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ABSTRACT

Magnetically actuated microrobots were developed as a platform for the cell study
and targeted transportation. Fundamental microrobotics for biomedical applications
including the targeted therapy, efficient propulsion methods in the micro-scale
environment, fundamental principal of magnetic manipulation and electromagnetic coils
systems were briefly explained in the beginning of thesis. Proposed microrobots were
fabricated with microfabrication technologies including the three dimensional (3D) laser
lithography to form the basic structures, and metal sputtering system for deposition of
magnetic material and biocompatible material, and are precisely controlled with magnetic
fields to swim in the fluid environments. Scaffold shapes of microrobots were fabricated to
carry the cells into the specific target area with 3D cell cultured microrobots; bundle of
cells are entangled on the porous microrobots. Structures of scaffold type microrobots
were designed to apply the various propulsion mechanisms such as pulling, rolling, and
Corkscrew motions with cylindrical, hexahedral, spherical, and helical shapes, etc. First,
the cylindrical and hexahedral shapes of microrobots were designed and fabricated, which
microrobots were manipulated by external magnetic field gradient to pull and push those
bulky structures. The maximum averaged translational velocities were evaluated as 50
um/sec for cylindrical microrobots and 35 um/sec for hexahedral microrobots under the
800 mT/m of external magnetic field gradient in the de-ionized (DI) water, respectively.

The velocities and those pulling translation mechanism would be not suitable for micro-



scale swimming environment, because of the low Reynolds number fluid (high viscos
force with low inertia force). To enhance the propulsion efficiency in this micro-scale
swimming environment, the Corkscrew motion and rolling motion were suggested, and
designed the helical and spherical shapes of microrobots, respectively with preserving the
previous scaffold shapes. The maximum translational velocities were evaluated as 550
um/sec for the helical microrobots and 1400 um/sec for the spherical microrobots under 15
mT of magnetic field intensity and their step-out frequencies in the de-ionized (DI) water,
which velocities were dramatically increased than previous cylindrical and hexahedral
shapes of microrobots. The power efficiencies of developed four kinds of scaffold type
microrobots were also compared among various microrobots developed, which defined as
translational velocities per normalized current on the electromagnetic coils system. The
power efficiencies for helical and spherical scaffold type microrobots were much higher
than those of cylindrical and hexahedral shapes of scaffold type microrobots. Also ciliary
microrobots were developed which also use one of the efficient propulsion mechanism in
the low Reynolds number fluid inspired by microorganisms such as Paramecium which
shows the non-reciprocal stroke motion to translate the body. The fabricated cilia, attached
on the ellipsoidal body were manipulated by an electromagnetic coils system which
generates stepping magnetic field to actuate the cilia with non-reciprocal motion. The cilia
beating motion produces a net propulsive force to translate the microrobots. The magnetic
forces on cilium were calculated with various input parameters including magnetic field,
cilium length, applied field angle, actual cilium angle, etc., and the translational velocity
was measured by experiments. Also the complex trajectory driving and the particle
transport experiment were conducted to show the feasibility of the targeted cell or drug

delivery. Developed scaffold type microrobots were also manipulated in the microfluidic



channels, to show the possibility for microrobots to perform in the blood vessels, or
confined environment. The human embryonic kidney (HEK) cell culture, and hippocampal
neuronal stem cells (NSCs) culture and differentiation were completed for scaffold type
microrobots to show the feasibility for targeted cell transportation. 3D cell cultured
microrobots of NSCs were proliferated and the NSCs were differentiated into target cells
composing brain tissues such as astrocytes, oligodendrocytes, and neurons.

In summary, magnetically actuated microrobots were developed with various shapes
with designated driving mechanisms such as four different shapes of scaffold types and
ciliary type. Microfabrication technologies were used to form the basic 3D structures of
microrobots, and nickel and titanium were deposited to manipulate by magnetic fields and
for the biocompatibility. The position and orientation of developed microrobots were
precisely controlled and the driving performances were evaluated and compared among
the microrobots. The human embryonic kidney (HEK) cells were cultured on scaffold type
microrobots. The hippocampal neuronal stem cells (NSCs) were cultured on scaffold type
microrobots and differentiated into specific neuronal cells to show the possibility of NSCs

therapy using microrobots.

Keywords: Microrobots, Scaffolds, Targeted therapy, Magnetic manipulation, Micro-fabrication
technologies, MEMS technologies, Bio-inspired technologies, Ciliary microrobots, 3D cell culture, Stem

cell, Stem cell differentiation, Stem cell therapy
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1. INTRODUCTION

1.1 Background

1.1.1 Medical microrobots
Recently, the interest in the health has been growing by the influence of aging society and
qualitative and quantitative growth of the medical market. According to this flow, the
development of sciences and technologies on medical devices has been accelerating. Also,
various advanced medical devices and technologies will be developed and clinically tested to
overcome the problems of conventional surgical procedures for achieving a minimally

invasive medicine.

Figure 1.1 One of the most successful surgical robot system, ‘da Vinci’ [1]

Robotics industries have been rapidly developed concurrently with growing of medical
market. Now, robots are commonly found in everywhere around us which serve various
works such as manufacturing, service, surveillance, military, and medical fields. Robots are

getting sophisticated and smarter, which perform a lot of works that are hard work or cannot
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be done by human. Figure 1.1 shows the image of the most successful surgical robot system,
‘da Vinci’ [1], which is the tele-operating surgical robot system and commonly available now
a days in hospitals over the worlds. This robot helps surgeons to perform the surgical
procedures effectively with minimally invasive methods. Capsule endoscopy is another
commercially available medical procedure using robotic devices to record images of the
gastrointestinal (GI) tracks using pill shaped capsule which has tiny camera (See Figure 1.2,
image in the most lower right [2]). By the success of the medical robots such as ‘da Vinci’
and capsule endoscopy, the potential on medical robots have been proven, and various forms

of medical robots would be steadily developed.

Figure 1.2 Scale of microrobots with some examples [2-10]

Microrobots are actively driven tiny mediators on a millimeter to micrometer size,
designed to perform various missions to the unexplored space which may be dangerous or
hard to access by human sensing. Figure 1.2 shows the scale of microrobots. Scale of
microrobots covers generally micron-scale which is from 10° to 10° millimeters (1

micrometer to 1000 micrometers). But some of nanometers-scale and some of millimeters
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scale robots could be countered. Figure 1.3 shows the various kinds of microrobots such as
walking, crawling, flying, and swimming, etc. Most of microrobots for the medical
applications would be the swimming microrobots, because their acting places are mainly
fluids environments in the biological systems. The medical microrobots perform biomedical
functions, such as diagnosis, treatment, neural interfaces, micro-surgery, cell/drug delivery,
and transplantation by acting in the fluid environment such as cerebrospinal fluid (CSF),
blood vessels, ureter, eyeball, etc. [11-16] Untethered microrobots could be one of the best
robotic instruments for biomedical fields, because which have high level of degrees of
freedom. Unlike conventional surgical methods, micro-surgery using microrobots has
potential advantages, such as reduced pain, infections, and trauma in accessing a particular

spot in the body, due to their small size and wireless intervention [11, 12].

Walking microrobot Flying microrobot

helicaltal

. . -~ softmagnetichead & f'f_;' o
Crawling microrobot Swimming microrobot

Figure 1.3. Various types of microrobots [17, 18]
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Figure 1.4 shows the various biomedical applications with microrobots [11]. The
microrobots enable to deliver the drugs, radioactive, heat, and stem cells into the specific
target area as targeted therapy. Microrobots could be the mechanical ablation and biopsy
tools, and expand or block the blood vessels. Also microrobots could offer the structural
benefits such as scaffolds and electrodes for interfacing. Markers and sensors could be altered
into microrobots with mobility. For the control of those microrobots, wireless magnetic field
actuation is the most famously used and it is one of the best selections for biomedical
applications, because magnetic field is harmless to the biological system, and it has no

distortion or attenuation during body penetration [11].

