved varying ranges from daily supplies to medical devices due to its flexible and
easy fabrication.

In biomedical micro electro mechanical systems (bio-MEMS), the integrated tools
using PDMS and microfabrication also have been utilized to design and improve the
current device and technology in medical fields because of its non-toxic characteristic

and flexibility [5].
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1.1.2. Microdevice

Microdevices have changed our view of science associated with various categories in
biology, biochemistry, microengineering, and so on [6]. Since the microdevices in the last
decade of the 20th century have been introduced to varying spheres, the potential and
feasibility of applications led to new inceptions from optics, semiconductors, and
microelectronics industry to drug discovery, clinical diagnosis, bioanalytical systems and
other areas of the biological field such as single cell manipulation. The micro devices

have been fabricated by photolithography and micro-mold technology using MEMS [7].

In particular, cellular microdevices impact the field of tissue engineering in both
regenerative medicine and organ assist devices such as organ on a chip. The application
of microdevices based on microfluidics has been studied with a lot of approaches and

methods from single cell level to expansion of the scale [8].

A. Photolithography

Photolithography, also termed UV lithography, is a process utilized in microfabrication
for transferring patterns on a substrate [9,10]. Light source has been used to transfer
geometric patterns from a photomask to a light sensitive chemical such a photoresist on
substrates. Photolithography indicates some principles such as etching resist added in
many areas of manufacturing to create a pattern. The procedure can be created by
exposing it to light with or without a mask. Also, the process with etching can produce

small patterns, shapes and sizes of the objects under clean operating environments.
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During the procedures of photolithography, several steps are combined as shown in
Figure 1.1. For example, cleaning, photoresist application, exposure to UV light, etching,
and photoresist removal. Photolithography has become multiple application and has been
explored in industry and science fields such as electron beam lithography, X-ray
lithography, and extreme ultraviolet lithography [11,12]. Based on this technique, we can
make various tools to produce the surface of substrate with micropatterns through

photomask or to manipulate cells via microfluidics with microstructures.

Wafer preparation

= UV irradiation
Oxide
Applying Photoresist 1 E «—— Photomask glass
Photoresist

Oxide Mask alignment

—

Development & removal of
photoresist exposed to UV

l Stripping

Figure 1.1. Hllustrated description of photolithography.
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B. Micromold-based microfluidic device

In the early 2000s, mold-based microfluidic devices have been applied from a glass
microfluidic device to an advanced form based on molding microchannels in polymers
such as PDMS. Such a PDMS device leads to a tremendous growth of microfluidics with
the reduction of cost and production time [13,14].

The microfluidic technology is widely used to various fields such as biomedical,
chemistry, cell biology research, and so on for multiple purposes. The technology also
involves many applications in the following areas. Drug screening, micro fuel cells,
glucose tests, and chemical microreactor are also one of applicable fields in microfluidics
[15-17]. In the biomedical field, this technology allows the integration of various medical
tests on a microchip [18-20].

In case of cell biology research, particularly, microfluidic chips allow easy
manipulations of single cell with a reagent or drug changes because the movement of
liquids containing such a reagent can be employed in the microchannels. The
microchannels also have the similar characteristic size as a biological cell so that we may
achieve better understanding toward biological mechanism [21-24]. Therefore, the
microfluidic device increases its practical use through single cell manipulation in the
regenerative medicine.

A laboratory on a chip (Lab on a chip) that enables the integration of the processes
required for biological, biomedical, and chemical application has received many
attentions in regenerative medicine [25-27]. Because this concept has been employed to
develop and study disease modeling, transplantation of tissues and organs. This may
include the possibility of growing tissues and organs in the laboratory and implanting

them when the body cannot heal itself.
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In particular, the concept of microfluidic device including lab on a chip has deeply
associated with the mechanism of cellular individuality. In terms of single cell
manipulation, the microfluidic device is considered as a crucial tool. Cellular
microdevices impact the field of tissue engineering in both regenerative medicine and
organ assist devices such as organ on a chip. The application of microdevices based on
microfluidics has been studied with a lot of approaches and methods from single cell level

to expansion of the scale [8].

—
= e \V

PDMS pouring
& reticulation

Preparation of master mold Separation of PDMS replica

1 l \

Inlet making Plasma treatment Putting for Bonding

Figure 1.2. The molding of a microfluidic chip using PDMS.

(@) (b)

Insertion of sample
(e.g. Whole Blood)
Extraction Suction chambers

| . |

v / 1

E == L
detection

Biomarker for

Figure 1.3. Microfluidic devices. (a) Microfluidic device for diagnosis and (b) Organ on

a chip.
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1.1.3. Cell manipulation by microfabricated devices

The microfabricated device-based technology such as microfluidic device or
microfluidic chip enables the study of cellular activity and behavior from single cell level
to multi cellular organelles level with precisely localized application [28].

The microfabricated device is fundamentally based on topological components such as
patterning and a channel. With desired designed-master mold, the structures of device can
be integrated with single- or multi-layer in PDMS devices.

The topological property in the device involves laminar flows, liquid flows (e.g. growth
medium), resulting in complex functionalization.

In particular, it has provided promising tools for enhancing biological research at the
single cell level to study the molecular biology and genetic analysis involving the cell
biology field [29]. Because the microfluidic devices can create biological experiments
with a high-throughput. For example, the micro-scale devices enable spatial control of
liquid composition, change of medium, and single cell handling and analysis.

Therefore, the application of the device involves many parts of cell manipulation such
as cell trapping and sorting, cell culture, and cell fusion according to various functional
applications of microfluidic devices.

For precise control of cell microenvironments through the microfluidic device,
moreover, monitoring of cellular behaviors such as cytoplasmic transfer will be discussed

in this thesis.
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1.1.4. Critical issues and approaches for regenerative medicine

In regenerative medicine, several important issues and approaches such as nerve
regeneration and cellular resource have been arisen from many attentions and
requirements in terms of therapy. As shown in Figure 1.4, a lot of strategies have been
studied and suggested for those issues through aforementioned various techniques (e.g.
cell fusion, micropatterned substrate, and microfluidic device) and materials (e.g.
biomaterials and proteins).

For nerve regeneration, many researchers have developed various kinds of clinical
treatments depending on the type of diseases and symptoms such as peripheral nerve
injury, spinal cord injury, nerve cell regrowth, and so on. The limited capacity for nerve
repair is still a big issue in a medical challenge. To create a suitable microenvironment
for nerve regeneration and to effectively control the process of nerve injury and
degeneration, new tools have been developed in regenerative medicine and neural
engineering fields. In case of neural engineering applications, neurotrophic factors (e.g.
nerve growth factor) and biochemical and topographical properties have been utilized to
provide feasible platforms for neuronal regeneration. Various models such as a nanofiber
[30,31], a conducting scaffold [32,33], a biological substrate [34], and a microfluidic tool
[35] have showed its ability to elicit and control nerve regeneration. However, a solution
to completely repair nerve injury has not been found and many barriers and limitations
are still remaining to be solved.

In terms of cellular resource, diverse factors such as proteins, ribosomes, and other
cellular components have been studied due to its importance in clinical application as well
as basic biology. In particular, protein modification is considered as one of promising

tools to create therapeutic conjugates and probe natural systems [36]. Although there are
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several types of protein modification through post-translational modification and
chemical synthesis, the capacity and property of protein after modification remains to be
explored for its application.

In the meantime, other approaches also have been introduced to apply the protein to
cells for regenerative medicine. For a medical application, many challenges have been
performed based on different types of techniques and methods such as induced pluripotent
stem (iPS) cell and cell fusion. Tada et al. [37] suggested cell fusion-based method using
ES cell and somatic cell to induce ES-like cell. Yamanaka and Takahashi et al. [38,39]
described the genetic transduction to induce iPS cell and that Zhou et al. [40] and Kim et
al. [41] also presented protein-induced pluripotent cell by protein transduction.

Taken together, the modifications for cellular resource have been suggested ranging
from genetic modification to protein modification. With short time, the direct protein
transduction using live cells (e.g. ES cell) containing fresh cellular components (e.g.
proteins) is also supposed to a promising approach. Because the protein can be easily
denatured by additional treatment processes for long time.

The application of microfabricated tools-based cell fusion has been recently tried to
properly mediate cells and protein modification and to treat damaged tissues and organs.
Particularly, the microfluidic devices with various platforms (e.g. electrofusion and
PDMS chip) [42-44] have been successfully used for cell fusion to produce the cellular
resource. However, a promising tool is still required to improve the current cellular

resource.
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[ Neuronal regeneration ] [ Cellular resource ]
Many strategies for the nerve regeneration In order to treat or replace damaged
have been studied and suggested. tissues and organs, various approaches
Biomaterials (e.g. Scaffold, Hydrogel) have been explored.
Protein (e.g. Laminin) (e.g. Cell fusion, iPS cell, and etc.)

Problems & Limitations

However, a solution to completely repair However, a promising tool is still required
nerve injury has not been found... to improve the current cellular resource.
Approach l Approach |
Biocomposite martials & Neurotrophin Cytoplasmic fusion

+ +
Micropatterned biological substrate ‘ L Microfluidic device

With new approaches, Integration of the engineered tools

for regenerative medicine

Figure 1.4. Critical issues and approaches for regenerative medicine.



Chapter 1. Composition and objective 11

1.2. Composition and objective of this thesis

This thesis focused on the development of microfabrication technology to effectively
manipulate cells through a microfabricated technology and a device for regenerative
medicine. For this objectives and applications, in this study, a micropattern-immobilized
substrate using biocomposite materials and a microfluidics technology were respectively
proposed for nerve regeneration and cellular manipulation. In essence, understanding the
cellular behavior such as neurite formation is fundamental manner in neuronal network
and regeneration. Also, understanding interconnection of neuronal cells mimicking
neuronal architecture may provide the unknown mechanisms in neuronal diseases and

new insights to efficiently generate neuronal differentiation.

In chapter 2, we therefore aimed that the controlling neuronal cell organization via
micropatterned immobilization and the finding an effective way through biochemical and
topographical cues of immobilized nerve growth factor. Since the immobilized protein or
biomolecules show the effect on cellular behaviors (e.g. proliferation), we expected that
the micropatterned substrates with biomolecules may modulate the cellular behaviors of

neurons.

Meanwhile, the ultimate goal of regenerative medicine is to replace damaged cells or
tissues and it can be potentially accomplished via the process of cellular modification.
Although various approaches such as iPS cell method and cell fusion method have been
suggested for regeneration medicine, some critical manners are still remaining such as
slow and inefficient induction process, contamination of exogenous genes, and etc. In this

regard, both improving the current system (In this case, cell fusion method) and producing
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useful method with new approach are pursued for varying applications with compatible

protocols.

In chapter 3, we therefore aimed to develop the cytoplasmic fusion system which
enables the use of resulting cell without genetic modification and to reveal the feasibility
of multi-purpose application through various cell combinations for regenerative medicine.
The application of microfluidic device is described to effectively manipulate embryonic

stem (ES) cell and somatic cell.

In chapter 4, the conclusion and future perspective of this thesis is shown. This chapter
summarizes the results and discussion in previous chapters and the feasibility of the
immobilization system, cell fusion method, and microfluidic systems underlying the

microfabricated device and technology for regenerative medicine.

Overall, we aimed to develop microfabricated device and technology for neuronal
regeneration and cellular resource based on protein modification as shown in Figure 1.5.
For example, the micropatterned substrates with biochemical and topographical cues can
be improved through a microfluidic system because the microfluidic device mimicking
neural network can be designed to elicit nerve regeneration. In other aspect, the protein
modification using live cells by a microfluidic chip can be supported by immobilized
substrates with various biomolecules because cellular behavior such as migration and
signal transduction is properly modulated depending on the type of micropatterns and
biomolecules.

Therefore, the useful platforms through well organized-microfabricated technology
(e.g. micropatterned biological substrate) and device (e.g. microfluidic chip) have been

developed by us to solve current problems.
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The integrated approaches and engineered tools for its application in regenerative
medicine will be discussed in this thesis through creating the desirable environment for

nerve regeneration and developing the promising method for protein modification.

4

[ Chapter I. ]
C for biological applications

General Introduction: Microfabricated technology

Chapter II. Chapter llI.

on NGF

micropattern-immobilized substrate

Culture of neural cell Cytoplasmic fusion by

microfabricated device

Creating the desirable environment for Developing the promising method

nerve regeneration for protein modification

[ Chapter IV. Summary and future perspective ]

Figure 1.5. Schematic diagram of composition and objective of this thesis.
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Chapter 2.

