Chapter 9
On-Chip Fabrication, Manipulation and Self-
Assembly for Three-Dimensional Cell Structures

Toshio Fukuda, Tao Yue, Masaru Takeuchi and Masahiro Nakajima

Abstract We present an integrated multi-functional microfluidic devices for con-
ducting various tasks, including on-chip fabrication, on-chip manipulation and
on-chip self-assembly, for building 3D cellular structures. This system is used for
building target cell structures for a “factory line on a chip”. This chapter gives a
description of the tasks and achievements to show the procedure to our goal, which
is focus on the engineered vascular-like cell embedded structures.

Keywords On-chip fabrication - Self-assembly * Photo-crosslinkable resin * Cellular
vascular-like microtubes - Microfluidic device + Dielectrophoresis

9.1 Introduction

9.1.1 Motivation in Three-Dimensional Cell Structure for
Tissue Engineering

Lost or damage of an organ due to disease or injury is a serious problem for human
body. Transplantation of organs to replace the incurable ones is a highly success-
ful therapy [1]. A successful transplant requires a compatible and willing donor.
However, the need for donor organs far exceeds the supply [2]. This donor scarcity
problem has resulted in new technique which is to build artificial organs by cells
and organic materials, which are defined as a tissue engineering [3].

Hence, it will be a great approach to realize artificial organs in vitro environ-
ment. Stem cells show promising cell type to achieve the goal. It is required to be
grown into a various cell types from the stem cells [4]. Living cells are genetically
programmed to assemble themselves into tissues and organs. However, scientists
are still in the early stages of understanding how this works [5]. Like in our bodies,
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the tissues and organs are with complex three-dimensional (3D) shapes and struc-
tures. Therefore, how to control the positions of cells and form certain shapes by
cells as the real tissues are key issues to generate artificial cell tissues [6].

Currently, some researches have been conducted by effective approaches for
building two-dimensional (2D) cell structures. The cell growth is controlled on the
surface of substrate to form different 2D patterns by changing the surface adhesive
properties [7]. Cell positions are controlled and immobilized to 2D shapes via mi-
cromanipulation approaches [8]. Arbitrary shaped 2D cell embedded structures are
fabricated inside microfluidic devices [9]. Traditionally, many useful and important
in vitro methods for tissue engineering are contributed by these 2D cell structures.
However, numbers of researchers have questions on the validity of studying cells
in an environment that is so far away from the in vivo state [10]. Tissues and organs
are 3D arrangements of cells. 3D shaped structures are necessary for building func-
tional artificial tissues. Besides, in 2D cell structures, the environment is constantly
changing while nutrients in the media are depleted and metabolites accumulate.
This is clearly different with the in vivo state where cells are maintained in a 3D
multi-cellular environment of a constant fresh supply of nutrients and the removal
of waste products via the circulatory system [11].

Assembly of cells to form 3D shapes and structures offers a practical alterna-
tive to natural tissue models. These systems provide an environment in which one
or more cell types can be encouraged to form tissues-like constructs. To assemble
an artificial organ with working properly, specific cells must be placed in the to
specific locations [12]. This is a fundamental issue to be solved for artificial tissue
and organ assembly in all living organisms. A specific 3D multi-cellular structure is
often critical for proper cellular function. The ability to build such a structure would
be useful for the tissue engineering [13]. One useful application would be for organ
repair. Another useful purpose would be the study of diseases whose progress is
impacted by multi-cellular topology [14].

3D cell models also offer numerous benefits over simple 2D cell models. In
recent studies, cell viability, proliferation, differentiation, morphology, gene and
protein expression, and function have been shown to exhibit significant differences
in 3D compared to 2D, with 3D structures more closely mirroring what is observed
in vivo [15]. Undoubtedly, 3D cellular structures provide a similar environment for
cells as in the real tissues, which enhance the cell proliferation and cell-cell interac-
tion during building artificial tissues. The cell-cell interactions established in 3D
play a significant role in the function of both healthy and diseased tissues and can
affect the cellular behavior to form tissues. The use of 3D cell structures will add
benefits of improved long-term cell viability with a tissue-specific function [16].

9.1.2 Construction Methods for Artificial Tissues

Currently, there are mainly two fundamental construction methods in tissue engi-
neering, which are top-down and bottom-up approaches. The traditional method
mentioned in last section belongs to the top-down approaches [17]. In top-down
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approaches, cells are seeded on a biodegradable polymeric scaffold and grow ac-
cording the shape of the scaffold to be a tissue for example. The cells are expected
to populate the scaffold and create the appropriate microarchitecture often with the
aid of perfusion, growth factors or mechanical stimulations [18]. However, even the
surface patterning or more biomimetic scaffolding are used, top-down approaches
often have difficulty recreating the intricate microstructural features of tissues [19],
because the current biomaterials and micro fabrication methods are with certain
limitation for creating intricate 3D biomimetic structures.