Drug delivery Brachytherapy

Il §F

Ablation Biopsy

Occlusion

22
Vi

Scaffolds Electrodes Marking Sensing

Figure 1.4. Various biomedical applications of microrobots. [11]

In this thesis, studies are focusing on the microrobots that are manipulated by external
magnetic fields, as well as are mainly performing in the fluid environments, to conduct the

medical functions as listed in Figure 1.4.
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1.1.2 Microrobots for regenerative medicine

Tissue engineering has been actively studied in terms of its use in treatment or
regeneration of tissue [18, 19]. Figure 1.5 shows a conceptual image of tissue engineering.
The purpose of tissue engineering is to understand the correlation between the structure and
function of biological systems and to enhance or maintain the body’s abilities by implanting
fresh tissue (cell-scaffold composites) after cultivation of extracted cells from tissues into
functional structures. Human organ or tissue damage occurs more frequently with age.
Despite rapid progress in medical engineering technology, organ transplant surgery has long

been difficult due to high cost, the side effects of immunosuppressant, a lack of donors, and

difficult surgical procedure in some specific area such as brain or small spots.
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Figure 1.5 Conceptual image of tissue engineering [20]
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Stem cell therapy has emerged as a promising therapeutic method to restore damaged
tissue or organs in various diseases [21-25]. Recently, Neuronal stem cells (NSCs) have been
considered a promising route for neuro-regenerative medicines for degenerative neural
disorders, such as Alzheimer’s disease. It is important to deliver stem cells precisely into a
targeted area of the brain for accurate and effective stem cell therapy. Thus, microrobots
could constitute novel therapeutic agents for enhancing the effects of neuro-regenerative
therapeutics using NSCs.

Bio-scaffolds for tissue regeneration must meet the following conditions. Bio-scaffolds
should be manufactured from materials that support attachment of cells and differentiation of
active cells within the structures. The structure of bio-scaffolds should be porous to allow for
proliferation and regeneration of cells. The interconnectivity allows circulation of nutrients to
all cells inside the structure. For use in specific areas, the scaffold may be biodegradable. The
sizes of structures and pores are determined by the target shape, cell size, and cell density

[26].

p‘; : \’,—-‘ =) »h \
LA <« Microrobots
' X 7/1_‘-_\\ /]

Figure 1.6 Conceptual image of cell therapy using microrobots
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The conventional implantation process is associated with a risk of infection and trauma,
and scaffold insertion is difficult in typically affected areas, such as blood vessels and brain
tissue, which may require critical treatment. These scaffolds are directly inserted into the
desired position by invasive methods or by natural orifices, such as by hand or using tools
like a needle. The accessing for critical place without damages on the target structures is also
challenging so far. Therefore, to solve this problem the microrobots could be introduced as a
stem cell delivery platform. Figure 1.6 shows the concept of the possible applications and
methods of our targeted cell transportation system. Cells or reparable tissues can be extracted
from the human body or can be synthesized outside the body. The cells or tissues are
implanted in the microrobots within a scaffold shape, which can then enter the body to be
delivered into the target area. The proposed microrobots may be one of the promising tools

for in vivo stem cell delivery for future stem cell therapies.
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1.2 Research trend or related research works

1.2.1 Magnetic microrobots

Figure 1.7 Various kinds of microrobots. (a) microrobots with two cross-assembled plates [1], (b) bulky
microrobots with needle [27], (c) bulky microrobots in the blood vessel phantom [14], (d) cylindrical and
hexahedral scaffold type microrobots [28], (e) helical scaffold type microrobots [28], (f) spherical scaffold
type microrobots [28], (g-h) spring-mass type oscillating microrobots [29], (i-m) bacteria-based
microrobots [30-34], (n) metal helical microrobots by self-rolling method [4], (0) helical microrobots with
glancing angle deposition method [5], (p) helical microrobots with 3D laser lithography [35], (g) helical
microrobot with gripper [36], (r) modular microrobots with magnetic particles [37, 38], (s-t) spherical
microrobots with magnetic stick inside [39], (u) flagella-inspired microrobots [40, 41], (v) precise cell

manipulation with microrobotic insertion system [42], (w-X) ciliary microrobots [43]

Many research groups have been developing magnetically driven microrobots because it
is safe to the body, has no attenuation during body penetration, and easy to fabricate the agent
without internal energy source as long as it contains magnetic materials inside. Various
microrobots have been developed for biomedical applications with different kinds of
magnetic field for accurate and efficient locomotion. Bulky, spring mass-based, spherical,

18



helical, and cilia-based microrobots have been controlled by external magnetic field gradients
to pull and push [17], and oscillating and rotating magnetic fields to generate thumping [18],
rolling [19], corkscrew [20-25], and ciliary stroke motions [43]. Figure 1.7 shows the various

kinds of microrobots using different motions.

Figure 1.9 Commercial magnetic steering systems as human-scale medical devices [51-53]

For the magnetic manipulation of microrobots, magnetic systems are needed and
generally the electromagnetic coils systems are used. Many research groups have been

developing the magnetic manipulators with higher performances such as higher field
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intensities, smaller size of whole system, broad working area with uniform fields, low power
consumptions, etc. Figure 1.8 shows the developed magnetic manipulators by the various
research groups. Also several clinical tests have already been performed with commercially
available magnetic manipulators; the Aeon Phocus, Aeon Scientific, GmbH, Switzerland [51],
the Niobe system, Stereotaxis, Inc., USA [52], and the Robotic Catheter Guidance Control
and Imaging (CGCI) system, Magnetecs, Inc., USA [53]. Figure 1.9 shows the commercial
magnetic steering systems for human-scale medical devices. These devices are developed to
treat the human arrhythmia which is cardiac disorder, need to be electrical treatment to
regulate the abnormal electrical pathway in the heart. The magnetically steerable catheter is

steered by magnetic fields, to access into the specific spot in the human cardiac system.

1.2.2 Various driving mechanisms
As listed in the Figure 1.7, there are various kinds of microrobots with different
propulsion mechanisms for swimming of microrobots in the fluids. Different types of
microrobot features and accurate manipulation techniques are being continuously developed,
and increasing the efficiency of locomotion for microrobots is an important design goal.
Reynold’s number is the dimensionless number indicates the ratio between the viscous force

and inertia force. equation (1) shows the Reynolds number.

Inertial forces pVL
Re=——7—-=—

= Viscouse forces 7 equation (1.1)

where p is density of the fluid, V is velocity of flow, L is characteristic length which
indicate the size of the swimming object, n is the kinetic viscosity of the fluid. This equation
implies that the inertial force based propulsion does not generate the effective motion for the

swimming of small objects such as microorganisms or microrobots. Therefore efficient

swimming in a low Reynolds number environment requires innovative approaches for
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microrobots in terms of shape and actuating methodology on structure and mechanism design
because of absence of inertia and presence of relatively high drag forces due to the small size

of the microrobots.

a

Figure 1.10 Various motions of microorganisms. (a) Prokaryotic flagellar motion, (b) eukaryotic flagellar

motion, and (c) ciliary stroke motion [54]

Biomimicry is one of the most effective approaches to achieving energy-effective
structures and functionality on a small scale [4, 36, 40, 41, 56-67]. Microorganisms
sometimes provide inspiration for efficient moving in a low Reynolds number fluidic
environment. Figure 1.10 shows the various motions of microorganisms [54]. Among the
various motions of microorganisms, prokaryotic and eukaryotic flagellar motion and ciliary
motion have been well reviewed theoretically. [11-27] Prokaryotic flagella show a corkscrew

motion with helical tails, and to implement this motion, rotational magnetic fields were used.
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Propulsion velocity of helical microrobots is determined by the drag forces, rotating
frequency, intensity of magnetic fields, and geometrical parameters including the helix pitch.
Eukaryotic flagella use a traveling-wave motion with flexible tail and the motion is possible
by the external oscillating magnetic fields. Velocity for traveling wave motion is affected by
the drag forces and bending stiffness of the tail. The effective motion by traveling wave is
possible when the distributed actuation of tail part, therefore it is more difficult to implement
than the helical propulsion. [1] Cilia move with a power stroke motion. The power stroke and
recovery stroke motions have different actuating forces which make the net propulsive force
for translation. A key characteristic of these motions is the requirement for non-reciprocal
motion within the low Reynolds number fluids.