Micropatterned substrate immobilized
with nerve growth factor for neurite
formation of neuronal cells
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2.1. Introduction

Nerve regeneration has been considered as a crucial issue in the medicine field for the
treatment of neurodegenerative diseases and injured neurons [45]. Neural tissue
engineering is rapidly becoming a growing field of for the discovery of new methods to
regenerate the nervous system [46-48]. In order to elicit regeneration after peripheral
nerve or spinal cord injuries, several neurotrophic factors such as nerve growth factor

(NGF) can be applied to provide a way finding cues in neuronal network [49,50].

However, application of growth factors is usually difficult to be adapted at the injury
sites because of their rapid diffusion and poor stability and also requires excessive doses
[51-54]. To improve the efficacy and the current limitations, an effective and alternative
approach is to immobilize it onto biological substrates that can enable to support nerve
repair [55,56]. Immobilization of NGF has been considered useful for material
development for the regeneration of neural systems because it is one of the neurotrophic

factors that play important roles in neuron survival and neurite outgrowth.

The immobilization of NGF has been performed using various kinds of materials such
as gelatin [57], poly(2-hydroxyethylmethacrylate) gel [58], photoreactive chitosan [59],
and allylamine-grafted glass [60]. To enhance the activity of immobilized NGF, other
approaches such as co-immobilization with an extracellular matrix protein (e.g. laminin)
and electrical signal with some surface modifications using conductive polymer (e.g.
polypyrrole) have been reported [33,61,62], since it is known that electrical cue is also
one of the factors to enhance the activity [63]. In addition to these physical parameters,

topographical factors have been recently taken into consideration [64-67].
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In this study we prepared nanolayers of NGF-immobilized substrate that can induce
neurite outgrowth, resulting in nerve regeneration for investigation of biochemical and
topographical effects. As described above, the immobilization is an attractive method to
exhibit the ability of growth factors that not only contribute to a high potency and also
sustain the signaling pathways for a long time compared with soluble growth factors
[58,68]. Here we employed photo-immobilization method using photoreactive gelatin (P-
gel) which contains azido phenyl groups to effectively immobilize NGF on a substrate
and a rat adrenal pheochromocytoma (PC12) cell. The PC12 cell is one of some cell lines
which are widely used as neuronal cell models for neural differentiation. Although it is
not originally a neuronal cell type, its neurite formation has been extensively investigated.
The photo-immobilization method is simple and effective approach that can improve the
stability and promote the performance of growth factors [69—71]. Since neurite outgrowth
can be simultaneously correlated with diverse cues in developing neurons, we
investigated cell behaviors on the immobilized surface at varying doses and utilized
micropatterned substrate by photomask which can modulate the neurite formation and
outgrowth [67,72,73]. The topographical (thickness) regulation was performed by the
amount of cast P-gel. With regard to the effect of micropatterned immobilization, the
immobilized surface with specific topographical property may effectively enhance
neurite outgrowth and guidance [59,66,74]. Guiding and promoting neurite outgrowth are

essential steps in nerve regeneration and nervous system development [67].

In this chapter 2, we demonstrated controlling neuronal cell organization via
micropatterns-immobilized NGF and the biochemical and topographical cues of
immobilized NGF as a practical way in understanding neurite formation and neuronal

network.
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2.2. Objective and approach

2.2.1. Manipulation of neurons

Recent research of neural tissue engineering has focused on the development of
bioartificial nerve guidance conduits to guide neurons. A nerve functions correctly when
it is able to move freely within its surrounding structures. The effective manipulation for
neurons is achieved by the combination of many elements such as biomimetic materials
and neurotrophic factors. Better technology for neuronal manipulation in dependent
manners is ultimately pursed for modelling diseases of nervous systems and effectively
controlling neuronal network via better biomaterials and/or tools [75].

With regards to the better conditions for neuronal manipulation, we aimed to precisely
control neurite formation by understanding the relationship between neuronal cells and
topology of the substrate with biochemical cues. By considering cell, matrix, and growth
factor, ultimately, we approached proper manipulation of neurons to understand neuronal

network for nerve regeneration.

Cell

Combination

L5

Biocomposite Micro-environment mimicking

Neurotrophins

materials neuronal network
/Yf\ G5 4 /)
4
Biochemical cues Topological cues Nerve regeneration

Figure 2.1. Approach for nerve regeneration.
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2.2.2. Immobilization of biomolecules

Immobilization can refer to many concepts such as enzyme immobilization in organic
chemistry, whole cell immobilization and biomolecule immobilization in biology and
biochemistry methods [76-78]. The methods for immobilization have fundamentally
involved physical, chemical, biochemical factors such as cross-linking and several types
such as encapsulation. The methods have been classified relying on such a reversible (e.g.
adsorption) or an irreversible state (e.g. covalent coupling, entrapment, crosslinking). In
terms of binding to a support, physical adsorption, ionic binding, and covalent binding is

accompanied to immobilized enzyme or biomolecules such as a growth factor.

N3

Substrate \ e

Protein Adsorption — UV Irradiation — B o

'J.P(f°“°g":‘@"° = Sub::rate
Substrate
Figure 2.2. Immobilization of biomolecules on substrate.

To immobilize biomolecules on biological substrate, one of the useful methods is
photo-immobilization based on photoreactive biomaterials such as azido-phenyl gelatin
[79,80]. This involves functionalizing the growth factor with a photo reactive group and
binding the modified growth factor to biomaterials and biocompatible substrates upon
exposure to a long wave ultraviolet (UV). In this chapter, we presented this method to
effectively introduce NGF for neurons manipulation and focused on how to regulate the
neuronal cell behaviors on the immobilized substrate with different patterns and
thicknesses through nano- and micro-level roughness. Therefore, we aimed to create the

desirable environment for nerve regeneration with simultaneous effect of multiple cues.
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2.3. Materials and Methods

2.3.1. Preparation of photoreactive gelatin

Photoreactive gelatin (P-gel) was synthesized according to the method as previously
reported [81-83]. Briefly, gelatin powder (200 mg) was completely dissolved in Milli-Q
water (100 mL). N-(4-Azidobenzoyloxy)succinimide prepared from the 4-azidobenzoic
acid dissolved in 1,4-dioxane (4 mL) was added to the gelatin solution. The mixture was
stirred at room temperature for 2 days. The resulting solution was dialyzed against Milli-
Q water twice. The P-gel was recovered as powder by the freeze-dry process. The content
of azidophenyl groups in the gelatin was determined from the absorbance of azidophenyl

groups (A: 270 nm) using a V-550 spectrophotometer.

o]
H
NH, =+ NOOC @—Na —_— N—ﬁ@N3
0 ]

Gelatin N-(4-azidobenzoyloxy)succinimide Azidophenyl-gelatin
(Photo-reactive gelatin)

Figure 2.3. Synthesis of azidophenyl-gelatin (photoreactive gelatin).

2.3.2. Surface immobilization of nerve growth factor

The micropattern-immobilized substrate was prepared using P-gelatin as describe in
Figure 2.4. Nerve growth factor (NGF, Rhp3-NGF, R&D System, USA) was immobilized
on Thermanox Coverslip (15 mm in diameter, Thermo Fisher Scientific, USA). The

aqueous solution (0.1%) of P-gel was poured (20 uL per plate) onto the coverslip. After
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air-drying at room temperature, the plate was irradiated by a UV spot light lamp at 10 cm
from light source (12 mW/cm?) for 10 s and then the plate was washed with Milli-Q water.
Subsequently, NGF solution containing P-gel at the varying concentration (From 0.35 to
3.5 pmol/per plate) was poured onto the P-gel-immobilized plate. After air-drying in the
dark at room temperature, the plate was exposed to UV at the same condition as above
with or without photomask (Toppan Printing, Tokyo, Japan).. The plate was then washed

with Milli-Q water repeatedly and prepared for in vitro test.

According to specific objectives, photomasks with different width micropatterns were

used when the second layer is immobilized by UV irradiation.

Photo-reactive gelatin

taining NGF
Photo-reactive gelatin (P-gel) containing

L] "/
Coa“ng "/ ] AL .
("____-""\ %
Plastic plate Dy l
Dry }

UV irradiation 2‘\@‘* l
|

Wash j,

lv Photomask

Wash

Figure 2.4. Schematic illustration of photo-immobilization.
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2.3.3. Staining of NGF-immobilized surface

The NGF-immobilized substrate was blocked with 0.5% goat serum, and incubated
with a primary antibody (Rabbit polyclonal to NGF) for 1h at room temperature. After
thrice washing with Milli-Q water, the surface was incubated with a secondary antibody
(Alexa Flour 488 goat anti-rabbit IgG) in the dark at room temperature for 1 h. The
fluorescent signal was observed using a fluorescence microscope (IX71, Olympus, Tokyo,

Japan).

2.3.4. Determination of NGF immobilization

To investigate completeness of immobilized NGF, concentration dependent-
measurement was performed by changing feeding amount of gelatin. The NGF-
immobilized substrate was prepared for in vitro quantitative measurement of NGF
amount. The prepared sample was repeatedly washed with Milli-Q water until no NGF
was confirmed and the released amount was calculated using a rat beta-NGF ELISA kit
(Thermo Fisher Scientific, USA). The ELISA assay was performed according to the

manufacture’s protocol.

2.3.5. Morphological characteristic of materials

A reflective confocal laser microscope (RCLM, LEXT OLS4100, Olympus, Japan)
was used to observe morphology of gelatin immobilized micropattern surface. The

immobilized substrate was prepared by changing feed amount of gelatin. The sample was
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then put on the stage of RCLM and the multiple mirrors of RCLM scanned the laser across
the sample and descanned the images across a fixed pinhole and detector. The thickness
on micropatterned substrate was measured simultaneously. All procedures of RCLM

measurement was conducted in the clean room to avoid any contamination of surface.

2.3.6. Cell culture

PC12 cells were purchased from Japanese Collection of Research Bioresources (JCRB)
Cell Bank (Tokyo, Japan) and were cultured in Roswell Park Memorial Institute medium-
1640 (RPMI-1640) (Wako, Japan) supplemented with 10% fetal bovine serum (FBS;
Cellect MP Biomedicals, Canada) and 5% horse serum originating in New Zealand (HS;
Life technologies). The cells were cultured in an incubator at 37 °C with 5% CO,. When
the cells became approximately 70-80% confluent, the cells were harvested and
maintained under experimental conditions. To investigate differentiation of PC12 cells in
a soluble state of NGF, the culture medium was removed and replaced with differentiating
medium containing 1.0% FBS and 0.5% HS with 0.35, 1.0, and 3.5 pmol/mL NGF,
respectively. To investigate differentiation of PC12 cells on the NGF-immobilized
surface, the cells were cultured in soluble NGF-free growth medium containing 1.0%

FBS and 0.5% HS. After the cells were cultured for 2 days, they were then analyzed.

2.3.7. Estimation of neurite formation

Neurite formation of the PC12 cell body was analyzed using Image J and Neuron J

programs as reported previously [84—-87]. The calculation images are shown in Figure 2.4.
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To determine neurite lengths, the neurites were segmented from the cell body and
traced by automated tracing of the software. The length was then calculated by the
“Analyze skeleton” plugin [86]. For each substrate, the length of neurites was calculated
using at least 30 neurites in five independent fields of each image from three different

images.

To determine the frequency of neurite-forming cells, the cells were categorized into
neurite-forming and non-forming neurites [85,86]. If at least one neurite length in a cell
was longer than the cell size, which was calculated by the longest width of the cell, the
cell was defined as neurite-forming cell (Cell B). Otherwise, cells were defined as non-
neurite-forming cell (Cell A). The frequency of neurite extension was estimated
according to the above definition and the following equation [85]. The value was
calculated using 30 cells (Cell A + Cell B) in five independent fields of each image from

three different images for each substrate.

Cell B

The frequency of neurite extended cell (%) = oaicas X 100

For analysis of neurite crossing the pattern step, formed neurites were randomly chosen
for each substrate, and the ratio of crossing the step was calculated as shown in Figure
2.5a. The value was calculated using 30 neurites in five independent fields of each image

from three different images for each substrate.

For analysis of neurite-guided cells, the neurite angle between a neurite and patterned
direction was determined based on previous reports [88,89]. Neurite-formed cells were
randomly chosen and the longest neurite of the cells was analyzed. When the angle of the
longest neurite with the cell body was lower than 15° as shown in Figure 2.5b, the

neurite-formed cell was categorized as a neurite-aligned cells (Cell B). Otherwise, cells
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were defined as non-neurite-aligned cells (Cell A). The value was calculated using 30
cells (Cell A + cell B) in five independent fields of each image from three different images

for each substrate.