On the other hand, bottom-up approaches aim to address the challenge of recre-
ating 3D biomimetic structures by designing structural features on the microscale
to build modular tissues that can be used as building blocks to create larger tissues.
These modules can be created in many ways, such as through self-assembled ag-
gregation, micro fabrication of cell embedded hydrogels, creation of cell sheets or
direct printing of tissues [20, 21]. Once created, these modules can be assembled
into larger 3D tissues through a number of methods such as random packing, stack-
ing of cell layers or directed assembly [22—24]. One strong biological basis for this
bottom-up approach is that many tissues are also comprised of repeating functional
units, such as the lobule in the liver [25]. Consequently, bottom-up approaches are
promising to create more biomimetic engineered tissues.

The summary of current construction methods for engineered tissues is shown in
Table 9.1. It briefly describes both top-down and bottom-up approaches. In 1997,
Dr. Joseph Vacanti grew a human ear from cartilage cells on the back of a mouse,
which demonstrated the scaffold based 3D cell structures and tissues [26]. Also,

Table 9.1 Summary of the construction methods for artificial tissues

Approach Material and Advantages Disadvantages Refs.
method
Scaffold Biodegradable Directly 3D shape Difficult for complex [26-29]
polymer formation multi-cellular tissues
and cell differentiation
Cell Cell beads, cell | Scaffold-free, multi- | Low design flex- [30,31]
aggregation stimulation cellular structure ibility and shape
controllability
Micro Hydrogel, Arbitrary shape, Modular tissues need [32-35]
fabrication photolithography | microscale resolution | further 3D assembly
Cell sheets Cell layers Scaffold-free, direct | Low design flexibility, | [36—38]
and stacking transplantation, mass | difficult for complex
products shapes
Cell printing | Printing, position | High design flexibil- | Difficult for thick [39-42]
support ity, directly 3D shape | structures, limited
formation resolution
Random Cell encapsu- Microscale reso- Low shape [24]
assembly lated units lution, complex controllability
structures
Directed Cell plates Microscale resolu- Special designed cell [43, 44]
assembly tion, self-assembly plates
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various bottom-up methods are under rapid development. These undergoing issues,
such as fabrication of cell blocks, control of cell aggregation and assembly of engi-
neered tissue building blocks, involve manymicrotechnologies including observa-
tion, micromanipulation, microfabrication and microfluidic system. Especially, the
microfluidic devices integrated with multiple functions provide the promising ways
to realize the bottom-up approach (3D cell structure assembly) of tissue engineering.

9.1.3 Research Roadmap of Multi-Functional Microfluidic System

Tissue engineering has great potential to improve the therapy for the tissue and
organ damage. It may solve the problem of transplantable organ shortage and sub-
optimal artificial organs for repair or replacement of diseased or destroyed human
organs and tissues. As mentioned above, 3D cell structure assembly will contrib-
ute greatly to construct functional tissues. Assembly of cells to form 3D structures
provides a biomimetic structures for cells as the real tissue and an environment in
which one or more cell types can be encouraged to form tissues-like constructs.
Considering the advantages of microtechnologies, the main goal is to integrate these
mentioned techniques to develop a 3D cell structure assembly method for construct-
ing artificial tissues inside microfluidic devises. Our research roadmap is depicted
in Fig. 9.1, and each part of the system is described as follows.

The first issue is to overcome the limitation of the current available micro tools
inside microfluidic devices. We would like to develop the on-chip fabrication and
manipulation of arbitrary shaped microstructures to construct functional micro tools
directly inside microfluidic devices, in order to build the on-chip cell cultivation for
obtaining cell samples with similar characteristics from a single original cell. The

On-chip cell patterning & encapsu!arior;rj i
=) |

Fig. 9.1 Research roadmap of the whole 3D cell structure assembly inside microfluidic devices
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optical microscope, optical tweezers and polydimethylsiloxane (PDMS) microflu-
idic systems are integrated in one device. Various microstructures can be fabricated
and assembled to form micro tools for manipulating cells.

The second issue is to apply the cell samples for the fabrication of 2D micro cell
embedded building blocks. We fabricate different shape of micro electrodes and
integrate them inside the microfluidic devices. The dielectrophoresis (DEP) will be
used to pattern cells. The photo-crosslinkable resin is used to encapsulate patterned
cells and fabricate cell embedded components. Different shapes of 2D blocks which
are movable and controllable are fabricated directly inside the device, in order to
apply in different parts of the artificial tissues.

The third issue is how to make use of the fabricated cell embedded components
to construct 3D structures. We develop on-chip assembly method to control the po-
sition and attitude of the 2D blocks. Fluidic assembly methods are involved inside
multi-functional microfluidic devices. Our objective is to build vascular-like 3D
structures based on the previous fabricated components, with high efficiency and
contamination-free environment.