The design, fabrication and actuating methods for microrobots have been studied widely
and realized with micro-/nano-technologies and the magnetic manipulation is one of the
popular methods for biomedical applications. The designs for locomotion of many
microrobots have been motivated by microorganisms for efficient manipulation under
external magnetic fields. [68-70] Other mechanisms to manipulate micro-swimmers include
biological and bio-hybrid approaches, which use a biological motor to achieve locomotion of
microrobots. [71-74] However, such biological structures may have immune or toxicity issues,
which may be unsuitable for in vivo applications. Also, the lifetime of microrobots based on a
biological motor is relatively short and unstable in terms of material safety and reliability.
Our main interests are the magnetically actuated artificial microrobots with high propulsion
efficient for many potential applications. An artificial ciliary motion is an actuation
mechanism that mimics non-reciprocal ciliary beating motion but it has not been reported
before because of the difficulty to fabricate a ciliary structure with high aspect ratio. Thus, we
propose an artificial ciliary microrobot to be actuated by the non-reciprocal actuation for net
positive propulsion which mimics the cilium beating of paramecium.
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In a low Reynolds number environment, time-symmetric movement cannot create a net
propulsive force, as can be explained with Purcell’s scallop theorem. [75] Thus, non-
reciprocal motion of microrobots is required for effective locomotion within Newtonian
liquids. Non-reciprocal motion can be achieved in one of two ways: a non-symmetric
structure of the microrobot or non-symmetric actuation. For the first case, even though the
actuating force is applied in a consistent and time-symmetric manner, a microrobot can move
in a non-reciprocal way if the shape of the microrobots has chirality: a helical or other non-
symmetrical shape [37, 38]. Artificial helical micro-swimmers using a corkscrew motion
have been developed and their motions are realized by magnetic actuation. Magnetic
locomotion was demonstrated by rotating a magnetic field, which generated a magnetic
torque along the rotational long axis of the helical microrobots for a corkscrew thrust.
Secondly, non-reciprocal motion can also be generated from non-reciprocal actuation. Micro-
organisms using a traveling wave motion and a ciliary stroke motion may not have chirality
in their shape, but they can generate a propulsive force by non-symmetric actuation motion.
[75] If a non-symmetric actuation magnetic field can be applied, non-reciprocal motion is
possible even with a symmetric structure. Microrobots using non-reciprocal motion due to
non-reciprocal actuation have not been developed to our knowledge, probably because of the
difficulty of implementing non-symmetrical actuation and fabricating the complicated ciliate

structures.

1.2.3 Bio-scaffolds
A scaffold is a porous 3D structure that is used for cell adhesion and mechanical support
for tissue and organ regeneration. [76—79] A 3D cell culture is important for sustaining the
structural and functional complexities of the cells, because most in-vivo environments are 3D.
Porous structures with controllable porosity have benefits over scaffolds with random pores,
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because they exhibit enhanced characteristics, such as the ability to produce the proper
nutrient supply, uniform cell distribution, and high cell density. Three-dimensional laser
lithography offers excellent control over the geometry and porosity of the sample, as well as
high resolution, and has been used recently to fabricate bio-scaffolds. [80-83] Figure 1.11
shows the bio-scaffolds fabricated by using the additive manufacturing methods such as 3D
laser lithography.
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Figure 1.11 Various kinds of bio-scaffolds [80-83]
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1.3 Magnetic manipulation

1.3.1 Magnetic manipulation

For the manipulation of magnetic microrobots, magnetic manipulator is required. Many
research groups developed magnetic manipulators based on the electromagnetic coils. By the
ampere’s law shown in equation (1.2), the magnetic field is generated by the current through
the coil.

$B-dl = pgyi equation (1.2)

where B is magnetic flux density, u, is magnetic permeability in the free space, i is
the current through the coil. Base on this equation (2), we can derive the magnetic fields with
coil pairs called Helmholtz coil pair, and Maxwell coil pair. Figure 1.12 shows the
configurations for Helmholtz coil pair and Maxwell coil pair. The magnetic fields from a
single coil exponentially changes along with the distance from the coil center. However by
using the Helmholtz coil pair or Maxwell coil pair, uniform magnetic fields or magnetic field
gradient around the center between two coils can be achieved. The magnetic field from

Helmholtz coil and magnetic field gradient from Maxwell coil are shown in equation (1.3)

RN C_—R_

and (1.4).
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Figure 1.12 Helmholtz coil pair and Maxwell coil pair [54].
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RZ%i
(R2+L2)3/2

|H| = equation (1.3)

3R%Li .
VIH| = —(R2+L2)’5/2 equation (1.4)

where, H is magnetic field intensity, R is radius of the coils, 2 L is the distance
between two coils, and i is current through the coils. In summary, the Helmholtz coil pair
generates the constant magnetic field such as equation (1.3), and the Maxwell coil pair

generates the magnetic field gradient indicated in equation (1.4).

a b

;1111\11 TTAA
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Figure 1.13 Magnetic torque and magnetic force. (a) Magnetic torque from magnetic field (H), and (b)
magnetic force and torque from magnetic field gradient (VH) [84]

Once we have magnetic field and field gradient, applied torque and force on microrobots
could be calculated. Figure 1.13 shows the magnetic torque and magnetic force on magnetic
materials or magnetic microrobots, which values could be calculated from the magnetic field
(H), and magnetic field gradient (VH). The magnetic torque from the magnetic field is
indicated in the equation (1.5), and the magnetic force from the magnetic field gradient is in
the Equation (1.6), respectively.

T, =vM XB equation (1.5)

F,=v(M-V)B equation (1.6)
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where, T,, is magnetic torque, v is the volume of magnetic material, M is
magnetization of magnetic material, B is the applied magnetic field. F,, is the magnetic
force, and the VB is applied magnetic field gradient. Therefore, we can calculate the torque

to control the orientation, and the force to control the position of microrobots, respectively.

1.4.2 Magnetic materials

Magnetic materials can be classified into three parts about their magnetic susceptibility,
¥m Which is the quantified indicator showing the ability of the magnetic domains aligned by
the external magnetic fields. Figure 1.14 shows the three classification and properties of
magnetic materials. The materials with y,, > 0, are the paramagnetic materials which net
magnetic domains align into external field direction with small magnetization (magnetic
polarization) value, materials with y;, < 0 are diamagnetic materials which net magnetization
direction is opposite direction of the external field also with small magnetization value. And
materials with ¥, >> 0 are superparamagnetic or ferromagnetic materials which net

magnetization direction is same as external field direction, and the magnetization value is

very high.
DIAMAGNETIC PARAMAGNETIC FERROMAGNETIC
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Figure 1.14 Classification of magnetic materials and their magnetic properties under the external
magnetic field. [85]

Magnetic susceptibility is the material properties which indicate the net magnetization
direction and the intensities for magnetic materials. And the magnetic permeability is also can
be expressed by the magnetic susceptibility using equation (1.7).
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Um =1+ Xm equation (1.7)
where, u,, is magnetic permeability. When external magnetic field is applied on the
magnetic materials, the magnetic flux goes through the magnetic materials. equation (1.8)
shows the relationship between the magnetic flux density and the field intensity.

B = u,,H equation (1.8)
Um = Holr equation (1.9)

where, u, is the permeability in the free space. u, is the relative permeability, B is
magnetic flux density, and H is magnetic field intensity. This equation can be expressed and

ordered with ¥,, using equation (1.10), to (1.13).

B = pou,H equation (1.10)

B = puo(1 + x,)H = poH + poxH equation (1.11)
Xx-H=M equation (1.12)

B = puy(H+ M) equation (1.13)

Magnetic materials have residual magnetism, which enables for magnetic materials to act
as the permanent magnets. Hard magnets are magnetic materials which are very hard for
materials to be demagnetized; it means materials have strong residual magnetism inside by
the initial magnetizing energy. Soft magnet is materials which magnetic domain is easily
react under the external fields, and easy to change their domain orientation. Figure 1.15
shows the hysteresis curve (M-H curve) for “Hard” and “Soft” magnetic materials. The nickel
(Ni) and cobalt (Co) is the soft magnetic materials, and the iron (Fe) and neodymium magnet

(NdFeB) are hard magnetic materials.
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Figure 1.15 hysteresis curve (M-H curve) for “Hard” and “Soft” magnetic materials [86].