. S Al 0n) — Cell B
Ratio of neurite-aligned cell (%) calascas X 100
(a)
Cross Non-Cross
N
(b)

Grating direction

0 : Neurite angle

0 < 15° ; Neurite-guided cell

Figure 2.5. Schematic illustration for estimation of neurite formation. (a) Neurite
formation on the patterned substrate. (b) Measurement of neurite guidance. The direction
of neurites is determined on the micropatterned substrate by the linear pattern of

photomask. Neurite angle with 6 < 15° is considered as a neurite-guided cell.

2.3.8. Immunocytochemistry

The PC12 cell was seeded under soluble or immobilized NGF, and then investigated

based on immunocytochemistry. For analysis of differentiation, the cells were stained
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with antibody against beta-tubulin. In order to determine cell response towards different
state of NGF, moreover, the cell signaling based on phosphorylation of NGF was tested
using a phospho-TrkA (Tyr490, Neuromics, USA) antibody which detects activated site
of Trk proteins when phosphorylated at the corresponding residues. By corresponding to
residues surrounding Tyr490 of TrkA, the detected signal of TrkA to neuronal membrane

indicates cell response to NGF.

MAP kinase Neuronal differentiation
pathway and outgrowth

—
Activation of genes

Activn!on of genes promoting apoptosis
Activation of genes promoting survival promoting survival

Figure 2.6. Signaling, pathway, and phosphorylation of NGF. © Sciencedirect.com.

2.3.9. Biological scanning electron microscope (SEM) analysis

After cell culture on substrate, samples were rinsed with PBS to remove growth
medium components. PC12 cells on the substrates were fixed with 2.5% glutaraldehyde
in 0.1 M sodium cacodylate solution pH 7.4 overnight. Samples were then rinsed with 0.1

M sodium cacodylate solution and proceeded to dehydration sequentially via an aqueous
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replacement process by soaking in a series of 60%, 80%, and 100% alcohol. The samples
were transferred to 100% hexamethyldisilazane (HDMS; HMS) for 10 min and dried
overnight. The prepared samples were observed using scanning electron microscope

(Thermo Fisher Quattro SEM, Thermo Fisher Scientific, USA).

2.3.10. Statistical analysis

The data were presented as the mean value * standard deviation (S.D.). Statistical
comparisons were performed by a Student’s t test and a one-way ANOVA followed by

the post-hoc Tukey test. P <0.01 and P < 0.05 was considered as statistically significant.
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2.4. Results

2.4.1. UV spectra measurement

To immobilize NGF on substrate, we first synthesized photoreactive gelatin as we did
previously [71,90]. Azidophenyl group introduced gelatin, P-gel, was synthesized by the
condensation of amino group on gelatin and N-(4-azidobenzoyloxy) succinimide. Before
and after the modification of gelatin used for immobilization of NGF was measured using
UV spectra (Figure 2.7). The resultant gelatin (P-gel) has specific UV absorbance at 270
nm ascribed to the azidophenyl group. Assuming that the molecular absorption was the
same as that of azidoaniline, this was slightly red-shifted. Because it may be due to the
electron delocalization of the azidophenyl group caused by amide bond formation as

previously reported.

——— Gelatin

‘ —-—- 4-azidoaniline hydrochloride
1.5 i
- Photoreactive gelatin

Absorbance

220 240 260 280 300 320

Wavelength (nm)

Figure 2.7. UV spectra of before and after modification. A 0.1 w/v% aqueous solution of
gelatin (Black-solid), 4-azidoaniline hydrochloride (Black-dash dot), and photoreactive

gelatin (Black-square dot) in a 1-cm light path quartz cell at room temperature.
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2.4.2. Surface immobilization of NGF

NGF-immobilized sample was prepared according to the protocol as shown in Figure

2.4. Upon UV irradiation, the azidophenyl groups in P-gel decompose to form nitrene as

a reactive radical to crosslink the NGF, P-gel, and substrate. As described in Figure 2.8,

P-gel generates radicals and reacts randomly with itself, NGF, and the substrate surface

to immobilize NGF by covalent binding or entrapment.

P-gelatin

R

C=0 C=0

N—H N—H

7Y

Nitrene formation

C=0 C=0
UV irradiation ’ |
_—)
N—H N—H

o

(P00

g O
0(0&

Covalent bonding
with biomolecules

C—NH NH =a=

Substrate

Substrate

Figure 2.8. Schematic illustration of the mechanism of immobilized biomolecules.
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NGF immobilization was confirmed by immunostaining method using stripe NGF
patterned surface. As shown in Figure 2.9, green fluorescent derived from the Alexa 488
conjugated second antibody was confirmed on the NGF-immobilized area. By changing
the shape of patterning photomask, the substrates with covalently immobilized NGF were

successfully prepared with different width stripe patterns.

(a)
I I | | ‘.",,' : 500 ym
(b)

Figure 2.9. Visualization of micropatterned surface. Phase contrast images of the

photomask (Left) and micropatterned surface by photoreactive gelatin with the
photomask (Middle). Immunofluorescence staining of the immobilized NGF (Right). The

wide (a) and narrow stripe pattern (b) were prepared with different width of photomask.
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2.4.3. Determination of NGF amount using ELISA assay

To investigate completeness of immobilized NGF, concentration dependent-
measurement was performed by changing feeding amount of gelatin. The NGF-
immobilized substrate was prepared for in vitro quantitative measurement of NGF
amount. In order to eliminate the loosely encapsulated NGF, the sample was repeatedly
washed with Milli-Q water until no NGF was confirmed and the released amount was
calculated using a rat beta-NGF ELISA kit. The ELISA assay was performed according
to the manufacture’s protocol. As shown in Figure 2.10a, the efficiency of NGF
immobilization in the P-gel layer increased with increasing the feeding amount of P-gel
and NGF. As summarized in Figure 2.10b, 100% immobilization of various amounts of

NGF (1, 5, 20, and 50 ng) was completed by 0.1%, and 0.5% of P-gel.

Additionally, the NGF-immobilized substrate was tested whether NGF released after
immobilization. The sample was prepared by using 20 ng NGF in 0.1% gelatin and the
prepared sample was stored at medium in an incubator at 37 °C. After stored up to 3 days,
the medium sample was collected and tested by the ELISA method. No NGF released
from the immobilized sample was found as shown in Figure 2.10c. Based on these
conditions for NGF immobilization, the samples were prepared with the minimal required

amount of P-gel (0.1%) to reduce the effect of P-gel in further in vitro experiments.
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Figure 2.10. Measurement of immobilized NGF on the substrate by ELISA. (a)
Immobilized 1 ng, 5 ng, 20 ng, and 50 ng NGF using various amounts of P-gel. (b) The
percentage of Immobilized NGF (1, 5, 20, and 50 ng) in gelatin solution using different
concentration of P-gel (0.01%, 0.05%, 0.1%, and 0.5%). (c) Released amount of
immobilized NGF. The sample was prepared using 20 ng NGF in 0.1% gelatin. Data are

presented as the means + standard deviation from three 96-well plates.
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2.4.4. Morphological characteristic of immobilized surface with a micropattern

A reflective confocal laser microscope (RCLM) was employed to observe
morphological property of P-gel-immobilized surface such as thickness (Figure 2.11).

In case of 0.05% concentration of P-gel, the height change derived from immobilized
gelatin was slightly confirmed as 0.02 = 0.01 pum. In contrast, the surface on 0.1%, 0.5%,
and 1.0% concentration of P-gel showed two clear linear distinct areas with increasing
thickness. Those thickness at 0.1%, 0.5%, and 1.0% concentration of P-gel were 0.11 +
0.04 um, 0.23 +0.07 um (0.5%), and 0.64 + 0.09 um (1.0%), respectively. The thickness
was increased in accordance with the concentration of P-gel.

Moreover, the thickness at various concentrations was compared with theoretical
thickness. The gelatin solution was poured on the plastic plate and the solution was then
spread on the substrate (Figure 2.11b). The theoretical thickness was calculated from the
amount of cast gelatin on the substrate and compared with RCLM results (Figure 2.11c).
Using the density of gelatin (1.27 g/cm?®), the volume was calculated and was finally
divided by the surface area (15 mm diameter of the plastic disc) to calculate the height

based on the relationship between the following two equations.

Mass (m)
Volume (v)

Density (d) = (Eq. 1)

Volume (v) = Surface area (nr?) x Height ()  (Eq. 2)
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Figure 2.11. Morphology of immobilized surface at various concentrations of P-gel. (a)
3D measurement using RCLM. (b) Schematic illustration for the measurement of
thickness by gelatin coating. (¢) Comparison of thickness on those immobilized substrate.

Average and standard error of measurement for at least three samples per condition are

shown.
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2.4.5. Cellular behavior on NGF-immobilized surface

We focused on the NGF-activated TrkA receptor in PC12 cell. To compare the TrkA
activation by soluble NGF and immobilized NGF, the phosphorylation status of TrkA
was investigated by immunohistochemistry using phospho-TrkA (Tyr490) antibody
(Figure 2.12). As shown in Figure 2.12a, the phosphorylation of Tyr490 was found while
in soluble and immobilized NGF. By corresponding to residues surrounding Tyr490 of
TrkA, the detected signal of TrkA to neuronal membrane indicates cell response to NGF.
Although it is suggested that the presence of TrkA leads to cell differentiation by
phosphorylation, the direct evidence on signaling under soluble and immobilized NGF is
still poor. We assumed that the NGF-TrkA activated sites under diffusible and
immobilized state would be different. Therefore, we sought to find the NGF-activated
position in the cell under soluble and immobilized NGF (Figure 2.12b). The fluorescence
signal using Tyr490 antibody was observed by confocal laser microscope to understand
the activated position in the cell.

Moreover, the activated signal was used to define the resolution relying on the position
in Z-stack images (Figure 2.12c). The intensity distributions were compared under the
varying positions (From 0 to 12 um). In case of soluble NGF, the intensity at middle
and/or top areas which indicate the activated signal was higher than that of bottom area.
On the other hand, immobilized NGF showed the higher intensity at the bottom area
compared with that middle and/or top areas. As shown in illustration (Figure 2.12d), the
signal was detected around middle and/or top area of the cell, in which soluble NGF
activates the phosphorylation. In contrast, the signal was existing around bottom area of

the immobilized substrate in case of immobilized NGF.
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Figure 2.12. Comparison of cell signaling under different state of NGF. Using

immunostaining method, the signaling under soluble NGF and immobilized-NGF was

detected by (a) fluorescence microscope (2D) and (b) confocal laser microscope (3D). (c)

Analysis of the fluorescence signals using Z-distribution of stack images by confocal laser

microscope. (d) Based on the result, the NGF-activated signal in the cell is described with

additional illustration.
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Micropatterned substrate with NGF-immobilized region and non-immobilized region
(In this case, only gelatin-immobilized region) was introduced using photomask with a
linear micropattern to investigate the effect of NGF-immobilized surface on the cell
behaviors (Figure 2.13). PC12 cells were homogeneously seeded on the micropatterned
substrate. Although the cells were distributed both on non-immobilized (200 um) and
NGF-immobilized regions (400 um) when they were seeded, the PC12 cells seemed to
preferentially migrate towards NGF-immobilized region after 12-24 hours and significant

neurite extension only occurred on NGF-immobilized region after 48 hours.

Figure 2.13. Cellular behavior on the micropattern-immobilized NGF substrate. Based on
a linear pattern photomask, the non-immobilized region (shaded area of the photomask)
and NGF-immobilized region (open area of the photomask; red line) were 200 um and
400 um, respectively. The phase contrast images show the cellular behavior on the

micropattern-immobilized NGF substrate.
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In order to test growth tendency, PC12cell was cultured on non-patterned substrate
with soluble and immobilized NGF and without NGF (Negative control). As shown in
Figure 2.14, The cells proliferated approximately 150% at 24 h and 220% at 48 h under
all conditions, but the cell growth without NGF shows high confluent (approximately
300%) at 72 h compared with those of soluble and immobilized NGF (approximately
250%). While the cells underwent proliferation until 72 h when no NGF, the cell
proliferation almost stopped under soluble and immobilized NGF and accordingly the

cells initiated differentiation with neurite outgrowth similar to previous reports [91,92].
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Figure 2.14. Proliferation assay of PC12 cell. The cells were cultured with soluble and
immobilized NGF and without NGF and the proliferation was measured at 4, 24, 48, and
72 h. None treated group is used as a negative control; NGF (-). N.S., no significant
difference, P < 0.05; *, significant difference, P < 0.01; **, significant difference.
Average and standard error of measurement for at least three samples per condition are

shown.
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2.4.6. Quantitative comparison of soluble and immobilized NGF

Moreover, the neuronal behaviors such as neurite extension and formation are
characterized under different state of NGF. As shown in Figure 2.15a, neuron cell body
shape is divided in two morphological categories (I and Il: round or elongated body
shapes). Neurite branches are defined as two (111 and IV: Neuron cell body and neurite
branches) or more neurite branches (V and VI: Neuron cell body and neurite branches).
The morphological characteristic was used to evaluate neurite length and frequency of
neurite-extended cells based on the method section. PC12 cells were cultured under either
soluble or immobilized NGF (Figure 2.15b). PC12 cells cultured without NGF had round
cell bodies and almost no neurites as did the cell cultured on non-immobilized region. In
contrast, the cells under soluble or immobilized NGF at varying dose increased the
number of neurites per cell. Based on the results, the frequency of neurite extended cells
and neurite length was furthermore estimated to determine NGF-dependent neurite
formation (Figure 2.15c¢). By increasing the dose of NGF, both soluble and immobilized
NGF increased the frequency of neurite-extended cells, although the dependence on
immobilized NGF was lower than that on soluble NGF when the dose was at < 1
pmol/well. However, the immobilized NGF showed the similar level on neurite formation
of PC12 cells as soluble NGF when the dose is at > 1 pmol/well. In case of neurite length,
neurites do extend with increased NGF concentration. When a dose of NGF is higher than
1.0 pmol/well, it significantly enhanced greater neurite extension of PC12 cells. In
particular, neurite length on the NGF-immobilized surface with relatively high
concentration (3.5 pmol/well) did extend 87.33 + 8.32 um two times longer than that on
the NGF-immobilized surface (0.35 pmol/well). These results indicate that NGF can be

immobilized with varying dose to effectively elicit neurite outgrowth.
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Figure 2.15. Characterization of neuronal behavior under soluble and immobilized NGF.