Finally, we extract the assembled vascular-like 3D structures outside the assem-
bly channel for their culture. The on-chip extraction function is realized by integrat-
ing micro valve system inside the microfluidic devices. The vascular-like shape and
multi-cellular condition provide the possible way to generated artificial tissues. We
believe our cell assembly method will benefit both the engineering and biological
fields.

9.2 On-Chip Fabrication and Manipulation of Arbitrary
2D Cell Embedded Microstructures

9.2.1 On-Chip Fabrication of Arbitrary Microstructures

To assemble 3D cell structures, the fabrication of 2D cell embedded building blocks
(microstructures) is the first step. The cells inside real tissues and organs are ar-
ranged according to certain patterns and shapes, such as neural cells with line pat-
terns, skin with reticular patterns and blood vessels with tube shapes [45]. To build
artificial tissues, an important issue is how to form different patterns of cells as
they are really arranged and how to immobilize these patterned cells inside certain
structures for encapsulation [46].

For immobilization, the convenient approaches are based on methods such as
aspiration, solution pressure and fluidic structure [47]. The advantage of aspiration
and pressure is the large fixing force, while the disadvantage is the damage to the
cells [48]. Using special fluidic structures, cells are immobilized inside microfluidic
devices [49]. On-chip fabrication based on photo-crosslinkable resin via ultra violet
(UV) illumination is a creative way of immobilizing cells [50].
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Fig. 9.2 a The on-chip fabri-
cated microstructures. b The
schematic of the on-chip UV
fabrication system

Optical fiber light

We present the on-chip fabrication method for microstructures based on photo-
crosslinkable resin [51]. As shown in Fig. 9.2, via the objective lens of a microscope,
the patterned UV is illuminated through the mask to the photo-crosslinkable resin,
which is inside the microfluidic channel made of PDMS. The microfluidic channel
has both glass and PDMS surface for fabricating immovable and movable micro-
structures respectively. The poly(ethylene glycol) diacrylate (PEGDA) is used as a
photo-crosslinkable resin. It is polymerized by the UV light which is patterned for
2D microstructures with arbitrary shapes to fabricate the structures at desired places
inside a microfluidic channel [52]. PEGDA has low toxicity and good biocompat-
ibility [53]. Besides, cell viability has been positively confirmed inside PEGDA
[54]. Tt is not needed to prefabricate microstructures or inject the microstructures
into the channel from outside. It is possible to fabricate the required microstructures
at the desired places. If the cells are mixed inside the photo-crosslinkable solution,
they are able to be directly immobilized inside the microstructures by UV exposure.

The fabricated microstructures are shown in Fig. 9.2a. They were fabricated by
illuminating the UV-ray for 0.2 s via the objective lens of 100X and 40X. The
microstructure fabricated by using 100X objective lens was about 1/100 size com-
pared with the pattern of the mask, while it was about 1/40 size by using 40X lens.

As shown in Fig. 9.2b, the mask made by polyethylene terephthalate (PET)
was set in front of the shutter. The patterns on the mask are able to be arbitrary
shaped. The UV light was patterned through the mask and exposed into the PEGDA
(molecular weight 700) inside the channel of PDMS microfluidic devices. The pho-
to-crosslinkable resin was polymerized and the arbitrary shaped microstructures are
fabricated inside the solution.
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The position of the microstructure was controlled by the X-Y stage. When the
surface of channel bottom is glass, the fabricated microstructure adheres on the
glass surface. When the surface of channel bottom is PDMS, the fabricated mi-
crostructure is able to move in the non-polymerized resin freely without adhering.
Because PDMS has an air permeability and it penetrates oxygen. Oxygen molecule
inhibits the radical polymerization of PEGDA. The oxygen layer near the PDMS
surface forms a non-polymerized PEGDA layer between the microstructure and
PDMS. Thickness of non-polymerized PEGDA layer is about 2 pum. Therefore, the
thickness of microstructures depends on the thickness of channel and PDMS sur-
face. For example, inside 40 um deep channel with both PDMS top and bottom
surfaces, the thickness of fabricated microstructure is about 36 um.