Magnetic materials have their own orientation for the magnetic fields because they have
easy axis which is imaginary line for the materials to be aligned by the external field direction
easily. If we want to control the orientation of magnetic materials, we should expect the
magnetic easy axis of the materials. Figure 1.16 indicates the kinds of magnetic anisotropy.
All the anisotropy is originated from the magnetic domain arrangement and their reaction
from the external fields. However, | classified magnetic anisotropy into three cases for easy
understanding. Firstly, the shape of magnetic materials shows the easy axis and hard axis if
which materials are homogeneous. This is called shape anisotropy (Figure 1.16(a)). The easy
axis of cylindrical magnet is the longitudinal axis, so we can expect it would be align with
external field direction. Second, the easy axis is determined from the atomic arrangement
(magnetic domain arrangement) of the materials (Figure 1.16(b)) which is crystallographic
orientation. Figure 1.16(b) shows the easy axis of the magnetite material which crystal lattice
is arranged in different way along with the crystal direction. Atomic arrangement and the

structures are different from the materials even it seems uniform, when we see the atomic
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arrangement in larger, we can see certain arrangement to determine the anisotropy of the
materials. Third, we can program, or putting the anisotropy on the magnetic materials, by the
arrangement of magnetic materials inside of the structures or particles, which called
programmed anisotropy (Figure 1.15(c)). By considering of the magnetic easy axis, we
should design and expect the motion of magnetic materials to be controlled.

a b Easy axis

Easy axis (111 direction)

Hard axis Hard axis
(100 direction)
Shape anisotropy Atomic anisotropy
C

Hard axis

Easy axis

, Easy axis
Hard axis

Programmed anisotropy

Figure 1.17 Magnetic anisotropy. (a) Shape anisotropy (macroscopic characteristics), (b) atomic

anisotropy (microscopic characteristics), and (c) programmed anisotropy (macroscopic characteristics)
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1.4 Objective of research

In this study, 3D porous microrobots were developed as a platform for cell delivery
manipulated by magnetic fields. Design and fabrication of microrobots are introduced in
section 2. Helical and spherical microrobots showed higher translational velocities than
cylindrical and hexahedral microrobots. We characterized the motion of microrobots in the
section 3, and demonstrated the manipulation of the microrobots with complex trajectories
and in a microfluidic channel. The ciliary microrobots were developed as one of the efficient
propulsion methods in the micro scale fluid environment. Cell attachment, proliferation, and
differentiation of the hippocampal NSCs on the microrobots were confirmed with
immunofluorescent staining and SEM images which are in the section 4. The NSCs were
used for targeted and controlled differentiation into astrocytes, oligodendrocytes, and neurons
on the microrobots. These results showed the feasibility of the microrobot as a platform for a
new era of neuro-regenerative medicine. The proposed microrobots may be promising tools

for in vivo NSC delivery, with high propulsion efficiencies for future stem cell therapies.
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2. DESIGN AND FABRICATION OF

MICROROBOTS

2.1 Design and fabrication of scaffold type microrobots

Scaffold type microrobots were fabricated by Microelectromechanical systems (MEMS)
technologies. Conventional MEMS technologies are commonly accomplished on the silicon
wafer, glass wafer, or ceramics with several series of micromachining technologies including
photolithography, wet and dry etchings, depositions, growing, surface treatments, etc., and
those results fundamentally show two dimensional features. Three dimensional (3D)
microrobots could be formed by 3D fabrication systems such as 3D printers or 3D laser
lithography systems, etc. However, the feature resolution of 3D printer is not so high which is
difficult to form less than 1 mm of feature size therefore, the 3D laser lithography system

were used for microrobots fabrication in this research.

Scanning unit based on
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software package docking station all necessary optics
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Figure 2.1 The picture of the 3D laser lithography system [87]
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2.1.1 3D laser lithography system for microrobots fabrication

3D laser lithography is the one of the photolithography techniques which is procedure to
form a designated patterns or structures on a substrate, using photosensitive material called
photoresist to be chemically changed by exposure of light energy source. 3D laser
lithography offers excellent control over the geometry and porosity of the sample, as well as
high resolution, and has been used recently to fabricate bio-scaffolds. [76-33] Figure 2.1 is
the picture of the 3D laser lithography system (Photonic Professional (GT), Nanoscribe
GmbH). The system consists of the laser source, piezo-stage, motor-stage, galvo-stage,
inverted microscope with laser focusing lens, sample holders, etc. The femtosecond laser
(~780 nm of wavelength) was used to form the voxel (volume pixel) which is made by two
photon absorption, which voxel becomes a minimum scanning point to exposure. By
scanning of this voxel, the photo-sensitive polymer (photoresist; PR) became hardener of
softener from basic properties of exposed PR. The movement of a precisely controlled
piezoelectric stage enables to exposure a pre-programmed path to pattern the PR in 3D. The
feature quality; resolution, voxel size, and the hardness without failure such as burning,
insufficient energy, is determined by regulating of scanning parameters like a laser power,

scanning speed, and slice distance between adjacent lines.
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Figure 2.2 A CAD layout for scanning parameter test of 3D laser lithography system

33



Table 2.1. Test parameters for 3D laser lithography system using SU-8 photoresist with the oil-immersion

100x Zeiss objective lens [88].

Slice Scan Laser
distancel® speed_“l’] power
[wm] [nms ] [mw]
1.2 50 2.0
0.9 100 3.2
0.6 200 4.4
0.3 5.6

[a] Slice distance is the distance between adjacent horizontal lines. [b] Scan speed and [c] laser power determine the total laser power

delivered to the exposed spot. The combination of these parameters determines the quality of the structure, as shown in Figure 2.3.

Laser power [mW]
20 32 44 56

Scan speed
[um/sec]

Figure 2.3 SEM image of parametric test results using SU-8with test structures. (a) Array of test
structures, scale bar is 100 pm, Two well-defined structures with optimum parameters; 1.2 (b) and 0.9 pm

(c) for the slice distance, 50 pm/s for the scan speed, and 3.2 mW/s for the laser power [88].
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Before fabricating the complicated structures, writing parameters of the 3D laser
lithography system were tested. Computer aided design (CAD, Solidworks, Dassault
Systemes SolidWorks Corp., USA) software was used to draw the 3D structures. Figure 2.2 is
the design layout of simplified scaffold structure. Table 2.1 is the test parameters for the 3D
laser lithography with an oil-immersion 100x Zeiss objective lens. Figure 2.3 shows the SEM
image of simplified scaffold structures with SU-8 with different test parameters. The laser
power, scanning speed, and slice distance were varied to check the quality of features, and
which parameters would be different for the kinds of PR because of the differences of
photosensitivity. Two well-defined structures were fabricated with optimum parameters; 1.2
(Figure 2.3(b)) and 0.9 um (Figure 2.3(c)) for the slice distance, 50 um/s for the scan speed,

and 3.2 mW(/s for the laser power.

Table 2.2. Designed and measured microrobot sizes [88].

Design®® I [ m v
[pm] @) ) (e v
Lenath 153.98 144.20 154.40 156.60
9 (157.00)" (147.20) (157.40) (159.60)
Diameter 78.00 73.00 73.00 73.00
(81.02) (76.00) (76.00) (76.00)
Line width 1.98 1.98 1.98 1.98
(5.08) (5.08) (5.08) (5.08)
Pore size 13.22 16.00 20.00 24.00
(10.20) (13.00) (17.00) (21.00)
[a] Each microrobot design has two shapes: cylindrical (I, 11, 1ll, and 1V), and hexahedral (I', II', 1II'; and 1V’). The diameter of the
cylindrical shape of the microrobots corresponds to the width or height of the hexahedral-shaped microrobots. [b] The measured values for
Type | were actually measured. The other values, Type I', II, 1V, I1I, 11I, IV, and IV’ are the expected values based on the Type |

measurement (see Figure S2 in Supporting Information).

The scanning parameters were optimized to form the features with SU-8 photoresist for
scaffold structure. By using these values, the various designs of the scaffold type microrobots
were fabricated. Figure 2.4 shows the SEM images of fabricated scaffold type microrobots.
The design values of microrobots are listed in Table 2.2. Those scaffold microrobots are

designed to culture the cell on the microrobots, therefore the pore size is designs as 10~21 um
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to cover the general mammalian cell size which is around 10~20 um. Also the array of
microrobots could be fabricated with same methods. Figure 2.5 shows the SEM images of
cylindrical shape and hexahedral shape of scaffold type microrobot arrays with 10 um of pore

size.

Figure 2.4 SEM images of various designs of the fabricated scaffold type microrobots. The design values
are listed in Table 1. The pore sizes of the microrobots are 10, 13, 17, and 21 um for | (1), 11 (11"), 111 (111"),

and 1V (IV"), respectively, which covers most of the biological cell sizes. The scale bar is 40 um [88].

Figure 2.5 SEM images of microrobots array. (a) Cylindrical shapes of 12 microrobots array, and (b)

hexahedral shapes of 8 microrobots array.

36



2.1.2 Detailed fabrication process for scaffold type microrobots
Microrobot structures were fabricated by 3D laser lithography system using SU-8
photoresist. However they have not magnetic properties to be manipulated with magnetic
fields. Therefore the magnetic material should be included, and the most outer parts would be
biocompatible material for the biomedical application. In this research, the nickel and
titanium were used for magnetic material and biocompatible material, respectively and which

were deposited by electron beam evaporation system.

. B OB
Glass substrate Baking
] HE EE
SU-8 coating/baking Development
* .
3D laser writing Ni, Ti coating

Figure 2.6 Overall fabrication processes for scaffold type microrobots [88].