(a) Definition of neuron cell shape and neurite formation. (b) Representative images of

cellular morphology at various concentrations of soluble and immobilized NGF. No NGF;

Negative control (a), Soluble NGF; 0.35, 1.0, and 3.5 pmol/well (b-d), Immobilized NGF;

0.35, 0.75, 1.5, and 3.5 pmol/well (e-h). Scale bar: 100 um. (c) Frequency of neurite-

extended cells and neurite length with soluble and immobilized NGF. Average and

standard error of measurement for at least three samples per condition are shown.
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2.4.7. PC12 cell differentiation under soluble and immobilized NGF

Since PC12 cells formed neurite outgrowth on non- or NGF-immobilized substrate, the
nerites outgrowth indicating differentiation of PC12 cell was estimated by
immunohistochemistry using monoclonal antibody against beta-tubulin. As shown in
Figure 2.16, the visualized neurites showed significantly lengths of neurite extensions on
NGF-immobilized substrate similar to those on soluble NGF. In contrast, no significant
neurite extension was found in the cultured cells without NGF. This result indicates that

the soluble and immobilized NGF effectively induce differentiation of PC12 cells.

' Soluble NGF , Immobilized NGF

Figure 2.16. Morphology of PC12 cells cultured with or without NGF. To measure
differentiation of PC12 cells based on neurite visualization, the cells were stained with

antibody against beta-tubulin (red) and the nuclei were stained with DAPI (blue).



Chapter 2. Results 42

2.4.8. Thermal stability and reusability of immobilized NGF

To investigate the thermal stability of immobilized NGF, samples were incubated at
37,42, and 60 °C for various durations. As shown in Figure 2.17, significant loss of NGF
activity was observed in soluble case. On the other hand, the immobilized NGF showed
a lesser decrease of activity at any temperature. Therefore, the immobilization maintained

the biological activity.
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Figure 2.17. Frequency of neurite-extended cells cultured with soluble NGF and
immobilized NGF pretreated at 37, 42, and 60 °C for 6, 12, and 24 h. Cells cultured with
soluble and immobilized NGF without pretreatment were used as controls, and cells at 0
h were considered as 100%. Cells were cultured with either pretreated soluble NGF in
growth medium or pretreated immobilized NGF. Data are presented as the mean £ SD, n

=3.
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To confirm the stability of immobilized NGF, it was repeatedly used after cell culture
as shown in Figure 2.18. The results showed no significant decrease in the biological
activity of the reused plates with immobilized NGF in comparison with that of the fresh
plates. It indicates at least two reuses without losing the biological activity that induced

neurite outgrowth.

N.S.
| | 1

100 { r 1
& : I
£
= |
3 g 80
55
3 60 -
cCw
Q=
S5 O
o O
o5 40
- O
25
o % 20 1
o O
04

0 . .
Fresh 1t Reuse 2" Reuse

Figure 2.18. Frequency of neurite-extended cells cultured on immobilized NGF that was
reused twice. Cells cultured on a freshly prepared surface with immobilized NGF were
used as controls and considered as 100%. Data are presented as the mean + SD, n = 3.

N.S., no significant difference.
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2.4.9. Height effect of micropatterned substrates on neurite direction

We designed the immobilized substrates with different height between first and second
gelatin layers to evaluate the neurite direction on those substrate (Figure 2.19).

The contact guidance of formed neurites was investigated on the different thicknesses
of micropatterned layers in the presence of 100 ng/mL soluble NGF. In case of a low
height (26 nm), the neurites had sporadically formed and outgrew regardless of the
patterned surface. The uncontrolled direction of neurite outgrowth was observed between
first and second layers by growing over the second layer. In case of high height (>130
nm), on the other hand, the neurites had extended and aligned on the borderline of the two
layers. Neurite direction seemed to be decision depending on the relationship between
neurite diameter (30-40 nm) and height (< 26 nm or > 130 nm) of the immobilized

substrate.
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Figure 2.19. Control of neurite direction by immobilized height. (a) Observation of the
cellular response towards different height using SEM analysis. The micropatterned
surface was prepared by a narrow linear pattern using a photomask (10 um: 15 um). Scale
bar: 10 um. NGF at 3.5 pmol was added in each well. (b) Comparison of neurite guidance
by height. The neurite direction was estimated on the NGF-immobilized substrates with
different height. The height between first and second gelatin layers was adjusted by the
different concentration of gelatin. NGF at 3.5 pmol was added in each well. (¢) Schematic
illustration for neurite formation by the relationship between neurite diameter and
immobilized height. Data are presented as the mean £ SD, n = 3. N.S., no significant

difference, P < 0.01; **, significant difference.
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2.4.10. Effect of micropatterned surface on neurite formation

Since the neurite has been shown in response to topographical cues of substrates such
as height as shown in Figure 2.19 and others [35,93], the micropatterned surfaces by
various linear widths were prepared to identify the further cues of immobilized NGF on
neurite orientation which is correlated with neural network. The size of NGF-immobilized
region and non-immobilized region was designed with different widths by photomask and
the micropatterned surface was uniformly achieved according to each width. In case of
only gelatin-immobilized substrate, the soluble NGF was added to growth medium to
trigger neurite outgrowth. As shown in Figure 2.20a, widths of a linear pattern
photomask with shaded and open areas are 10 um: 15 pum, 25 um: 40 pm, 50 pm: 25 pm,
and 400 pm: 200 pm, respectively. Prior to cell culture, all substrates were immobilized
by gelatin through photomask with various ratios of the linear between UV-transparent
and non-transparent regions. In case of soluble NGF, NGF was added to growth medium
to assist in neurite outgrowth when the cells were cultured. PC12 cells were
homogeneously seeded on those substrates and the neurite formation was then estimated.

The extension of neurites showed similar tendency to the results as shown in Figure
2.15. The neurites of PC12 cell cultured on the narrow micropatterned surfaces (10 um:
15 pum) with NGF immobilization showed elongation by aligning with the immobilized
direction (Figure 2.20b). The ratio of neurite oriented cells on the substrate is about 81%.
Most cells on the patterns extended two or more neurites bi-directionally and the extended
neurites are much larger than cell body. In cells cultured on NGF-micropatterned surface
with 25 um: 40 um, the direction of neurites seemed to be extend similar to that on NGF-

micropatterned surface with 10 pm though the ratio of neurite oriented cell was decreased
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to 51%. On the contrary, the cells seemed not to be oriented, in which NGF-
micropatterned surface over 50 um: 25 um and accordingly the total ratio of neurite
oriented cells was decreased to approximately 35%. In case of much wide pattern (400
um: 200 um), the neurites were sporadically and asymmetrically extended and they were
not oriented by the patterned surface. All gelatin-micropatterned substrate with soluble
NGF tested showed varying ratio of neurite orientation as did all NGF-micropatterned
substrate. Importantly, NGF-immobilized substrate with narrow pattern (< 25 pm)
moreover showed orienting and promoting neurite outgrowth which may enable to
modulate neural network. By utilizing the surface with micropatterned-NGF
immobilization, we could achieve distinct components such as promoting outgrowth of
neurites and steady neurite orientation at once, resulting in the development of nervous
system [67,82].

Overall, elongated cells on narrow-patterned substrate apparently produced oriented
neurite directions, in contrast with neurite formation showing arbitrary directions on wide
patterned substrate. More importantly, we found that the biochemical and topographical

cues of NGF-immobilized substrate are correlated with neurite formation.
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Figure 2.20. Orientation of neurite direction by micropatterned substrate. (a) Photomask
with different linear patterns and SEM images of the outgrowing neurite of PC12 cells on
micropatterned substrates. Scale bar: 50 um. (b) Estimation of the neurite orientation.
Data are presented as the mean £ SD, n = 3. N.S., no significant difference, P < 0.05; *,

significant difference, P < 0.01; **, significant difference.
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2.5. Discussion

Characterization of immobilized surface

NGF was covalently immobilized by P-gel on substrate and the substrate was
successfully prepared with different width stripe patterns. Using high concentration of P-
gel (0.1% and 1.0%), the distinction indicating height difference between first and second
layers on immobilized surface was significantly different. Based on the coffee-ring effect
in the drying process [94,95], we assumed that the thickness would be slightly different
relying on the measured region on the immobilized substrates. When compared the
thickness of immobilized surface with the theoretical thickness based on the reported
density of gelatin [96], the thickness on the immobilized layers was very close to the
theoretical thickness. More importantly, the result indicates that the surface thickness can
be easily controlled by changing the concentration of gelatin. Therefore, we can perform
in vitro cell tests for understanding neuronal behaviors under the different topographical

surfaces.
Cellular behavior on NGF-immobilized surface

To investigate the effect of NGF immobilization on PC12 cell behavior, we suggested
the micropatterned-substrate immobilized with NGF because the micropatterning enables
us to observe the effect of immobilized growth factors at a glance [97,98]. They were
randomly distributed both on non-immobilized and NGF-immobilized regions when cells
were seeded. However, the cell density increased on the NGF-immobilized regions during
the culture. The tendency on the NGF-immobilized region was considered to be due to
the migration of cells and their gradual trapping by immobilized NGF. The cells on the

NGF-immobilized region consequently resulted in significant neurite outgrowth. The
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micropatterned-substrate immobilized with NGF simultaneously showed both of the
trapping of cells and neurite outgrowth. Also, the immobilized NGF showed the
superiority in the maintenance of its biological activity and the reusability compared with
the soluble NGF. The immobilization maintained the activity of NGF through reduction
of the conformational flexibility of NGF by fixation as observed in enzymes [Ref]. Taken
into consideration with other previous reports [Ref], we concluded that the reusability of
biomolecules, such as growth factors, enzymes, and antibodies, may be facilitated by

immobilization.
Quantitative comparison of soluble and immobilized NGF

With regard to appropriate environment for cellular experiment, we considered that the
substrate with different topology also affects various cellular behaviors such as neurite
formation. Neurite is a unique feature of neurons allowing formation and maintenance of
the nervous system. Neurite formation of PC12 cells such as neurite extension was
accordingly assessed by software programs as well as immunocytochemistry using beta-
tubulin antibody associated with differentiation of PC12 cell. Extension and frequency of
neurites of PC12 cell was investigated on the NGF-immobilized substrate at varying dose
and compared with the soluble NGF state. The neurite extension and frequency of neurite
outgrowth from PC12 cells cultured with NGF was increased when compared to that of
no NGF group. The cells cultured on the NGF-immobilized substrate had neurite-per-cell
counts and frequency of neurite-forming cells similar to those of cells cultured with
soluble NGF. Interestingly, the neurite extension seems to respond dependently to the
varying dose of NGF and the effect was saturated at > 1 pmol/well plate, although the
soluble NGF showed higher activity at a low concentration compared with immobilized