9.2.2 On-Chip Dielectrophoretic Manipulation
for Cells Patterning

For manipulation and patterning, existing methods include surface adhesion, optical
tweezes and DEP. By using surface adhesion, it is possible to manipulate cells with
less causing damage [55]. Optical tweezers is a low-damage cell manipulation sys-
tem. However, the manipulation force is weak compared with flow resistance [56].
Compared with other methods of cell manipulation, DEP is easier to control and it
is non-contact [57]. Due to the low physiological stress caused by DEP, the cells re-
main viable after treatment and can be cultured for further purposes. By using DEP
force, it is possible to manipulate particles with great selectivity. It is also possible
to allow the separation of cells or the orientation and manipulation of nanoparticles
and nanowires [58]. Furthermore, certain cell sheets with multiple layers are con-
structed by DEP. Cells aggregate and adhere with each other based on the DEP [59].
Patterned liver cell structures are also formed by DEP traps [60]. Consequently,
DEP is widely used for cell manipulation, such as sorting, aggregation and pattern-
ing. For immobilization, the on-chip fabrication based on photo-crosslinkable resin
via UV illumination is a creative way. Cells are directly immobilized inside the
photo-crosslinkable structures. There are several advantages such as high-speed,
low-cost and arbitrary shape.

For a spherical particle of radius » suspended in a medium of permittivity € , the
DEP force F,,,,, is given by the expression:

Fppp =278, Re[ feu 1V(EL) 9.1)

where £ is a root mean square value of the electric field. Re[f,,, ] represents a real
rms ‘M-

part of the /., , which can be represented as follows:

for =22
M £ +24, 9.2)
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Fig. 9.3 A schematic drawing of the cell assembly method

where € is a complex permittivity which is calculated by £'=£—jo/®, then o is a
conductivity and @ is a frequency of the electric field. Subscripts p and m represent
particle and the medium, respectively. Therefore, Re[f,,|>0 means that the particle
shows p-DEP responses so that the particle moves towards the part of the electric
field with higher intensity, while Re[f.,,]<0 represents n-DEP response and the par-
ticle moves towards the part of the electric field with lower intensity.

We present a method of manipulating particles and cells by DEP and immo-
bilizing them using photo-crosslinkable resin inside microfluidic devices [61].
The whole research approach is shown in Fig. 9.3. The key idea is to create cell
structures by combining patterning and immobilizing methods. There are mainly 3
advantages to this approach. First, the non-contact cell patterning method based on
DERP is high speed and low-damage. Second, the arbitrarily shaped microstructure
is effectively fabricated on-chip inside microfluidic devices. Third, the patterned
particles or cells are easily immobilized inside microstructures for further assembly
into complex three dimensional (3D) structures.

We developed special microelectrodes of which the size was approximately the
same order as the cells. Microelectrodes are key elements in micromanipulation
using DEP. Firstly, we used a Indium Tin Oxide (ITO) as a conductive material
because it is transparent. The thickness of the ITO layer is 150 nm. The fabrication
method was based on photolithography.

The DEP force should be generated inside the solution which means the micro-
fluidic channel is also needed. The PDMS is one of the key components for various
microfluidic applications [62]. The mold of the microfluidic channel was made with
negative photoresist SU-8. The SU-8 mold was covered with PDMS liquid and
cured after 24 h. After the PDMS was detached from the mold, holes were made at
the ends of the channel for an inlet and an outlet. The silicone tube was put in the
holes then the PDMS was attached on the glass substrate with electrodes. A solution
was injected into the channel using negative pressure.

There are two DEP responses of particles: p-DEP and n-DEP. Alternating Cur-
rent (AC) and NaCl water solutions were used to generate DEP force. By adjust-
ing the frequency of the AC and the concentration of the NaCl solution (medium
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Fig. 9.4 Experiment results of positive dielectrophoresis (p-DEP) and negative dielectrophoresis
(n-DEP)

Table 9.2 Different DEP responses under various medium concentrations and the AC frequencies

100 Hz 1 kHz 30 kHz 500 kHz 1 MHz
90 mg/L p-DEP p-DEP p-DEP p-DEP -
200 mg/L p-DEP n-DEP n-DEP n-DEP n-DEP
400 mg/L - - - n-DEP -

conductivity), these two DEP responses were generated. The reasons for using AC
are as follows. First, operating at high frequencies eliminates any electrophoretic
movement of the cell. Second, it is possible to eliminate electrochemical reactions
at the electrode-electrolyte interfaces, preventing electrode corrosion and gas for-
mation [63].

We confirmed the DEP responses of different particles experimentally such as
polymer microspheres, yeast cells (w303) as shown in Fig. 9.4. The yeast cells were
chosen as microspheres for testing the functions of our system. In order to con-
firm the precise experimental parameters of p-DEP and n-DEP for yeast cells, the
following experimental conditions were used. To generate p-DEP, the concentration
of the NaCl solution was 90 mg/L and the frequency of the AC was 1 kHz. To gener-
ate n-DEP, the concentration of the NaCl solution was 200 mg/L and the frequency
of AC was 500 kHz. In both cases the Vpp of AC was 8 V. Table 9.2 shows the dif-
ferent DEP responses of yeast cells under various medium concentrations and the
AC frequencies.