Overall fabrication process for scaffold type microrobots with 3D laser lithography and
metal deposition is shown in Figure 2.6. A 3 cm glass wafer was cleaned in an ultrasonic bath,
using isopropyl alcohol (IPA) to remove any residual dust or organics. SU-8 (1.25 mL NANO
SU-8 100, MicroChem, US) was spin-coated onto the glass wafer in two steps: 500 rpm for
10 s with a speed ramp of 100 rpm/s, and 1000 rpm for 30 s with a speed ramp of 300 rpm/s.
This produced a 100 um-thick layer of SU-8 on the glass wafer surface. Then, the substrate
was baked using a two-step process at 65 ° C for 10 min, followed by 95 ° C for 30 min.

Then, the substrate was cooled to room temperature for 10 min. Two-photon polymerization
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(TPP) and 3D laser lithography were conducted to polymerize the designed structures
partially, followed by a pre-development bake at 65 ° C for 1 min and a 95 ° C bake for 10
min. After cooling the substrate, mr-Dev 600 (micro resist technology GmbH, Germany) was
used to develop the SU-8 for 20 min. After form the microrobot structures, 150 nm of nickel
and 20 nm of titanium layers were deposited using e-beam evaporation; the chuck was rotated

and tilted to reduce the shadowing effect [36, 88].
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Figure 2.7 M-H curve for deposited nickel on microrobots

The magnetic property of deposited nickel was measured after fabrication of microrobots.
High saturation magnetization and low coercive value are desired for fast actuation of
magnetic materials. Figure 2.7 shows the measured magnetization per unit volume for nickel
using Physical Property Measurement System (PPMS; Quantum Design, US). The measured
saturation magnetization per volume was 686 kA/m 1 (686 emu/cm?®) and the coercivity was
5 kA/m (62.83 Oe), which suggested that the deposited nickel has a perfect ferromagnetic

nature and suitable for magnetic manipulation of microrobots.
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2.2 Design and fabrication of scaffold type microrobots with higher

propulsion efficiencies

The cylindrical and hexahedral shapes of microrobots were fabricated in the previous
section. By taking the advantages of different microrobot motions, various shapes of
microrobots could be designed and fabricated. We can imagine the various kinds of scaffold
type microrobots for the 3D cell culture on them. Figure 2.8 is the conceptual images of 3D
cell cultured scaffold type microrobots with hexahedral, hexahedral with helical tail, helical,
and spherical shapes. In this section, the scaffold type microrobots with different shapes are
suggested for the better propulsion performance, and will be focused on the fabrication of

those structures.

Figure 2.8 Conceptual images of 3D cell cultured scaffold type microrobots with (a) hexahedral, (b)

hexahedral with helical tail, (c) helical, and (d) spherical shapes.
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Various shapes of microrobots are fabricated using SU-8 as well as nickel and titanium
bilayers, which fabrication processes are exactly same as described in section 2.1. Figure 2.9

shows the SEM images of various shapes of microrobots.

Figure 2.9 SEM images of various scaffold type microrobots with (a) helical, (b) spherical, (c) larger

helical, and (d) cylindrical with helical tail shapes.

Conventional DLW DiLL
Resist . . Substrate
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Figure 2.10 Comparison between the conventional writing configuration and Dip-in Laser Lithography
[87]
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So far, SU-8 was used for microrobots as a high contrast epoxy-based photoresist to
provide the mechanical stability required for complex, full 3-D structures with high
sensitivity to the light. However, the photolithography process with SU-8 is difficult because
it needs long time of baking, and development process as well as its sticky property which
make people hard to handle. By using the Dip-in Laser Lithography (DiLL) technique, we do
not need the SU-8 photoresist anymore for microrobots fabrication, and the easier fabrication
process we can take to achieve the similar results as conventional writing what we have done
so far. For the Dip-in Laser Lithography, the oil immersion does not need, and that is mixed
with specially designed photoresist such as IP-dip. Figure 2.10 shows the comparison
between the conventional writing configuration and Dip-in Laser Lithography. From now on,
the DiLL techniques would be used for microrobots fabrication with IP-dip photoresist.

(a) (b)

Photoresist

/

Laser

~_ Glass
substrate

Figure 2.11 Overall fabrication processes for scaffold type microrobots with DiL L technique and

sputtering system [28]
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Figure 2.11 shows the overall fabrication process for four kinds of scaffold type
microrobots by DiLL technique with IP-dip photoresist, and the deposition of nickel and
titanium was also changes from evaporation to sputtering system to reduce the shadow effect.
Glass substrates (2 cm?) were cleaned and IP-dip (a photoresist; Nanoscribe GmbH, Germany)
was applied at the center of the substrate (Figure 2.11(a)). The substrates were stuck on the
holder with glue and inserted into the 3D laser lithography system (Photonic professional,
Nanoscribe GmbH), and the CAD design for each microrobot was loaded on to the machine
for laser writing. The writing code for each microrobot included writing parameters, such as
scanning speed, laser power, and slice distance. These parameters were optimized for a
designated structure by test writings. The optimum writing parameters were found to be a
scanning speed of 70 pum/s, a laser power of 8.0 mW, and a slice distance of 0.3 um. After
laser writing, the designed structures were polymerized (Figure 2.11(b)) using a piezoelectric
stage movement, and the structures were developed with SU-8 developer for 5 minutes at
room temperature (Figure 2.11(c)). After realizing the structures, 170-nm nickel and 20-nm
titanium layers were deposited with a sputtering system (SRN-110, Sorona, Inc., Korea) for
magnetization and biocompatibility, respectively. Samples for magnetic manipulation and
cell culture experiments were completed with the structures shown in Figure 2.11(d). The
CAD layouts of four kinds of scaffold type microrobots, and SEM images after fabrication of
scaffold type microrobots are shown in Figure 2.12. Design parameters for scaffold type

microrobots with IP-dip photoresist is shown in the Table 2.3.
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Table 2.3. Microrobot design parameters with IP-dip photoresist [28].

Cylindrica Hexahedra Spherical Helical
| type | type type type
Length 156 um 156 um 80 um 246 um
Width Diameter: 80 um 80 um 80 um
Height 80 um 80 um 80 um 80 um
Line width 4 pm 4 pm 4 ym 4 ym
15 um -30
Pore size 15 pm 15 pm 15 pm
pm
Enclosed 783,744 998,400 267,947 308,976
volume um® um® pm’ pm’
Surface 117,564 138464
33039 um? 51816 um?
area pm? pm?
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Figure 2.12 CAD layouts of four kinds of scaffold type microrobots, and SEM images after fabrication of
scaffold type microrobots. CAD layout of (a) cylindrical, (b) hexahedral, (c) spherical, and (d) helical
scaffold type microrobot. SEM images of fabricated (a) cylindrical, (b) hexahedral, (c) spherical, (d)
helical (scale bar is 40 pm for each microrobots, and scaffold type microrobots array (scale bar is 200 pm

for array) [28].
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2.3 Design and fabrication of ciliary microrobots with higher propulsion

efficiencies

For the ciliary microrobots, the overall fabrication process is exactly the same as the
scaffold type microrobots by Dill technique. Figure 2.13 shows the CAD layout of the ciliary
microrobot. The shape of ciliary microrobots were inspired by Paramecium, which is the
microorganisms using ciliary stroke motion. The four cilia were attached on the each left and
right side of ellipsoidal body, and the mask structures were also designed to prevent the metal
layers deposition on the body parts. Figure 2.14 shows the overall fabrication processes for
ciliary microrobots and detailed fabrication procedures are explained in the section 2.2. The

body parts of the microrobots were not deposited by nickel because of the mask structures.

a
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Figure 2.13 CAD layouts of ciliary microrobots. (a) bottom view, (b) side view, (c) 3D view with mask

structure, (d) 3D view without mask structure [43].
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Figure 2.14 overall fabrication processes for ciliary microrobots [43].

Figure 2.15 SEM images of fabricated ciliary microrobots. (a) Top view of four ciliary microrobots (scale

bar = 300 pm), (b) Top view of two ciliary microrobots (scale bar = 200 pm), (c) 3D view of two ciliary

microrobots (scale bar = 100 pm), (d) 3D view of a ciliary microrobot [43].

For the ciliary microrobots, the overall fabrication process is exactly the same as the

scaffold type microrobots by Dill technique. Figure 2.13 shows the CAD layout of the ciliary

microrobot. The shape of ciliary microrobots were inspired by Paramecium, which is the

microorganisms using ciliary stroke motion. The four cilia were attached on the each left and

right side of ellipsoidal body, and the mask structures were also designed to prevent the metal

layers deposition on the body parts. Figure 2.14 shows the overall fabrication processes for
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ciliary microrobots and detailed fabrication procedures are explained in the section 2.2. The
body parts of the microrobots were not deposited by nickel because of the mask structures.