NGF. Previously, Yu et al. [59] described almost the same effect on neuron survival (70%)
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after 3 days of culture using 30 ng/cm? chitosan-immobilized NGF and 50 ng/mL soluble
NGF, and Lee et al. [33] demonstrated almost the same level of PC12 neurite formation
(30%, 14 um length) was achieved by both of immobilized NGF and 50 ng/mL soluble
NGF. The immobilized NGF 30 ng/cm? reported by Yu et al. [59] corresponds to 1.5
pmol/well plate in the present study and the soluble NGF 50 ng/mL reported by Lee et al.
[33] corresponds to 1.7 pmol/well plate in the present study. Therefore, the present results
indicate that the same level effect was obtained by the same amounts of NGF as reported

previously.
Signaling of the cell toward soluble and immobilized NGF

In terms of the effect of immobilized biomolecules on cellular behaviors, we have
demonstrated the good performance with the sustained efficacy for various cellular
behaviors [79,99,100]. Moreover, understanding the signaling under different state
(soluble or immobilized state) of biomolecules (In this case, NGF) is one of the new
approach to demonstrate the signal transduction towards the neurotrophic biomolecule.
NGF as neurotrophin family is critical for cell survival and differentiation in both the
central and peripheral nervous system [101,102]. The intimate receptor which binds NGF
is Tropomyosin receptor kinase A (TrkA). Phosphorylation at Tyr490 is required for
association to trigger the Ras-MAP kinase signaling cascade and transcription factors.
The resulting changes in gene expression induce differentiation and neurite outgrowth.
We found that the NGF-activated position in the cell seemed different under soluble and
immobilized NGF. The results based on the activated position in the cell suggest that
NGF-immobilized substrate plays a role in internalizing the NGF-TrkA complex from

the NGF-immobilized region to cell body. More importantly, immobilized NGF directly
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elicits the phosphorylation of TrkA from the immobilized surface and NGF allowed the
cells to achieve the signal of activating neuronal differentiation through immobilization.
It has been known that the immobilized growth factors such as insulin, epidermal growth
factor (EGF), fibroblast growth factor enhance cell growth more than soluble growth
factors, because of inhibition of down regulation of signal transduction caused by cellular
internalization of growth factors [55,70,103]. It is also been reported that immobilized
EGF promotes neurite formation of PC12 cells, although soluble EGF enhances the
growth of PC12 cells [104]. In case of NGF immobilization, neither promotion of neurite
formation nor switching of gene expression occurred. The signal transduction mechanism
of growth is different from that of differentiation in PC12 cells [105]. It is also well known
that the differentiation depends on sustained signaling [106]. On the other hand, it is also
been reported that nerve growth cone exhibits adaptation through desensitization and
resensitization by wide ranges of concentrations of guidance factors and the down-
regulation depends on the endocytosis of receptors [107,108]. Considering these studies,
cone guidance is up-/down-regulated but neurite formation requires sustained and
monotonous signaling. Therefore, it was considered that no down-regulation process
which occurred in the growth regulation occurred in the differentiation process. As a
result, a specific difference between soluble and immobilized NGF was found in neurite

formation.
Evaluation of the topographical effect of micropatterned substrates

Although the effect of NGF-immobilized substrate on extended neurites was explored,
there exists less information on the topographical influence of micropatterns-immobilized
NGF on the cellular behaviors. Hereby, we explored how immobilized surface with

micropattern influences neurite network. In terms of topographical effect, different
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heights between first and second gelatin layers were introduced to evaluate the neurite
direction on those substrate. The contact guidance of formed neurites was investigated on
the different thickness of micropatterned layers in the presence of 100 ng/mL soluble
NGF. In the case of a low height (26 nm) of the step, the neurites had sporadically formed
and outgrew regardless of the patterned surface. However, in the case of a high height
(>130 nm), the neurites had extended and aligned on the borderline of the two layers.
Considering the largest diameter of a neurite was about 30-40 nm, a 100 nm of layer
thickness was sufficient for contact guidance of neurite. Previously, Chua et al. [88] and
Beduer et al. [89] and reported the neurite guidance by microfabricated
polydimethylsiloxane (PDMS). According to Chua et al., the height ranged from 350 nm
to 4,000 nm, and the neurite alignment of hippocampal murine neural progenitor cells
monotonously increased with the increase in height. Considering that the present material
was based on gelatin, the greater adhesiveness than PDMS to neurites may reduce the
threshold height that a cell can recognize. Taken together, neurite direction seemed to be
decision depending on the relationship between neurite diameter and height of
immobilized substrate. These results imply that the height of immobilized substrate by
gelatin plays an important role in controlling neurite formation, resulting in neuronal
network. Understanding the topographical cues on neurite outgrowth is critical to

interpret neural network in strategies for neuroregeneration [109-111].
Effect of micropatterned surface on neurite formation

Since we found that the neurite formation respond to topographical cues of
immobilized substrates, the further cues of immobilized NGF was estimated using the
micropatterned substrates by various linear widths of photomask. In order to guide

neurites, we chose micropatterned substrate with narrow stripe because it may enable to
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elucidate the guidance of neurite formation as well as prevent the sporadic formation of
neurite. NGF-immobilized substrate with narrow pattern showed guiding and promoting
neurite outgrowth which may enable to modulate neural network. In such a certain
environment, the ratio of neurite-guided cells became increased. When the micropattern
width was enlarged, the neurite orientations became more random. This result indicates
that the neurite alignment of cells can be finely modulated when the number of gelatin-
based step increased. Ferrari et al. [112] performed nanotopographic control of PC12 cell
on nanoprinted cyclic olefin copolymer films and they found that a 500 nm width was the
most effective for the formation of a bipolar shape, and that on a width lager than 1,500
nm, cells had the tendency to form a multipolar shape. However, Beduer et al. [89]
reported a 60 um groove width contributed more to alignment than au unpattern surface.
The present study showed that neurites can be modulated by a sufficient height for neurite
guidance and a sufficient narrow groove, and indicates the NGF immobilization increased
the alignment of neurites. Considering that NGF concentration-dependent neurite
formation [72,73] as well as chick dorsal-root axons turn toward high concentrations of
NGF [113], the enhanced alignment was due to the direct interaction between neurites
and immobilized NGF. By utilizing surfaces with micropatterned NGF immobilization,
we could simultaneously achieve distinct components such as neurite extension,
promoting outgrowth of neurites, and steady neurite guidance, resulting in the
development of nervous system. Elongated cells on the narrow patterned substrate
produced longer neurites and guided neurite directions, in contrast with neurite formation
showing arbitrary directions on the wide patterned substrate. Overall, we demonstrated
that the biochemical and topographical cues of NGF-immaobilized substrate are correlated

with neurite formation.
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2.6. Conclusion

We prepared NGF-immobilized substrates by the photo-crosslinking to study neurite
formation. We found that the immobilized NGF induced neurite outgrowth similar to
soluble NGF. The micropatterns-immobilized substrates with the different topographical

surfaces effectively led to the specific cellular behaviors such as neurite orientation.

Through the micropatterned substrate involving different height, we revealed neurite
morphogenesis and its relationship with topographical cues. The micropatterned
immobilization of NGF simultaneously showed biochemical and topographical effects on
neurite formation. Therefore, organizing neuronal cells in narrow cell-adhesive patterns

mimicking neural network may result in effective applications for neuronal regeneration.

In neural engineering applications, various models such as nanofiber [30,31],
conducting materials [32,33], biological substrates [34], and microfluidic systems [35]
have been studied and suggested for nerve regeneration. Although the methods have also
shown its efficiency, the development of desirable environment and the useful platform
are still required for nerve regeneration. Understanding the previous models and NGF
immobilization system, the microfabricated tool by combining aforementioned

parameters will provide important cues to generate neuronal networks.

Thus, we expect that the combined-NGF immobilization system will provide important
cues to generate neuronal networks through synergetic effect of topographical and

biochemical property.
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Chapter 3.

Cytoplasmic fusion by a microfluidic
device
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3.1. Introduction

Cell fusion is an important part of normal growth and development of organisms
including human. It has been involved in a technology and a natural process. In terms of
cellular development, cell fusion is an important process during differentiation of muscle
and bone cells, embryogenesis, immune response, and tissue formation [114-116].
Despite the importance of these processes in organisms, there is not fully understanding

in the mechanism of cell fusion and the factors which can regulate the process [117,118].

A number of researchers have studied cellular fusion and various factors about the
fusion involving human cell types (e.g. stem cell) owing to its importance and therapeutic
significance [119]. Considering the applicable characteristic of various somatic cells, the
cellular reprogramming into pluripotent stem cell has attracted huge attention in the
medicine field. Various approaches such as nuclear transfer into enucleated oocytes [120],
co-culture with stem cell [121], and genetic factor transduction [38] enable us to obtain
great knowledge and prospect in regenerative medicine. To enhance the approach,
induced pluripotent stem (iPS) cells and cell fusion have been demonstrated to be a potent

way of clinical application due to its high efficiency and celerity [39,122].

In regenerative medicine, particularly, the cell fusion technology opens new
possibilities of genetic repair with a notable role in stem cell plasticity, and it has been
shown to be implicated in tissue regeneration [123,124]. Although cell fusion has been
considered as a traditional technology in methodology, the technology still possesses a
lot of potential for various purposes and making new discoveries as a promising research
field. The better understanding regarding the mechanism and application has been

required for future research such as human therapy [125]. In other words, the feasible and
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promising cellular resource has been pursued for the multi-purpose application in

regenerative medicine.

Fusion using either same or different types of cells can be obtained by several ways
such as chemical (e.g. polyethylene glycol; PEG) [126,127], physical (electric pulse)
[128,129], or biological (e.g. viruses or receptors) [130—132] methods. The fusion by
above methods is basically relying on random cell-cell contacting and pairing, resulting
in low fusion efficiencies, and that the traditional fusion methods such as electrofusion
are still inefficient. The selection step to isolate the desired resulting cells is also required

by antibiotic selection or lengthy subculture.

Recently, microfluidic chip-based method has shown its prominent feasibility and
potential to improve the current limitations such as low efficiency and to precisely
manipulate cells, ranging from single cell to hybrid cell [133]. The cell fusion research
has been performed by diverse kinds of microfludic platforms such as droplet-based
device [42], microfludic perfusion [134], electrofusion chip [135], and PDMS chip
[44,136]. Remarkably, PDMS-based microfludic devices with various designs have led
to precise manipulation of cells. Both improving the process of cell fusion and controlling
the cell contacting and pairing are fundamentally crucial parts in this technology and cell

fusion.

In this study, we have presented that a microfluidic device-based the cell fusion method
to investigate the feasibility of cytoplasmic transfer between two different cells that is
probably associated with cellular reprogramming and to improve the unsolved problem
(e.g. abnormal karyotypes) caused by nuclei mixing, thus inapplicable to regenerative

medicine. Therefore, various attempts have gradually focused on the potential from
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genetic modification involving transcriptional factors to protein modification involving

cytoplasmic factors.

The cell fusion in the present study was performed using a novel microfluidic device
which can enable two different cells to be cytoplasmic fusion without nuclear mixing.
This approach has involved protein modification rather than genetic modification so that
we may understand the potential of cytoplasm regarding reprogramming. Using the newly
designed-microfluidic device by us [137,138], we can consider application of the
resulting cells after cytoplasmic fusion for regenerative medicine as well as the approach

revealing the unknown mechanism for cellular reprogramming.

Another important issue is feasibility and application of stem cell (e.g. embryonic stem
(ES) cell) to the microfluidic chip for cellular protein modification [139,140]. The use of
ES cell with our novel method was also considered as a potent cellular resource due to its
great potential in regenerative medicine. ES cell normally exists in small shape and size
(~ 10 um) compared with normal somatic cell (10-20 um). Accordingly it is difficult to
apply the ES cell to current PDMS chip which has cell pairing structure. It also implies
that the cell contains small amount of cytoplasm which might not enough to induce
cellular reprogramming, resulting in slow and inefficient induction process like
conventional limitations. In terms of protein modification using cytoplasmic elements,
therefore, the sufficient amount of protein in the cytoplasm and enlarged cell size is
ultimately required for high acquisition efficiency. Especially for ES cell application,
demecolcine (DC), one of colchicine derivatives, was used for establishment of polyploid

mammalian frequently cell lines [141,142].
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Consequently, we can obtain enlarged ES cell containing increased cytoplasm amount,

solve the above limitations, and perform the cytoplasmic experiment with high efficiency.
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Figure 3.1. Schematic diagram from genetic modification to protein modification.
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3.2. Objective and approach
3.2.1. Application of microfluidic device and ES cell

In terms of cellular resources, various methods such as induced pluripotent stem (iPS)
cells and cell fusion have been introduced for regenerative medicine and cell therapy
[37,38,143]. However, there are still some critical issues remaining such as slow and
inefficient induction process, some risk of tumorigenesis and insertional mutagenesis and
that the conventional method still contains some limitations such as nuclear mixing
resulting in abnormal karyotypes, thus being inapplicable to regenerative medicine.