One line of 5 yeast cells was formed. As shown in Fig. 9.5, yeast cells were
trapped inside the holes of which the diameter was about 10 um. It demonstrates the
capability of cell traps to manipulate and immobilize the objects in the target posi-
tion without any contact and damage to the objects.

The n-DEP is often used for manipulating particles. For example, special struc-
tures of electrodes are applied to trapping cells at desired positions based on n-DEP
[64]. The trapping force is calculated based on the resistance force of the cells given
by the liquid flow. After one cell is trapped inside the hole, the flow velocity is
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Yeast cell Microelectrode

AC L
Fig. 9.5 One line of 5 cell traps and trapped yeast cells

increased continually. When the cell escapes from the trap, the trapping force is
equal to the resistance force /', which is calculated by the following expression:

E. =6mnnvr 9.3)

where 7 is the viscosity of solution, v is the velocity of solution and  is the radius of
the cell. The trapping force by DEP in this experiment was about 6 pN.

9.2.3 On-Chip Fabrication of 2D Cell Embedded Microstructures

Based on the on-chip cell patterning method using ITO microelectrodes by DEP
forces fabrication method, the fabrication of immovable microstructures embed-
ding patterned yeast cells was conducted.

The experimental steps are follows. First, the ITO microelectrodes and the
PDMS microfluidic device were prepared. The ITO microelectrodes were covered
with a PDMS mold and formed a microfluidic channel. A solution containing 30 %
PEGDA (molecular weight 700) and 200 mg/L NaCl was prepared. The PEGDA
(700) is able to dissolve in a water. Then the yeast cells (w303) were mixed into the
solution and the solution was injected into the microfluidic channel. An AC power
supply was used to generate DEP force. The frequency of the AC was 500 kHz, and
the Vpp of the AC was 8 V. After the cell pattern was formed, the objective lens was
adjusted to the patterned position. Then UV light pattern was exposed for 0.2 s to
fabricate the microstructures at the same position as the patterned cells. The proce-
dure is schematically shown in Fig. 9.6.

For UV light pattern, donut shaped masks were used. Therefore, after the line
patterns of yeast cells were formed, donut-shaped microstructures were fabricated
at the same position with UV exposure. This microstructure contains 3 lines of
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Fig. 9.7 The images of immovable microstructures embedding patterned cells

yeast cells as shown in Fig. 9.7. In Fig. 9.7a, the inner and outer diameter of the
donut shapes are 35 and 100 pm respectively. There are approximately 100 yeast
cells inside this microstructure. As shown in Fig. 9.7b, after cleaning cells outside
the structure by a flowing solution without cells, only the immobilized cells remain
clearly inside the microstructure. The pattern was generated in about 10 s and the
microstructures were fabricated in 0.2 s. This high speed fabrication is easily con-
trolled and the cells are automatically patterned. Therefore, it is possible to fabricate
microstructures very quickly and immobilize large amounts of cells inside them.
However, the fabricated microstructures are immovable which means it is difficult
to manipulate and assemble them in order to form larger 3D structures.

Figure 9.8 shows the movable microstructures embedding beads or cells. Mam-
malian cell embedded movable microstructures were fabricated using mouse fibro-
blast NIH/3T3 cells. After NIH/3T3 cells were cultured inside an incubator, col-
lected cells were mixed with PEGDA solution (30% PEGDAs, 70% Phosphate
Buffered Saline (PBS)). Solution was injected inside the microfluidic chip, and then
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Flow direction
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Fig. 9.8 a Movable microstructures embedding microbeads of which the concentration or numbers
of cells are controllable. b Movable microstructures embedding mammalian cells (NIH/3T3)

movable 2D microstructures embedding cells (NIH/3T3) were fabricated directly
inside, as shown in Fig. 9.8b.

This high speed fabrication and manipulation shows the great potential of this
method for use in high-throughput cell manipulation and immobilization for tis-
sue engineering. These movable microstructures can be further assembled to form
much more complex 3D cell structures. With cell culture, these cell embedded mi-
crostructures could become functional components of artificial tissues.

9.3 On-Chip Self-Assembly of 2D Microstructures to
Multilayered Microtubes

9.3.1 Fluidic Self-Assembly for Multilayered Microtubes

We present a novel method of constructing multi-layered microstructures embed-
ding cells based on on-chip fabrication, micromanipulation system and microfluidic
self-assembly inside microfluidic devices [65]. The whole procedure is with high
efficiency, high accuracy and control flexibility. The concept of the self-assembly
is that, the fabricated microstructures are flowed horizontally with the solution, into
the micro well. Following the flow direction, the microstructures are rotated 90
degrees (axis translation from the original position to the assembly position) to be
vertical inside the micro well and stopped at the end of the micro well, because
they are not able to go into the micro grooves. The stopped microstructures will be
assembled one by one. Finally, a tubular 3D structure embedding large amount of
cells is formed inside the micro well.
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Fig. 9.9 The 4-layer PDMS microfluidic device, with fabrication, assembly and extraction areas.
a A schematic of whole device. b The side view of the magnified area, the fabrication of the micro-
structures and the self-assembly concept inside the micro well