Figure 2.15 shows the SEM images of fabricated ciliary microrobots with and without mask

structures.
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2.4 Design and fabrication of microfluidic channels as in-vitro test

platforms

For the manipulation test for microrobots in the confined environments, PDMS
(Polydimethylsiloxane) based microfluidic channels were fabricated. PDMS is the silicon
based organic polymer which is widely used for prototyping of microfluidic channels. PDMS
is transparent, bio-inert, non-toxic, non-flammable, and easy to cure. Microfluidic channels
were designed including the curved shape which slope angle is about 00 degrees from
horizontal line. Figure 2.16 shows the channel design layout which was designed by CAD
software (AutoCAD, Autodesk, USA). Microrobots are introduced into the microrobot
loading port and this port will be closed, then microrobots are moves in the curved fluidic
channel. Filter structures prevent for microrobots to escape the channel. Microfluidic
channels were fabricated by general PDMS channel fabrication method indicated in Figure
2.17. A 4-inch silicon wafer was used for SU-8 coating on the wafer with a spin coater at
3000 rpm for 30 s to achieve a thickness of 150 um (Figure 2.17(a)). The wafer was then
baked on a hot-plate for 5 min at 65°C and 30 min at 95°C. The photolithography was
followed using a MA-8 mask aligner (SUSS MicroTec AG, Germany) with an I-line (365 nm)
UV source at 700 mJ/cm? (Figure 2.17(b)). The wafer was then developed in the SU-8
developer for 20 min and 150 um thick channel patterns were achieved as a mold (Figure
2.16(c)). The PDMS elastomer (Silgard 184, Dow Corning, USA) was poured on the mold in
a square dish, bubbles in the PDMS were removed in a vacuum chamber, and it was cured in
an oven for 3 h at 70°C (Figure 2.17(d)). The cured PDMS was released (Figure 2.17(e)) and
attached on a glass slide after oxygen plasma treatment with plasma equipment (Femto

Science, Korea) after punching of inlet and outlet holes (Figure 2.17(f)). The microfluidic
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channel with a height of 150 um was ready for microrobot manipulation. Figure 2.17 is the

¥
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Figure 2.16 Design layouts for microfluidic channel.
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Figure 2.17 Fabrication processes for microfluidic channel with PDMS [89]
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Figure 2.18 Picture of fabricated PDMS microfluidic channel with curves.
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3. MAGNETIC MANIPULATION OF

MICROROBOTS

3.1 Magnetic manipulation of magnetic materials

A hemispherical-configured magnetic manipulator (Minimag, Aeon Scientific, GmbH,
Switzerland) with eight coils was used for the magnetic manipulation of the microrobots with
a constant magnetic field and a rotating field in 3D space (with field intensity B and a field
gradient VB) [33]. Figure 3.1 shows the image of the magnetic manipulator, Minimag, and
the Figure 3.4 shows an image of the whole experimental setup for the electromagnetic

manipulator, top camera, side camera for recording, and a light source.

Figure 3.1 Magnetic manipulator with eight electromagnetic coils. (a) the schematic view of coils

configuration inside of the manipulator, (b) picture of magnetic manipulator, (c) picture of inside of
magnetic manipulator [45]
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Figure 3.2 image of the whole experimental setup for microrobot manipulation [28].

The magnetic field was generated by the linear superposition of individual fields from

eight coils carrying different currents.
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3.2 Pulling motion with scaffold type microrobots

In this system, the magnetic field was generated by the linear superposition of individual
fields from eight coils carrying different currents.®® The microrobot was controlled in
deionized (DI) water in a plastic container, with five degrees of freedom (5-DOF): three
translational (X, y, z) DOF, and two rotational (around the z-axis and x-axis) DOF. Rotational
and translational locomotion of the microrobot require a magnetic torque and force on the
magnetized structure. The magnetic material on the surface of an anisotropic structure
induces rotational motion, and the structure aligns with the external magnetic field (B)
direction. Magnetic torque and force can be calculated using the magnetic field (B) and
magnetic field gradient (VB) as Equation 4, and 5. Table 3.1 shows the Parameters and
properties for cylindrical and hexahedral shape of scaffold type microrobots for force
calculation. Figure 3.3 shows the calculated magnetic force under the applied magnetic field
gradient, which range of 100 mT/m to 800 mT/m is almost full range for magnetic

manipulator. The calculated results are driven from the Equation 4, and 5.

Table 3.1. Parameters and properties for cylindrical and hexahedral shape of scaffold type microrobots

for force calculation

Cylinder (type B) Hexahedron (type B’ )
Material SuU-8 Nickel SU-8 Nickel
Densit 1237 8900 1237 8900
Y kg/m?® kg/m?® kg/m?® kg/m?®
155526 24182 207325 30591
Volume 3 3 3 3
um um um um
1.92xX10™ | 2.15X10™ | 2.56X10™° | 2.72X10™°
Mass
kg kg kg kg
Total mass 4.08x10™ kg 5.28x10™° kg
Saturation 686 kA/M
magnetization
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Figure 3.3 Calculated magnetic force under the applied magnetic field gradient for cylindrical and
hexahedral shape of scaffold type microrobots, which range of 100 mT/m to 800 mT/m [88].
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Figure 3.4 Various manipulation with the fabricated scaffold type microrobots. Schematic description of
the cylindrical microrobot (a) translational motion and (b) rotational motion, Time-lapsed images of the
cylindrical microrobot (c) translational motion and (d) rotational motion (e) Synchronized swimming
with rolling motion, (f) Targeted control with rotational motion [88].
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The position and the orientation of cylindrical and hexahedral shape of scaffold type
microrobots could be controlled independently. We detached the microrobot from the glass
substrate and put it in the container filled with DI water. The magnetic forces make
microrobots to translate in the fluid. Figure 3.6 show the video images for microrobots with
various control. Cylindrical microrobot translates along with x-axis by magnetic field
gradient, and the orientation is aligned in z-direction (Figure 3.6(a, ¢)) by magnetic field.
Microrobot rotates on the bottom surface with in-plane rotating by the rotating fields along
with z-axis of rotating axis (Figure 3.6(b, d)) with a rotation frequency of 3 Hz. Two
cylindrical microrobots rolls on the surface, which show the synchronized swimming (Figure
3.6 (e)) The rotation frequency for synchronized swimming was 4 Hz, the velocity of the
rolling motion was 277 um s * (1.85 body lengths per second); this was five times greater
than the translational velocity by magnetic field gradient. Targeted position control with
rotational motion was also demonstrated (Figure 3.6(f)) with 2 Hz of rotation field was
applied to reduce the resistive force for targeted control. The translational velocities of the
cylindrical and hexahedral microrobots were measured, which moves along with x-axis as a
function of the applied magnetic field gradient from 100 to 800 mT/m. The microrobots were
aligned with the z-direction such as Figure 3.6 (a, ¢). Figure 3.7 shows the results of
translational velocities for cylindrical and hexahedral microrobots.

There are two resistive forces working against the motion of the microrobot: the drag
force, and surface friction. For manipulation, the input magnetic force must overcome these
resistive forces. A magnetic force in the z-direction was also required to compensate for the

weight of the microrobot. The translational motion dynamics can be modeled as

Fp+F,.+F,;= m% equation (3.1)
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where F,, is the magnetic force, F,. is the resistive force (including the surface friction
and drag force), F, is the gravitational force, m is the mass, and v is the translational
velocity of the microrobot.

When an external field gradient of 800 mT/m was applied in the x-direction, the
translational velocity of the microrobot was approximately 50 pum/s for the cylindrical
microrobot (~1/3 body lengths per second). The results showed a linear dependence of the
required magnetic field gradient on the translational velocity for the cylindrical-shaped
microrobots. However, for the hexahedral-shaped microrobots, the relationship between the
translational velocity and input force was nonlinear.

Because the Reynolds number was low under these experimental conditions, we could
consider microrobot motion to be quasi-static. For constant velocity motion in the x-direction,
from Equation. 6, there is a balance between the magnetic force and the resistive force; there
is no gravitational force in the horizontal direction. The resistive force consists of the drag
force and the friction force. The drag force has a linear dependence on the microrobot
velocity in a low-Reynolds number flow. Figure 3b indicates a higher velocity for a
cylindrical microrobot when compared with a hexahedral microrobot for the same magnetic
field gradient. For the hexahedral microrobot, a nonlinear relationship was evident between
the translational velocity and the magnetic field gradient; this could be attributed to the
nonlinear characteristics of the velocity and resistive force. Because the drag force is linear
with respect to the velocity, the friction force plays a greater role in the nonlinear character of
the hexahedral microrobot.