Therefore, other approaches to produce cellular resources have been explored by us
and others [136,144]. One promising method to avoid such abnormal karyotypes is to
make cell fusion without nuclei mixing through microstructured. Herein, we introduced
the novel cell fusion methods based on microfabricated devices using PDMS. By using
the device which is newly designed by us, we found that the microfabricated aperture
such as microslit can produce cell fusion between suspended and adhered cells using a
Sendai virus envelope (HVJ-E)-based cell fusion method [145]. However, the mixed
fusion with nucleus like conventional cell fusion method still has been occurred in the
microslit design, and detailed observations of cytoplasmic transfer between ES cell and
fusion partner cell (e.g. embryonic fibroblast) were not performed in the previous studies.

Therefore, we introduced the newly designed-microfluidic device with microtunnel for
further study. In terms of pluripotent-like cellular resources, application of ES cell is
ultimately pursed to make a promising tool due to its tremendous potential. Although we
demonstrated that the cytoplasmic fusion between live somatic cells such as fibroblast

can be achieved by our microfluidic device, it is still difficult to apply ES cell to the
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current device owing to its limitations such as small size of the cell. More importantly,
we expected that the enlarged ES cells which contain a large amount of cytoplasm
including organelles may effectively induce the prominent production of cellular
resources for regenerative medicine. Because the cytoplasm and protein in the cells is
highly associated with cellular modification.

In this chapter 3, we therefore introduced the enlarged ES cell by treatment of
bioreagents such as demecolcine (DC) with HVJ-E method as shown in Figure 3.2.
Furthermore, we focused on the feasibility and potential property of cytoplasmic fusion

to contribute the novel technique to regenerative medicine.
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Figure 3.2. Application of ES cell through a bioreagent and a microfluidic device.



Chapter 3. Objective and approach 63

3.2.2. Single cell research

Understanding cellular behaviors and the mechanism for arising of cells is ultimately
important for fundamental study as well as advanced study in regenerative medicine.

To reveal unknown mechanisms, the research should be started from single cell level
with understanding of organelles. Because initiation of tissue and organ is generally
originated from the single cell and organelles in the initiation and development of cells
have greatly associated with controlling cellular behaviors. In this study, we aimed to
investigate how single cell is manipulated by the micro structure, and to control various
cells such as ES cells for regenerative medicine through microfabricated device and
bioreagents. As summarized in schematic illustration (Figure 3.3), we presented that new
approach towards cellular modification, and monitoring the cytoplasmic exchange in live
cells by using newly designed-microfluidic device and also revealing the potential and

feasibility of organelles to elicit cellular reprogramming through use of enlarged ES cell.
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Figure 3.3. Schematic illustration of aim and methodology of this study.
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3.3. Materials and Methods

3.3.1. Preparation for cell fusion

Cell fusion experiment can be performed in accordance with different strategies as
shown in Figure 3.4. In terms of cell fusion using a microfluidic device, we focused on
the strategy (b) and cell lines such as ES cell and fibroblast cell were accordingly prepared
to study cytoplasmic fusion. In particular, those cells were transfected by fluorescence
plasmid DNA such as EGFP and mCherry so that the phenomenon of cytoplasmic

transport could be monitored in a microfluidic device.

3.3.2. Sendai virus (HVJ) induced cell fusion

Sendai virus (also known as hemagglutinating virus of Japan; HVJ) was used as a main
method for cell fusion as described in Figure. 3.4 (Figure 3.5). HVJ Envelope Cell
Fusion Kit (GenomONE-CF) was obtained from Cosmo Bio Co., LTD., Japan. The cell
fusion experiment was performed according to the manufactures’ protocol. Briefly, HVJ
(Sendai virus) was inactivated and purified as a HVJ envelope (HVJ-E). The purified
HVJ-E product was dissolved in HVJ-E suspending buffer and/or cell growth medium.
The prepared reagent was immediately used or stocked in -80 °C. Cell A and cell B are
suspended in the medium containing HVJ-E suspension (2.5 uL of HVJ-E suspension /
100 pL of growth medium), and they were mixed by gentle pipetting. The mixed cells

were then transferred to the microfluidic device for further incubation.
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3.3.3. Cytoplasmic fusion using microfluidics devices

A newly designed microfluidic device was used for cytoplasmic fusion without
nuclei mixing. A poly (dimethylsiloxane) (PDMS)-based chip was fabricated as described
previous reports [137,138]. This device has a cell pairing structure (CPS) that can make
cell pairs through microtunnels with several um width. A silicon tube with a 3 mm inner
diameter was glued to the top of the chip as an inlet reservoir. The microfluidic device
was attached onto the bottom of a 35 mm culture dish. To perform cell fusion experiment,
the microchannel in the chip was degas-driven flow and was then filled with a culture
medium [146]. Cell suspension (1030 uL) was prepared with approximately 1 x 10°
cells/mL and applied to the inlet reservoir. After cells are subjected by hydrodynamic
forces through centrifugation at 500 rpm for 1 min, the cells were subsequently trapped

and fused in the CPS by the HVJ-E method.

3.3.4. Cell culture

Mouse embryonic stem (ES) cell line, feeder-free EB3 cells (129/Ola-derived EB3 ES
cells), was supplied by Dr. Niwa group (CBD, RIKEN, Japan) and was cultured in
Glasgow minimum essential medium (GMEM; Nacalai Tesque, INC., Japan)
supplemented with 15% fetal bovine serum (FBS; Biowest, USA), 1mM sodium pyruvate
(Thermo Fisher Scientific, USA), 0.1 mM 2-mercaptoethanol (Sigma-Aldrich, USA), 1x
nonessential amino acids (NEAA; Thermo Fisher Scientific, USA), and 1000 U/mL of
leukemia inhibitory factor (LIF; FUJIFILM Wako Pure Chemical Corporation, Japan).
Primary mouse embryonic fibroblast (MEF) cells (Chemicon, USA) were cultured in

Dulbecco’s modified Eagle’s medium (DMEM; FUJIFILM Wako Pure Chemical
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Corporation, Japan) supplemented with 10% FBS. They were cultured on gelatin-coated
dishes in an incubator at 37 °C with 5% CO., and were maintained under experimental

conditions or passed when they present about 70-80% confluence.

3.3.5. Transfection

EB3 cell was transfected with pcDNA3-Mito-EGFP-IP and pcDNA3-mCherry-1H2
using Lipofectamine™ 3000 (Thermo Fisher Scientific, USA). The cells were cultured in
GMEM medium supplemented with 15% FBS, 1mM sodium pyruvate, 0.1 mM 2-
mercaptoethanol, 1x NEAA, and 1000 U/mL of LIF. The stable cell lines labeled with
green (EGFP) and red (mCherry) at mitochondria and cytoplasmic areas, were obtained

by cultivation in the presence of puromycin (Pur) or hygromycin B (Hyg), respectively.

3.3.6. Application of cell cycle inhibitor protein

Before applying EB3 cells to the microfluidic device, the cells were cultured in the
presence of demecolcine (DC; FUJIFILM Wako Pure Chemical Corporation, Japan). The
DC-treated cells were washed by PBS (-) (x 3) and then introduced to the microfluidic

device with a fusion partner cell (e.g. MEF) for cytoplasmic fusion experiments.

Figure 3.6. Chemical structure of demecolcine.
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3.3.7. Real-time PCR (RT-PCR) measurement

To compare the pluripotency of ES cells before and after DC treatment, the gene
expression regarding pluripotency was measured by a real-time polymerase chain
reaction (RT-PCR). Total RNA was extracted from the cells using an RNeasy Mini kit
(QIAGEN, Germany). Complementary DNA (cDNA) was synthesized using the
extracted total RNA by reverse transcription reaction. The resulting cDNA was mixed
with SYBR® Green Master Mix (Toyobo, Japan) and the following primer pairs (Nanog,
Oct4, Sox2, and Gapdh) and then used for quantification of gene expression.

Quantification cycle values were determined by regression analysis of the
amplification traces. The RT-PCR measurement was performed using the following
primer pairs: Nanog (forward: CAG GTG TTT GAG GGT AGC, reverse: CGG TTC
ATC ATG GTA CAG), Oct4 (forward: TCT TTC CAC CAG GCC CCC, reverse: TGC
GGG CGG ACATGG GGA), Sox2 (forward: TAG AGC TAG ACT CCG GGC, reverse:
TTG CCT TAA ACA AGA CCA), Gapdh (forward: GGA GAA ACC TGC CAA GTA,

reverse: AGC CGT ATT CAT TGT CAT).

3.3.8. Cytometric analysis

Using the transfected-EB3 cell lines labeled with green (EGFP) and red (mCherry), the
cell size and intensity of each fluorescence color were simultaneously measured using
cytometer (Thermo Fisher Scientific, USA). Two colors (green and red) indicate
mitochondria and cytoplasm, respectively. For statistical analysis, the total number of

cells counted per sample for each condition using 500 cells from three different images.
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3.3.9. Statistical analysis

At least three representative samples were used from each case. The data were
presented as the mean value * standard deviation (S.D.). Statistical comparisons were
performed by a Student’s t test and a one-way ANOVA followed by the post-hoc Tukey

test. P < 0.01 and P < 0.05 was considered as statistically significant.
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3.4. Results

3.4.1. Structure of microfluidic device

A microfluidic device was firstly designed to perform cell fusion research (Figure 3.7).
The microtunnel in cell pairing structures (CPSs) was designed by changing the height
from bottom side were applied to the structure.

The microfluidic device was achieved by using the master mold as shown in Figure
3.8. After preparation of master mold designed with the microstructures, PDMS is
pouring and replicated on the master mold. The PDMS chip is released from the master
mold after replication and inlet reservoir is glued on the chip. As shown in Figure 3.9,
the device is mainly categorized in four areas such as inlet, separation, CPS, and out areas.
Intensity and height including roughness shows the different topology of the master mold
in the four areas. The microfludic device is subsequently used for further in vitro cellular

experiments.
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Figure 3.7. Design of the microfluidic device with cell pairing structures (CPSs) and

bottom and side views of microtunnel in the device.
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Figure 3.8. Procedures of preparation for the microfluidic device. After preparation of

master mold designed with microstructures, PDMS is pouring and replicated on the

master mold. The PDMS chips is separated after replication and inlet reservoir glued on

the chip.
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Figure 3.9. Identification of structures of the microfluidic device. (a) A phase contrast
image of whole structures of the prepared device and (b) the structures of master mold
and the device made on the mold was measured using RCLM and phase contrast

microscopy, respectively.
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3.4.2. Cell fusion in the microfluidic device

Moreover, the cell fusion experiment was performed with the device. Cells are
introduced from the reservoir and the cells were then flowed to inlet area and separated
in separation area as a single cell. The separated cells are randomly trapped in the CPS
area by hydrodynamic flow of medium. Otherwise, cells go out from outlet area. The
medium is flowed from inlet area to outlet area. When the cells are introduced to the
device, several types can be occurred as shown in Figure 3.10. Before and after fusion
(Pre-fusion and Post-fusion), 1:1 pairing (Homogeneous fusion or Heterogeneous fusion)
and direct contacting which results in mixed fusion was mainly found. Unmixed fusion
(or cytoplasmic fusion) and mixed fusion (or entirely fusion) were found in post-fusion.
Otherwise, no fusion was occurred. After 1 hour, the cells are fused with each other or
migrated somewhere in the device. Based on the fluorescence, we can identify each cell
and also trace the cells in pre-fusion and post-fusion. Based on previous report [147], Y-
27632 inhibitor (also known as ROCK; Rho-associated coiled-coil forming kinase) was
introduced to compare the frequency of fused types such as mixed and unmixed fusion
(Figure 3.11). Although the mixed fusion which is fusion of cytoplasm with nuclei was
still occurred, the mixed fusion was significantly decreased so that cytoplasmic fusion

without nuclei fusion would be occurred.
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Figure 3.10. Identification of fusion types in the microfluidic device during cell fusion.
When cells are introduced to the device, the cells are identified as the following definition.
In pre-fusion, I: No capture, Il: Single cell capture, 111 1:1 pairing (Heterogeneous fusion),
IV: 1:1 pairing (Homogeneous fusion), V: Direct contacting. In post-fusion, a: unmixed

fusion (or cytoplasmic fusion), b: Mixed fusion (or entirely fusion), c: No fusion.
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Figure 3.11. Frequency of cell fusion in the microfluidic device. According to different
design and amount of Y-27632, the frequency of cell fusion was compared. The mixed
fusion and unmixed fusion are defined as entirely fusion and cytoplasmic fusion,

respectively. Each data were made from three samples per condition.
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3.4.3. Transfection of fluorescence protein

In order to monitor the transferring cytoplasm in the device, the fluorescence plasmid
vectors were transfected to the ES cell. After transfection using each plasmid vector
(mCherry or EGFP) as shown in Figure 3.12, the cells were cultured in the presence of
antibiotic reagents such as Hygromycin and Puromycin so that the transfected cells
(mCherry-HygR and EGFP-Pur®) were stably obtained with fluorescence expressions,
respectively. As shown in Figure 3.13, the unstable or non-transfected cells are gradually
dead after 3 days, but the stable transfected cells can be surviving in the presence of each
antibiotic reagent due to resistance gene towards the antibiotics. After 9 days, the
mCherry-expressed ES cell in cytoplasmic area and the EGFP-expressed ES cell in
mitochondria are achieved, respectively. The cells are maintained and passaged until
getting the stable expressed cell lines. After that, they were introduced to further

experiments.
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Figure 3.12. Information of vectors expressing fluorescence. (a) pcDNA3-mCherry-IH.
This plasmid vector is against Hygromycin (HygR). The red fluorescence is expressed in
cytoplasmic area of cell. (b) pcDNA3-Mito-EGFP-IP. This plasmid vector is against

Puromycin (Pur®). The green fluorescence is expressed in mitochondria area of cell.
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Figure 3.13. Expressing fluorescence in ES cell. (a) The red fluorescence (pcDNAS3-
mCherry-I1H) is expressed in cytoplasmic area of cell. The cells were cultured in the
presence of Hyg. (b) The green fluorescence (pcDNA3-Mito-EGFP-IP) is expressed in

mitochondria area of cell. The cells were cultured in the presence of Pur.
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3.4.4. Characterization of DC-treated ES cell

Although we demonstrated that somatic cells such as myogenic cell and fibroblast can
be applied to the current microfluidic device, ES cells still present limitations to be
adapted to the device due to morphological property. In addition, the sufficient cytoplasm
and mitochondria is required to successfully be resulting in protein modification.