A microfluidic device with 4 PDMS layers is designed as shown in Fig. 9.9. The
1st layer contains a wide channel for providing a space of microstructure on-chip
fabrication, as called the on-chip fabrication area. There is a micro well inside the
2nd layer for assembling the microstructures. There are 3 micro grooves inside the
3rd layer to keep the assembled microstructures in the micro well. The flow can
pass through the micro grooves. This part is called the assembly area. There is a
channel for acting pneumatic control in the 4th layer by applying negative pres-
sure. The negative pressure can deform the area of micro grooves in the 3rd layer,
downwards into the 4th layer. This is called a normally closed (NC) micro valve.
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Fig. 9.10 The mechanism of the self-assembly process inside the microfluidic channel

9.3.2 Mechanism of the Self-Assembly Process

The mechanism of the self-assembly process is shown in Fig. 9.10. Its key point
is the rotation mechanism of the microstructure. The fabricated microstructure is
moved towards the micro well following the flow direction. The flow direction
changes when it goes into the micro well as shown in Fig. 9.10a, it causes the initial
rotation of the microstructure. The red lines show flow lines and the blue color area
represents low flow velocity while the red area represents high. From the simula-
tion result, the velocity difference clearly occurs at the boundary between fabrica-
tion area and assembly area. Therefore the microstructure tilts a little as Fig. 9.10b.
The average flow velocity in the fabrication area is higher than the assembly area
because of the different depth of the channels.

The forces which act on the microstructure in the direction of the fluid flow
velocity are important. These forces are called the fluid resistance and expressed as
the equation:

F = %Cd A 9.4)

where C, is the drag coefficient which related with the shape of the object and the
viscosity of the fluid, p is the density of the fluid, v is the velocity of the object rela-
tive to the fluid, and 4 is the cross-sectional area of the object. The fluid resistance
F, (by flow velocity v,) and F, (by flow velocity v,) act on the different parts of
the microstructure (4, and A4, respectively). We also simplify the C, as the same
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for these two forces. These forces generate a torque for rotating the microstructure.
The rotation center is shown as point O. The torque M is calculated as the equation:

M =nF sing—nF,sing

1 .
=5Cd/351n GO R vy ry Ay ) (CR))

where r is the distance between the point where force F is applied and the rotation
center O, and the length r is related with the acting force area A. ¢ is the angle be-
tween the microstructure and the horizontal plane. Obviously v, is larger than v,.
The r, and r, have the positive correlation with the 4, and 4, respectively. However,
with a smaller 4, the torque may become weaker and it will fail to rotate the micro-
structure. The 4, is determined by the Depth of the fabrication channel, and the 4,
is determined by the dimension of the microstructure.

This is the secondary stage of the rotation process for the microstructure, called
as a further rotation, shown in Fig. 9.10b. We consider that the further rotation is
mainly generated in the place between the fabrication area and the assembly area,
which is the distance d as shown in Fig. 9.10c. The cross-sectional areas §, and S,
represent the relationship between v, and v, (S,v, equals S,v,) under constant flow
rate in the channel. The simplified different flow velocities v,, v, and v, in the chan-
nel are shown in Fig. 9.10c. The further rotation takes the time ¢ and the further
rotation angle a can be calculated as:

1M ,
a=——t
21

1 .
1ECdps1n¢(v12rlAl—v22r2A2) d)2
o
1 Cypsing(S,2 4, - 52, 4, )d?

(9.6)
4 I8,?

where [ is the rotational inertia of the microstructure. It shows that the flow veloci-
ties v, and v, do not influence the further rotation angle a.

After the further rotation, the micro structure continues to rotate for a while
because of the inertia. The microstructure is expected to be rotated less than 90
degrees before the final rotation at the end of the micro well as shown in Fig. 9.10c.
With a longer d, the further rotation angle will be larger and it may be over 90
degrees. This may cause a failure of the final rotation, especially in the case of
180 degrees. As the rotation dynamic analysis is complicated, the above theoretical
analysis is a simplified model for the qualitative analysis. It contributes to the fol-
lowing experiments with different parameters which influence the assembly results.

After a whole successful rotation, the horizontal microstructure becomes vertical
and it is assembled at the end of the micro well. As this assembly process is per-
formed by the fluid inside the microchannel, we call it the microfluidic self-assembly.