The surface area of the hexahedral microrobot was larger than that of the cylindrical
microrobot. Because Ni was uniformly deposited on both of microrobot surfaces, the
hexahedral microrobot had a larger volume of nickel. Therefore, the magnetic moment of the

hexahedral microrobot was larger than that of the cylindrical microrobot, which implies a
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higher magnetic force applied to the hexahedral microrobot for a specific magnetic field
gradient (Equation.5 and Figure 3.4 (a)). However, the hexahedral microrobot exhibited a
lower translational velocity, which may have been caused by a higher resistive force.
Therefore, the cylindrical microrobot design is favorable for minimizing the resistive force

against manipulation.
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Figure 3.5 Translational velocities of the cylindrical and hexahedral microrobots in the x-direction as a
function of the applied magnetic field gradient. The microrobots were aligned with the z-direction. (Note
that these data correspond to Figures 3.6 (a, ) for the cylindrical robot.) [88].
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3.3 Rolling and Corkscrew motion of scaffold type microrobots

For the higher propulsion efficiency in the low Reynolds number fluid environment, the
effective motions are required as explained in the section 1.2.2. Scaffold microrobots with
cylindrical and hexahedral shapes are using the pulling motion by magnetic field gradient, but
this motion is based on the inertial force. Therefore it is very slow and hard for these bulky
shapes of microrobots to overcome the drag force of the viscous fluid around the microrobots.
Figure 3.6 shows the SEM images of the fabricated scaffold microrobots and their three
propulsion mechanisms. The cylindrical and hexahedral shapes of microrobots (Figure 3.8(a,
b)) are using the pulling motion by field gradient (VB), (Figure 3.6(e), the helical
microrobots (Figure 3.6(c)) move with Corkscrew motion by rotating magnetic field (B)
(Figure 3.6(f)), and the spherical microrobots (Figure 3.6(d)) moves with rolling motion by

rotating magnetic field (B) (Figure 3.6(Q)).

9
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Figure 3.6 SEM images of the fabricated scaffold microrobots and their propulsion mechanisms [28].

Fabricated scaffold microrobots were manipulated in the DI water of the plastic
container. Figure 3.7 shows the video clip images of fabricated microrobots. Cylindrical
microrobot moves by pulling motion, microrobot is aligned in z-direction, and moves in x-
direction. Hexahedral microrobot moves along with the designated targets, microrobot is

aligned in x-direction, and moves in x-y plane. Helical microrobot moves by Corkscrew
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motion. Spherical microrobot moves by rolling motion. The spherical microrobot has shape
magnetic anisotropy due to the radially non-symmetrical design and non-uniform metal
deposition by the sputtering system. Thus, it has a magnetic easy axis; the magnetic
orientation has to be aligned with the external magnetic field to generate torque for rolling
motion, although its shape appears spherical [56]. Figure 3.8 shows the results of measured
velocities for manipulation of helical and spherical microrobots. The recorded videos were
analyzed to determine the velocities of the microrobot at 15 frames/s. The velocities of these
rotating microrobots are determined by the magnetic field rotating frequency and the field
intensities, the translational velocities were measured under different magnetic field
conditions. The step-out frequency (frequency limit above which the mechanical rotation of
microrobots cannot follow the rotating magnetic field) was increased with an increasing
applied field (Fig. 3.8). The translational velocity was increased as a function of the magnetic
rotating frequency for both helical and spherical microrobots until the step-out frequencies
with applied magnetic field intensities of 5, 10, and 15mT. The translation velocity of each
microrobot is compared in Figure 3.9 as a function of the normalized input current.
Normalized input currents were calculated with equation (3.2) with an acquisition rate of

1000 Hz, where 1, to Ig are the target currents for each coil.

Ligpm =i + I, + -+ 1 equation (3.2)
When the normalized input current is 4.57 A, The velocity of the helical microrobots
was 432.7 um/s at 5 mT and 35 Hz (29.63 times faster than 14.6 um/s of the cylindrical
microrobot at 300 mT/m) and the velocity of the spherical microrobots was 686.0 um/s at 5
mT and 20 Hz (46.98 times faster than the velocity of cylindrical microrobots).
The helical and spherical microrobots also showed precise position and orientation
control by complex trajectory driving. Figure 3.10 is the stacked frame images show the
complex trajectory driving for helical and spherical microrobots. “BMR” routes were driven
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by each microrobot. This result indicates the developed microrobots can navigate precisely,

with small number of radius of curvature on rotation.

Figure 3.7 Magnetic manipulation of fabricated scaffold type microrobots. (a) Cylindrical microrobot
moves by pulling motion, microrobot is aligned in z-direction, and moves in x-direction. (b) Hexahedral
microrobot moves along with the designated targets, microrobot is aligned in x-direction, and moves in x-
y plane. (c) Helical microrobot moves by Corkscrew motion. (d) Spherical microrobot moves by rolling
motion [28].

Velocity (um/sec)

Velocity (um/sec)

5 10 15 20 25 30 35 40 45 50 5 10 15 20 25 30 35 40 45 650

Field rotating frequency (Hz) Field rotating grequency (Hz)

Figure 3.8 The velocities under external magnetic fields with rotating frequencies were measured for (a)
helical and (b) spherical microrobots [28].
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Figure 3.9 The velocities of the four different microrobots were measured and compared with respect to
the normalized input current used to compare the propulsion efficiencies [28].

Figure 3.10 “BMR” routes driving demonstration. (a) Stacked frame images for helical microrobot which
is manipulated with 7 mT, and 12 Hz. (b) Stacked frame images for helical microrobot which is
manipulated with 6mT, and 10 Hz. These results show the precise manipulation of microrobots in the
fluid [28].
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Helical and spherical microrobots were manipulated by the magnetic manipulator
following cell culture. The hippocampal NSCs were cultured on the surface of the
microrobots following the protocol outlined in the online Supplementary methods. The
motion of the helical microrobots was changed from the corkscrew motion to the tumbling
motion with a decrease in microrobot velocities. Figure 3.11 show the magnetic manipulation
of the microrobots with hippocampal NSCs cultured on them. The positions and orientations
were controlled, but the controllability and the translational velocities were less than those of
the original shapes of the microrobots. The helical microrobot was exposed to a 30 Hz
rotating magnetic field with 9 mT. Tumbling occurred due to the changes in microrobot
envelope shape and resulted in cell entanglement. The microrobot position and orientation
were controlled. The video was captured in real time at 2X magnification. Magnetic
manipulation of the spherical microrobot that rolled due to the rotating field, with rotating
axis steering. The rotating frequency varied from 10 to 50 Hz and the magnetic field intensity
was 7 to 9 mT. The translational velocity was decreased due to the increased overall mass,
drag force, and friction due to cell attachment of the microrobot. The translational velocity
was 280 um/s with the 10 Hz of step-out frequency, which is less than half of the velocity

without hippocampal NSCs. The video was captured in real time at 2X magnification.

a b

tumbling rolling
@ +«— B
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Figure 3.11 Helical and spherical microrobots manipulation with cell cultured microrobots. (a) the helical
microrobot moves not with Corkscrew motion but with tumbling motion, and (b) the spherical
microrobot moves with rolling motion normally.
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3.4 Stroke motion with ciliary microrobots

Manipulation of the microrobots was conducted with a same magnetic manipulator. [45]
This system also can apply stepping fields for translation of the ciliary microrobot, and can
tilt the reference axis of the stepping fields to change the orientation of the microrobot as well.
Figure 3.12 shows the principle of ciliary microrobot actuation for the generation of net
displacement by the non-axial symmetric beating motion of the cilia. The cilium moves in 3D
space by the external stepping fields; beating on backward and upward trajectory. We
calculated the x-y planar force components of the generated force by a cilium because it is the
net force contributed for translation. Therefore, the cilium angle (6) and magnetic force (F)
are projected components on the x-y plane. The relationships among the applied magnetic
field direction (y), cilium angle (6), and magnetic force (F) can be calculated by a simple

cantilever deflection method and the calculated results are shown in Figure 3.13.

d

Power stroke Recovery stroke

Figure 3.12 the principle of ciliary microrobot actuation for the generation of net displacement by the
non-axial symmetric beating motion of the cilia [43].