Therefore, we considered the enlargement of ES cells by cell cycle regulatory protein
such as demecolcine (DC). The morphological characteristic was compared before and
after DC treatment (Figure 3. 14). DC limits microtubule formation and inactivates
spindle fibre formation of cells, the DC-treated cells are accordingly arrested in
metaphase (M phase) during cell cycle. After DC treatment, the cells show the
morphological characteristic such as inhibiting spindle formation.

In order to determine the enlarged cell size, the cell were treated with varying
concentrations of DC (10, 30, 100, and 300 ng/mL). None treated cells are considered as
negative control. The cell sizes are increased dependently to the concentration, and the
sizes present 9.0 = 0.7 um (10 ng/mL), 11.0 = 0.7 um (30 ng/mL), 13.3 £ 1.2 um (100
ng/mL), and 15.0 £+ 1.2 um (300 ng/mL), respectively. In case of 300 ng/mL, the size are
increased about 1.5-2.0 times larger than compared with negative control (8.0 = 0.9 pum).

In particular, the ES cell was transfected by vectors expressing fluorescence such as
mCherry and EGFP (Figure 3. 15). By utilizing flow cytometry, we can analyze the
fluorescence intensity associated protein quantitation. The colors are presented in relative
fluorescence units (RFU). The RFU of red color indicating cytoplasm was increased from
374.7 £ 83.2 (10 ng/mL) to 667.4 £ 38.1 (300 ng/mL) in accordance with increased DC

concentration. Despite no significant difference when compared in 10 ng/mL with the
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untreated group (309.7 £ 77.8), the RFU apparently shows high intensity when the DC
concentration is higher than 30 ng/mL (607.8 + 57.6).

In addition, the RFU of green color indicating mitochondria also shoes similar tendency
to RFU of red color. The intensity was increased from 1517.4 + 297.4 (10 ng/mL) to
3198.1 £ 216.3 (300 ng/mL). The RFU of green in 30 ng/mL and 100 ng/mL shows
similar intensity (2705.4 + 272.3 and 2800.6 + 317.7, respectively), but the intensity in
30 ng/mL-300ng/mL, was increased approximately 2.0-3.0 times higher than that in the
untreated group (1171.4 + 170.3).

The results show that the fluorescence associated protein quantitation show increased
intensity both red (Cytoplasm) and green (Mitochondria) dependently to DC

concentration.
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Figure 3.14. Comparison of cellular characteristics after DC treatment. (a) Phase contrast
images of ES cell before and after DC treatment. (b) Comparison graph of cell size of
DC-treated cells. No DC: Negative control, DC10-300; 10 ng/mL-300 ng/mL. Data are

presented as the mean + SD, n = 3. P < 0.001;***, significant difference.
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Figure 3. 15. Comparison of fluorescence intensity after DC treatment. (a) Red
fluorescence indicating cytoplasm of DC-treated cells. (b) Green fluorescence indicating
mitochondria of DC-treated cells. No DC: Negative control, DC10-300; 10 ng/mL-300

ng/mL. Data are presented as the mean + SD, n = 3. P <0.001;***, significant difference.
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3.4.5. Estimation of pluripotency

In case of ES cell, one of the crucial properties is pluripotency which enable the cell to
differentiate into different cell types. The ES cells were cultured in either the presence of
DC or absence of DC. To determine the pluripotency of ES cell, the cell was estimated
by immunostaining method using pluripotency markers such as Oct4 and SSEA4 (Figure
3.16). The both untreated and DC-treated ES cells showed the expression of Oct4 and
SSEA4. It indicates that the ES cell can maintain its pluripotency regardless of treatment
of DC.

Moreover, specific genes associated with pluripotency such as Nanog, Oct4, and Sox2
were selected to measure its pluripotency using g-PCR. Before and after DC treatment,
each gene expression was relatively compared for quantification. Gapdh is used as a
reference gene. As shown in Figure 3.17, the relative level shows about 0.1%, 0.05%,
and 0.16% of Nanog, Oct4, and Sox2, respectively, in both non- and DC-treated ES cells.
Although ES cells were treated with DC, the cell still presents its pluripotency based on

immunostaining and g-PCR results.
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Figure 3.16. Fluorescence images of immunostaining of Oct4 and SSEA4. Images of Oct4,
SSEA4, and Hoechst staining, and merged images of Hoechst (blue) with Oct4 (green)

and SSEA4 (Red). ES cells before and after DC treatment were stained.
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Figure 3.17. Analysis of gene expression regarding pluripotency. Three representative

genes (a: Nanog, b: Oct4, c: Sox2) associated with pluripotency were selected to analyze

gene expressions. GAPDH is used as a reference gene. Untreated ES cells are defined as

a negative control. Data are presented as the mean + SD, n = 3. N.S., no significant

difference.
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3.4.6. Efficiency of trapping and pairing in the microfluidic device

To carry out the cell fusion experiment using the microfluidic device and ES cell, the
cell trapping and pairing in CPS should be considered for further steps such as
cytoplasmic fusion. The trapping and pairing ratio were respectively compared before
and after DC treatment (Figure 3.18). To compare the ratio, if cells are trapped or paired
in the CPS, the cells were selected in the five sections in one microfluidic device. In case
of trapping rate of ES cell, the rate was significantly increased after DC treatment (71.4
+ 3.9%) compared with that of before DC treatment (11.4 £ 7.2%). After cell trapping in
the CPS, the cell pairs present in 1:1 cell pairing (Donor: Recipient), single cell, or no
cell. In particular, the 1:1 cell pairing rate which result in cytoplasmic fusion was
estimated. Although 1:1 cell pairing was rarely occurred in the untreated ES cells (8.4 +
3.2%), the pairing ratio of DC-treated ES cells apparently showed the significant increase
(41.7 £ 6.0%). These results show that the increased efficiency of trapping and pairing

rate in the microfluidic device.
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Figure 3.18. Frequency of cell trapping and 1:1 pairing in CPS. The ES cell was
introduced before and after DC treatment and the cell trapping (a) and 1:1 cell pairing
rate (b) were compared respectively. Data are presented as the mean £ SD, n=3. P <

0.01;**, significant difference, P < 0.001;***, significant difference.
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3.4.7. Visualization and characterization of cytoplasmic fusion

In order to monitor the cytoplasm transfer, mCherry vector was transfected to the
nucleus and cytoplasm area of ES cell according to the protocol mentioned in the method
section. And the cell was treated with DC and then applied to microfluidic device with a
fusion partner cell (In this case, MEF cell). After trapping to CPS, DC-treated ES cell
shows its mCherry fluorescence protein at cytoplasm and nucleus but MEF cell does not
show any fluorescence signal (Figure 3.19a). However, 1 hour after trapping, the MEF
cell also show the mCherry signal. It indicates that the cytoplasm was transferred to the
recipient cell (MEF cell) from donor cell (DC-treated ES cell).

In addition to the live cell imaging, the fusion maintenance (Figure 3.19b) and the
quantification of the transferred cytoplasm (Figure 3.19c) were measured based on
fluorescence intensity. The result showed that increased transferring amount of cytoplasm
after 1 hour. By tracing the fluorescence signal and cell position in the microfluidic device,
we also observed that the fusion can be maintained at least for 4 hours though the

maintenance rate decreased by time flow.
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Figure 3.19. Visualization and characterization of cytoplasmic fusion. (a) Observation of
cytoplasmic transfer. The schematic illustration of the experiment was described (Left).
Cell fusion was induced between DC-treated ES (Donor) and MEF (Recipient) cells in
the microfluidic device and the fusion was observed by phase contrast and fluorescence
microscopy. (b) Maintenance of cell fusion. The observation based on fluorescence signal
and cell position was performed by live cell imaging. (c) Measurement of transferred
cytoplasm. Fluorescence intensity was measured to evaluate the transferred cytoplasm.

Data are presented as the mean = SD, n = 3.
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3.5. Discussion

Characterization and methodology of a microfluidic device and cell fusion

In this chapter, we first presented microfluidic devices with a cell pairing structure
(CPS) and a microtunnel, and showed the cytoplasmic fusion phenomenon between live
single cells by cell fusion through the microtunnel. Based on the device and HVJ-E
method, we introduced several cell lines such as ES cell and fibroblasts in accordance
with specific objectives and performed cell fusion research. This method has specific
features and advantages such as wide usability, safety, and easy manipulation to transfect
varying molecules (plasmid DNAs, SiRNAs, oligonucleotides, proteins, antibodies, and
etc.) as a highly flexible tool. The procedure for cell fusion using same or different types
of cells can be performed regardless of either suspending or plating cells.

Many researches related with cell fusion and cellular resource have been studied with
different concepts and combinations of cells and genetic factors such as ES-like cell and
iIPS cell [38,148]. Despite the importance of genetic transduction, protein-based
transduction and modification have gradually been becoming promising issue due to its
potential and advantages in regenerative medicine field.

Classic cell fusion methods such as enucleated oocytes and embryonic germ cells with
somatic cells [37] have provided important evidence for epigenetic reprogramming and
shown the possibility of cellular resources. In addition to this biological approach, various
technical (e.g. microfludic device) [44,136], chemical (e.g. polyethylene glycol; PEG)
[126,127], physical (electric pulse) [128,129], or biological (e.g. viruses or receptors)
[130-132] techniques have also demonstrated the ability to properly manipulate cells for

cell fusion. Using a new geometry and design, PDMS-based microfludic devices among
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the previous techniques have prominently shown its feasibility mimicking cellular
environment. However, the current methods still produce nuclear mixing that might
results in abnormal karyotypes, and thus the resulting fused cells cannot be used for the

aforementioned purposes [149,150].
Efficiency of the microfluidic-based device on cytoplasmic fusion

Meanwhile, in order to focus on protein transduction using living cells, the direct
cytoplasmic transfer between donor cell and fusion partner cell should be considered.
Accordingly, several parameters such as design of microfluidic device (e.g.
microstructure) and materials (e.g. cell types, bioreagents, and etc.) have been improved
and produced by our purpose and technology.

For these reasons, we have sought the novel method which can make cytoplasmic
fusion without nucleus mixing. Especially, cytoplasmic fusion (or unmixed fusion) is
important to identify the further cellular study. Using the bioreagent (e.g. Y-27632), we
demonstrated that the frequency of mixed fusion was decreased lower than 10%. In other
words, the frequency of cytoplasmic fusion was increased higher than 90% as previously
reported [147]. Besides, the fusion rate was increased by the design of the microfluidic
device such as a microtunnel type compared with that of a microslit type [137].

Considering the efficiency of producing fused cells with our protocol with that using
conventional methods, our biological fusion-based protocol with the microtunnel-based
microfludic chip showed higher fusion efficiencies (> 20%) than previous report (< 10%)
[136] because the membrane contact between cells trapped in CPS probably resulted in
the tight contact when the cells were fused by pairing. These results suggest that
biological, chemical, and topographical properties play important roles in the cytoplasmic

fusion. When we applied cells such as ES cell to the microfluidic device, two cells with
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very different sizes may be difficult to induce cytoplasmic fusion due to non-trapping or

passing by hydrodynamic force.
Characterization and application of DC-treated ES cell

In order to properly perform cytoplasmic fusion using ES cell, therefore, the ES cell
was first enlarged by a cell cycle inhibitory reagent like demecolcine (DC) because ES
cell presents small size which is not available to be applied to the microfluidic device
[151]. Also, ES cell containing much amount of cytoplasm and mitochondria is pursued
to be transferring their properties to a fusion partner such as fibroblast cell, probably
resulting in successful protein transduction.