166 T. Fukuda et al.

Fig. 9.11 The calculation of =~ ;-=-=-----c-ooooooooooooon
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In the 2-layer microfluidic channels, a key parameter is the opening length d
between the fabrication area and the assembly area as shown in Fig. 9.11. The ro-
tation of the microstructures when they flow into the micro well is influenced by
the length d. There is a minimum length of d for the microstructures to completely
flow into the micro well. When the corner of microstructure overlaps the corner of
channel at the point C, and the other corner of microstructure contacts the top of the
channel simultaneously, this is a limiting position of the rotation which represents
the minimum length of d, whichis d . . Hence, thed . is calculated by the equation:

din =ab/m 9.7)

mj

The thickness of the microstructure is controlled by the depth of the fabrication
channel m.

a=m-6 (9.8)

It means that the d . is related with the size of microstructure.

A microstructure was fabricated for testing this ¢ . . The 3 types of channels
with different opening length d were used in the testing experiments. The flow
velocity v, of these 3 cases was controlled as the same value which was about
25 um/s. In 120 um length case which is shorter than minimum length 169 pm,
the microstructure did not flow into the micro well. In 170 pm case which is al-
most the same length as 169 pum, the microstructure flowed into the micro well
and rotated about 90 degrees. In 220 pm case which is longer than 169 pm, mi-
crostructure rotated more than 90 degrees inside the micro well. A reason of the
over rotation is that the d is too long. The microstructure rotated too much during
going into the micro well. Based on these theoretical calculation and experimental
results, the opening length of about 170 pum was characterized as an acceptable
parameter for the experimental devices.
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Fig.9.12 The successful assembly results of 190 um diameter microstructures with high-efficiency

9.3.3 Evaluation of the Microfluidic Self-Assembly

The on-chip fabrication and microfluidic self-assembly were conducted inside the
device. The experimental results of self-assembly are shown in Fig. 9.12. Movable
microstructures were continually fabricated inside upper part channel, then they
were moved with solution flow into the micro well of bottom part. The inner hollow
of this tube-shaped structure is shown clearly in these micrographs. The great ad-
vantage of this method is that the whole process is done inside microfluidic channel
without any manual manipulation.

Microstructures were continuously fabricated in the fabrication area and then
moved with flow into the assembly area. As shown in Fig. 9.12, the fabricated first
microstructure successfully went into the micro well and was assembled within 1 s.
After 18 s, 9 microstructures were assembled as a tubular structure.

Self-assembly experiments under various flow velocities were conducted to test
the effects of the flow velocity. The assembly success rate is defined as the percent-
age of successful cases in the total assembly cases. By using the microstructures
with same size, the velocity difference showed no obvious influence to the assem-
bly success rate. The results are shown in Fig. 9.13a. Considering Eq. (9.6), the
experimental results demonstrated that the rotation angle almost did not change
under different flow velocities.

Based on Egs. (9.5) and (9.6), these assembly failures are mainly influenced
by the 4, and 4,, which are the force acting areas related with the dimensions of
the microstructure. For the dimensions of microstructures, there are 3 parameters
which are the outer diameter (OD.), the inner diameter (ID.) and the thickness. The
thickness is controlled by the depth of the fabrication channel which determines the
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A,. The 4, is mainly influenced by the diameters of the microstructures. However,
we design that the inner diameter is always the half size of the outer diameter. It is
considered that the outer diameter determines the 4,. Therefore, outer diameter and
thickness were evaluated in our experiments.

An evaluation of the relationship between the assembly success rate and the
dimensions of the microstructure was conducted as shown in Fig.9.13b. The results
are shown in 3groups including 2 different thickness. There were 3 different outer
diameters in one group of thickness. All of these cases were conducted under the
flow velocity about 250 pm/s. When the thickness was the same, the smaller outer
diameter ones showed higher success rate. When the diameter was the same, the
larger thickness ones showed higher success rate. The results indicate that when
the ratio of outer diameter to thickness is larger than 5, the success rate decreases
tremendously.

As shown in Egs. (9.5) and (9.6), one explanation is that the small thickness
represents the small 4,, while the large outer diameter represents the large 4,. It
means that the rotation torque M may become smaller and then the rotation of mi-
crostructure fails. This evaluation result contributes to determine the better size of
microstructures for assembling the microtubes.

9.4 On-Chip Construction of Cellular Vascular-like
Microtubes

9.4.1 4-Layer Multi-functional PDMS Microfluidic Device

We demonstrated the on-chip fabrication with extraction of assembled structures
from the microfulidic channel. This novel microfluidic device was fabricated with 4
PDMS layers. The fabrication, self-assembly of cell embedded microstructures, and
the extraction of assembled tubular structures are all conducted inside this device.
It is a reusable microfluidic device and the production of cell embedded microtubes
can be conducted continuously.

We proposed microgrooves at NC valve just after the assembly area. This area is
named as extraction area, as shown in Fig. 9.14. On-chip extraction was conducted
by opening the NC valve. Under the closing condition, it is possible to stop the
fabricated microstructures, but release the solution. With the negative pressure, the
micro grooves are deformed downwards and the assembled microtube is extracted
from the assembly area. The micro valve is commonly used in microfluidic devices
for controlling flow [66]. The NC valve is suitable for generating continuously clos-
ing of the channel, and also the temporary opening of the channel under the pres-
sure control [67, 68]. Via the opening of the NC valve, the assembled vascular-like
microtubes are able to be extracted from the device and transported to the culture
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Fig. 9.14 Section view of the magnified area cut at A-A’. When the NC valve is closed without
the negative pressure in 4th layer, the self-assembly was conducted in this status. When the NC
valve is opened with the negative pressure in 4th layer, the extraction of the assembled microtube
was conducted in this status

dishes for further treatments and applications. After extracting this microtube via
the micro valve, the negative pressure is tuned off to close the valve, and the new
microstructures are able to be fabricated and assembled to construct a new micro-
tube structures.

The on-chip extraction for the microtube was conducted, as shown in Fig. 9.15a.
The microtube was stopped by the micro grooves. Then the negative pressure was
applied through the pneumatic control channel in the 4th layer to the NC valve area.
The micro grooves above the pneumatic control channel of 3rd layer were deformed
downwards. After the vertical deformation of 3rd layer was larger than 240 pum, the
3rd layer contacted with 4th layer. By enhancing the negative pressure, the elliptic
contact area expanded. The length of the major axis of the elliptic contact area was
called the valve opening length. When the valve opening length was longer than the
length of the micro grooves, the micro grooves were fully sank in the 4th layer and
the valve was fully opened for extracting the microtube. The extraction took about
40 s and the whole microtube was successfully extracted. Figure 9.15b shows the
relationship between the applied negative pressure and the valve opening percent-
age. As the length of micro grooves is 1200 um, the valve opening percentage is
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Fig. 9.15 a The NC valve was closed for assembly and opened for extraction of the assembled
microtube. b The relationship between the applied negative pressure and the valve opening per-
centage. When the negative pressure was lower than —65 kPa, the NC valve was able to be fully
opened

defined as the percentage of the valve opening length on 1200 pum. For this device,
the negative pressure 65 kPa is needed for fully opening the NC valve and conduct-
ing the extraction process.

9.4.2 Assembly of Cell Embedded Microstructures to Microtubes

In order to confirm that the presented method was able to be used in biological
applications, cell viability tests were conducted after embedding cells inside the
donut-shaped microstructures. The cell embedded microstructures using NIH/3T3
cells were washed by Phosphate Buffered Saline (PBS) then they were immersed in
the viability test solution which was the mixture of 10 pL Calcein AM (1 mg/mL),
15 uL Propidium iodide (PI, 1 mg/mL) and 5 mL PBS. The test solution with the
microstructures was put inside an incubator (37°C, 5% CO,) for 30 min. After that,
the test solution was removed and the microstructures were washed by PBS again.
The fluorescent images of the testing results are shown as Fig. 9.16a. The green
represents the live cells while the red means the dead cells. Different dimensions of
donut-shaped microstructures were used. Figure 9.16b shows that the relative cell
viability of all the samples is higher than 80%, which confirms that they are to be
used in biological applications.
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Fig. 9.16 The viability tests for the cells embedded inside microstructures. a The green represents
the live cells while the red means the dead ones. bThe relative cell viability of the cells embedded
inside microstructures

Fig. 9.17 The integrated multi-functional microfluidic system, with the on-chip fabrication, on-
chip patterning, on-chip extraction and on-chip assembly

9.5 Conclusion

In this chapter, we focused on building 3D cell structures inside multifunctional
microfluidic devices based on a bottom-up method, as shown in Fig. 9.17. It is used
as a "factory line on a chip", including on-chip fabrication, on-chip patterning, on-
chip assembly and on-chip extraction.

A novel 4-layer PDMS microfluidic device is fabricated, including fabrica-
tion area, self-assembly area and extraction area inside one channel. The on-chip
fabrication and assembly of microstructures based on photo-crosslinkable resin is
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presented. The movable microstructures embedding patterned particles and cells
are fabricated inside the microfluidic channel, as the 2D blocks for building 3D
structures. The novel fluidic self-assembly of 2D microstructures based on axis-
translation process is presented and experimentally demonstrated. The NIH/3T3
cells embedded microtubes are self-assembled and directly extracted outside the
channel by the NC micro valve system. The 3D vascular-like microtubes are con-
structed by our system, with high efficiency and a contamination-free environment.
This technology will contribute the construction of functional 3D cell tissues.

The fabricated structures will contribute the construction of functional 3D tis-
sues.
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