While DC treatment to ES cells shows its ability as an applicable bioreagent to obtain
enlarged ES cells [152], we should confirm several factors such as pluripotency before
applying the DC-treated ES cell. Basically, this bioreagent inhibits spindle fiber
formation in M phase and polyploidizes cells relying on the cell type. The enlarged ES
cells, tetraploid ES cells, can be subsequently established from diploid ES cells through
polyploidization using DC [153]. Based on the observation using phase contrast
microscope and the measurement of flow cytometry, we found that the ES cells showed
enlarged size after varying concentration of DC treatment. The size of ES cells was
increased dependently to the concentration of DC (10, 30, 100, and 300 ng/mL), but the
size seemed not to continuously increase when the concentration is over 100 ng/mL.
Considering the fusion efficiency depends on both cell pairing and cell size, our result
prominently showed the increased yield of cell pairs in the microfluidic device (> 35%).
It indicates that the morphological characteristic (e.g. size) of cells represent the important

components for high yield induction and efficiency of successfully fused cells.
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Through immunostaining method and RT-PCR analysis, the pluripotency of ES cells
was examined after DC treatment. The DC-treated ES cells showed expression of Oct4
and SSEA4 similarly to untreated ES cells. Oct4 is necessary for the maintenance of
pluripotent potential and SSEA4 is representative marker expressed on the surface of ES
cells. While the result shows the maintaining pluripotency, moreover, the pluripotency
was measured by RT-PCR. The RT-PCR can enable us to monitor the amplification of a
targeted DNA molecule during the PCR. The method was used to quantitatively detect
levels of gene expression. The expression levels of pluripotent genes such as Nanog, Oct4,
and Sox2 showed similar levels before and after DC treatment. These results demonstrated
that the ES cell can maintain its pluripotency even after DC treatment. Other report also
demonstrated the pluripotency by the positive activity of alkaline phosphatase and its

ability to form teratocarcinomas [154].
Visualization and characterization of cytoplasmic fusion

We therefore performed the cytoplasmic fusion experiment using enlarged ES cells
with DC treatment. To trace the cytoplasmic transfer, the visualization is fundamentally
pursued in this research. Also, the visualization can offer better understanding for the
cellular behavior or unknown mechanism during cell fusion. To visualize the
phenomenon such as exchange of cytoplasm and organelles, the ES cell was transfected
by using fluorescent proteins such as mCherry. Accordingly, the transferring cytoplasm
between live cells could be monitored using a fluorescence microscope. Although the
fusion and membrane reorganization was not initiated with the same time, the close
inspection revealed that the cytoplasm of donor cell can be transferred to the fusion

partner cell and the fused cells can reorganize the cell membrane to probably initiate
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further step. The visualization of cytoplasmic exchange enabled us to promptly
understand the fusion events and observe the membrane reorganization in cells.

Based on the results, we demonstrated the high expressed-fluorescence intensity
indicating increased amount of proteins (cytoplasm and mitochondria) in the cells in
accordance with the concentration of DC, and our method is suitable for observing and
tracing the step of cytoplasmic fusion. Importantly, the increased amount of cytoplasm
may result in proper protein transduction which can elicit a specific lineage such as
reprogramming. Therefore, the application using live cells (e.g. ES cell) will provide a
novel type of cellular resource associated with directing protein modification through our

microfluidic device-based method.
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3.6. Conclusion

Novel concepts towards cell fusion were presented in terms of cellular reprogramming
and resources. By using newly designed microfluidic device, we have successfully
performed cell fusion experiments (In our case, cytoplasmic fusion) and we demonstrated
that the cytoplasmic fraction was transferred through the microtunnel without nuclear
mixing. In addition, the fusion rate depends on the design of the microfluidic device such
as a tunnel type and/or bioreagents such as Y-inhibitor. The results suggest that chemical
and topographical properties play important roles in the cytoplasmic fusion.

In case of application of ES cell, we considered that the enlarged ES cells containing
large amount of cytoplasm and mitochondria would be useful cellular resources to support
reprogramming or other purposes such as protein modification. By utilizing demecolcine,
we improved the current limitations in application of ES cell as well as showed the
feasibility of enlarged ES cells containing much amount of cytoplasm and mitochondria
for further protein modification while we found that the maintenance of pluripotency even
after DC treatment.

Overall, we have successfully applied microfabricated system and bioreagents to our
fusion protocol for each purpose and the data suggest that our cell fusion system provides
a promising approach to modulate cytoplasm and/or mitochondria transfer to a fusion
partner cell.

Thus, the cell fusion methods using microfluidics and/or bioreagents will be promising

protocols as a new type through the modification with powerful proteins and nutrients.
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4.1. Summary

In chapter 1, general introduction was described to explain microfabricated device and
technology such as bio-MEMS, microfluidic system, and etc. The technologies are
categorized in photolithography, photo-immobilization, and microfluidic device. In terms
of regenerative medicine, cell fusion method was introduced, and the manipulation of
cells was also described with various examples and methods for specific objectives in
regenerative medicine. In addition, critical issues and approaches have been suggested to
bring the current limitations and problems in regenerative medicine up. Composition and
objective of this thesis was described in detail with our novel technology and approach.

In chapter 2, we introduced NGF-immobilized system for neuronal regeneration.
Controlling neuronal cell organization via micropatterns-immobilized NGF and the
biochemical and topographical cues of immobilized NGF were presented in
understanding neurite formation and neuronal network. In methods section, preparation
of photoreactive gelatin, surface immobilization of growth factor, determination of NGF
amount and NGF-immobilized surface, morphological characteristic of micropatterned-
immobilized substrate, and estimation of neurite formation were described with the
results according to the each content. In particular, the NGF-immobilized substrate with
micropatterns was characterized, and the formation and behaviors of neuronal cells were
investigated on the immobilization system. To sum up the results, the micropatterning of
NGF was achieved using photoreactive gelatin and the immobilized NGF enhanced the
neurite extension of PC12 cell. Based on the immunostaining, we found that the PC12
cell respond differently to the soluble and immobilized NGF. Orientation of outgrowing
neurites was regulated by narrower micropatterning of NGF. The neurite formation can

be controlled by the immobilized height and pattern widths.
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Overall, we proposed the combined biocomposite materials (P-gelatin) with a
neurotrophin (NGF) on a biological substrate by using various micropatterns to properly
modulate neuronal network and understand the desirable environment for nerve
regeneration. The proposed micropatterned-immaobilization platform showed remarkable
effects on neuronal regeneration with simultaneous biochemical and topographical cues.

In chapter 3, we first presented that a microfluidic device with cell pairing structures
and a microtunnel, and showed the cytoplasmic fusion phenomenon between live single
cells by cell fusion through the newly designed-microfluidic device. Based on this device,
we introduced several cell lines such as ES cell and fibroblasts in accordance with specific
objectives and performed cell fusion research. In methods section, cell fusion using HVJ-
E method, principles of cell fusion, cytoplasmic fusion using microfluidic chip,
transfection by fluorescence plasmid DNA, application of cell cycle regulatory protein
such as demecolcine (DC), introduction of enlarged ES cells, measurement of
pluripotency using immunocytochemistry and RT-PCR methods, and visualization of
cytoplasmic transfer were described with the results according to the each content. To
sum up the results, cytoplasmic fusion was successfully completed without nuclei mixing
through the newly designed microfluidic device with microtunnel structure. Enlargement
of ES cell was achieved using DC and the DC-treated ES cell showed the maintenance of
its pluripotency and increased protein amount. Therefore, the enlarged-ES cells
containing much cytoplasm and mitochondria could be applied to our system for further
research as a promising source. Cytoplasmic transfer between live ES and somatic cells
was visualized based on expressing florescence signals in the cells. The feasibility of
direct protein transfer between live cells was demonstrated via our newly designed

microfluidic device and concept.
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Overall, the data indicate that our cell fusion system provides a promising approach to
modulate cytoplasm transfer to a fusion partner cell. Also, the cell fusion method with a
microfluidic device and bioreagents will hold a new type of cell fusion protocol
introducing powerful protein modification as a cellular resource. Therefore, we can
consider further steps to study cellular behaviors or property for reprogramming without
genetic modification.

Taken together, the sophisticated-microfluidic platform can be designed to precisely
control various cells (e.g. nerve cell, ES cell, and etc.) considering the microenvironment.
In another aspect, specific cells (e.g. potential pluripotent-like cell) can be obtained after
protein modification using the microfluidic device. Then, the resulting cells can be deeply
studied for its practical application in regenerative medicine and for revealing cellular
mechanism. Our system contributed to the development of useful platforms for directing
cellular behaviors and protein transduction through well organized-microfabricated
technology and device. By combining the proposed method and technology, we can
consider the further study on neuronal regeneration and cell manipulation. Generation of
nerve system and network will be deeply studied under multi-functional tools with
aforementioned as well as novel properties, and that micro-manipulation of cells will be

continuously studied by microfabricated devices with multi-function for various purposes.

In terms of remaining challenges and problems, major clinical challenges still remain
particularly for patients who suffer from multiple nerve injuries while the current
researches show promising results. For example, the combined therapies should focus on
how each parameter can be functionally and modulated properly in response to the type
and speed of regeneration. During the regeneration process, the localized concentration

of the growth factor with topographical structures may need in the proximal and distal
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nerve at an initial step of the process, and then other parameters such as electrical cue can
assist the axonal growth and nerve regeneration at the particular location. Therefore, in
future new methods, multiple cues will be integrated for long-term regeneration and
function. Investigating and understanding the complicated and unknown cellular
networks should be undertaken through simultaneously extending our knowledges of
wide disciplines and developing new tools. The microfluidic device-based platform
promisingly offers a new paradigm for directing the form and function of integrated
cellular environments and systems. For example, we can focus on the extensive
investigation of various cell culture models such as disease models, 3D organ developing,
cancer research, and etc. Through the application of microfluidic platform, transferring
proteins or desirable materials and modulating tissues and organs are still subject to the
remaining challenges in human therapy. The microfluidic platform will support many
kinds of researches in bioengineering and regenerative medicine and will enable us to

extend multiple research models in building functionalized system.
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4.2. Future perspective

We introduced microfabricated technology to properly manipulate various cells for
multi-purposes in regenerative medicine.

In case of neuronal network, the environment is basically a dense and complex
involving 3D interconnected network of neurons. By introducing biochemical and
topographical components at once, we revealed enhanced and controllable system for
neuronal formation, resulting in neuroregeneration. Considering our approach (e.g.
biocomposite materials, biochemical and topographical property) and previous research
(e.g. nanofiber, conducting materials, biological substrates), in essence, neuronal network
is very complicate and multi-cues are simultaneously required to create well organized-
environment. Consequently, we moreover need to seek how to properly integrate all
parameters such as biochemical, topographical, electrical cues with advanced

technologies to develop useful platforms for nerve regeneration.

In the meantime, we should focus on the improvement of the current methods and
suggest further strategies in regenerative medicine in terms of cellular material while
conventional and advanced research such as cell fusion showed promising results to
generate different cell types. Therefore, we presented the novel approaches using
microfluidic system and bioreagents for cellular modification. The result showed that the
cytoplasmic transfer can be achieved by our system. It is close to direct protein
transduction using living cell. The proposed concept by our system represents the
potential and feasibility as a new cellular resource for further application. Considering
the present study and future study, the modification of proteins is a crucial tool for

investigating natural systems and creating therapeutic conjugates. Although there are
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various methods to achieve protein transduction or modification, stable and efficient tools
are still pursued to develop the promising method for a practical application of superior
cellular resource in regenerative medicine. This kind of direct protein modification using
live cells will be one of strong and promising tools to create an effective and functional

diversity without genetic modification.

In future perspective, we therefore summarize and suggest our several views.
1. The multi-functional platform will be developed for tissue engineering and nerve
regeneration.
2. The application of protein like cytoplasm via living cells will be promising tool
in bioengineering fields involving cellular modification and modeling.
3. Micromanipulation of cells will be continuously studied and pursued through
advanced tools with multi-functions for various purposes.
We finally predict that precise manipulation of various cells for obtaining appropriate
cellular resource and directing therapy will be realized on well integrated-
microarchitecture mimicking in vitro environment through deep understanding in both

microfabricated technology and cellular mechanism.
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