The cilia beating cycle generates net translational force due to the difference in the
magnetic actuation force between the power stroke and the recovery stroke. The cilium angle
(8), and magnetic force (F) are projected on the x-y plane to calculate the in-plane

translational force of the ciliary microrobot. When an external magnetic field is applied along
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the long axis of the microrobot body with magnetic field at angle vy, the cilia are bent, as
shown in Figure 3.13(a) with cilium angle 6. The applied field direction is 0° for the
recovery stroke stage, and a force is generated due to the difference between the maximum
cilium angle and 0°. We assume the cilium angle is 0° after one beating cycle to calculate the
actuation force. Magnetic torque (Tn,) of a cilium with an external magnetic field can be
explained by Equation. (3.3).
T,, =mXxB equation (3.3)
where m is the magnetic moment of a cilium, and B is the magnetic field intensity, which
has a maximum value when the field is applied orthogonally to the magnetic moment
direction. The equation for the magnetic force on a cilium in the longitudinal axis of the
cilium body can be simplified during the backward (power) and forward (recovery) strokes to
the following equation if the cilium length is L, the applied field angle of y, and actual cilium
angle is 6: [90]
F, = mBsin(y — 0)/L equation (3.4)
Only the planar (x-y plane) force components are counted in this calculation, and this
affects only body translation along the x-direction. The cilium angle is evaluated by a simple
cantilever deflection model, as follows:
6 = TL/EI = mBsin(y — 6)L/EI equation (3.5)
where T is magnetic torque of the planar component of the ciliary microrobot, E is
Young’s modulus of the cilium, and the | is the moment of inertia. Relationships among the
applied magnetic field direction (y), cilium angle (8), and magnetic force (F) were calculated
with geometrical parameters and material properties are listed in Table 1. Figure 3.13 show
the relationships among the applied magnetic field direction (y), cilium angle (8), and
magnetic force (F). Figure 3.14 also present the temporal working mechanisms in one beating

cycle explained in the Figure 3.13 in detail.
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Figure 3.13 Calculated cilium angle and magnetic forces [43]..

The maximum force for the power stroke is 274.40 nN at 0.07° of cilium angle (6), and
the maximum force for the recovery stroke is 0.32 nN at 0° of cilium angle (8) in the opposite
direction to the power stroke. During the power stroke and recovery stroke stages, the angles
of the cilium angle (8) and the applied magnetic field direction (y) are almost 90° and 0°,
respectively; thus, a magnetic torque difference occurs, as expected, due to equation (3.3),
This force difference causes non-reciprocal actuation, which is similar to the actual beating

behavior of a cilium. [67]

65



a Power stroke

‘ i i i ; i
0 1000 2000 3000 4000 5000 6000 70OO 8000 9000 10000

Sampling number

Applied field direction [deg] ()

Calculated
cilium angle [deg] (8)

i i i i | | i
0 1000 2000 3000 4000 5000 6000 7000 8OO0 9000 10000
Sampling number

Cc 300

[ae]
[ =)
o

e
(=]
o

force [nN] (F)

Calculated magnetic

ol B TR S NS W W W T TS
0 1000 2000 3000 4000 5000 6000 7000 8OO0 9000 10000
Sampling number

Figure 3.14 Calculated cilium angle and magnetic forces along with sampling number [43].

Figure 3.15 shows time lapse images of position and orientation control for a ciliary
microrobot. The stepping fields were applied at 0-110° to change the polar angle for
translation, and the azimuthal angle (@) was changed for rotation. Non-symmetric on and off
of the magnetic fields in the range of a 110° angle in the polar angle direction was used to
move the cilia with non-axial symmetric actuation forces because the cilia tend to align with
the applied magnetic field direction for stroke motion. The steering axis (azimuthal angle)

can also be changed to control the orientation of the microrobots. The reference axis of
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oscillating stepping field can be changed within the azimuthal angle to change the orientation
of the ciliary microrobot. Therefore, the position and orientation can independently and
precisely be controlled at any time. The stepping angle was tuned for the best controllability
at 110° in an actual experiment. However, this does not mean the cilia are actually moving in
this range of angle. Because of the bending stiffness of the cilia, the cilia actually move much
less than the applied oscillating angle, as in the calculated results with equation (11), shown

in Figure 3.14(b, c).
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Figure 3.15 Time lapse images of position and orientation control for a ciliary microrobot. (a) position

control of microrobot, and (b) orientation control of microrobot [43].

Figure 3.16 shows the manipulation of microrobot, which drives along with each letter of
“DGIST”, the five videos are merged. This result shows the precise position and orientation
control for developed microrobots. The translational velocity of ciliary microrobots can be
changed by controlling the frequency and the external magnetic field intensity. Figure 3.17
shows the measured velocities of the microrobots under different magnetic frequencies and

magnetic field intensities in DI water. The maximum average velocity of the microrobots in
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DI water was 340 ums™ (1.55 body lengths per second) under both 9.5 mT and 12 mT field
intensities at 60 Hz of frequency; this is the saturated velocity. Figure 3.18 is the measured
velocities of the microrobots under different magnetic frequencies and magnetic field
intensities in 10 CS of silicon oil. The maximum average velocity of the microrobots in DI
water was 165 ums™ (0.75 body lengths per second) under 12 mT field intensities at 45 Hz of
frequency. The maximum velocity of the microrobots and the step-out frequencies are
reduced in the silicon oil due to the higher drag forces than DI water. Figure 3.18 shows the
microrobot velocities in comparison with the previously developed scaffold type microrobots.
Magnetic field gradient was used for translational motion of cylindrical and hexahedral
microrobots. The velocities are shown as function of the normalized applied current in the
eight electromagnetic coils of the magnetic control system. Therefore, these results could be
implied as the propulsion efficiency of each microrobot. The velocity for ciliary microrobot is
233 ums™, which is about 8.6 times and 25.8 times faster than cylindrical and hexahedral
microrobots, respectively, when the normalized current is 5.09 A, which is indicated by the
blue dashed line in the Figure 3.19. Therefore, the translational motion of the ciliary
microrobots is much more efficient than the previously reported cylindrical and hexahedral
microrobots while the three microrobots have a similar characteristic body length. (150 pm
for cylindrical and hexahedral types of microrobots in the previous work [10], and 220 pm
for ciliary microrobots reported in this paper) In Figure 3.20, the translational velocities per
each microrobot body length results is shown. The velocities, measured from Figure 3.19
were divided into the each body lengths to compare their velocities directly. When the ciliary
microrobot moved following a circular pass, the starting and ending points were deviated
about 200 um which is smaller than the body length. In the Figure 3.21, the targeted particle
transportation by the ciliary microrobot was demonstrated by a micro-particle with 80 pm
diameter. The micro-particle was pulled by the microrobot for the translation, and it was
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released by the rotational motion of the microrobot. The applied field intensity was a 12 mT

and 35 Hz stepping field with a stepping angle of 110°.
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Figure 3.16 The microrobot was driven to write each letter of “DGIST”. The image is acquired by
superposing each image from the video for each letter. The applied field intensity was a 8 mT and 35 Hz
stepping field with a stepping angle of 110°. The scale bar is 1000 pm [43].
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Figure 3.17 Averaged velocities (n = 3) of the ciliary microrobots manipulated in DI water under different
magnetic frequencies and magnetic field intensities [43].

For the magnetic control of microrobots with cilia beating, the metal sputtering system
was used to deposit the nickel and titanium layers on the only cilia parts by using the mask
structures. Sputtering is conformal coating and we have the shadow structure which is very
close to the ciliary microrobot. Because of the shadow structure, there will be considerably

small amount of metal on the body of the microrobot. Magnetic field gradient was applied to
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pull the microrobots but the robots didn’t move at all. This means that the total amount of
magnetic material is not enough to generate magnetic force to translate the whole body by
magnetic pulling using magnetic field gradient at 1000 mT/m. This shows that there is no or

very small amount of the magnetic material on the body of the microrobot.
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Figure 3.18 Averaged velocities (n = 3) of the ciliary microrobots manipulated in 10 CS of silicon oil under
different magnetic frequencies and magnetic field intensities [43].
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Figure 3.19 The microrobot velocities in comparison with the previously developed scaffold type
microrobots [43].
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Figure 3.20 The microrobot velocities per each microrobot body length results manipulated in DI water
[43].
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Figure 3.21 Time lapse images for targeted micro-particle transportation with ciliary microrobot. (a)
Microrobot starts and change the orientation to catch the micro-particle on the front side, and (b)
microrobot pushed the micro-particle with translational motion. (c) Microrobot rotates back and forth to
release the micro-particle, and (d) finally microrobot moved away from the micro-particle. The diameter
of microsphere is 80 pm. The diameter of the micro-particle is 80 pm. The applied field intensity is 12 mT
and 35 Hz stepping field with a stepping angle of 110° [43].
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3.5 Manipulation of microrobots in the microfluidic channels

3.5.1 Manipulation in the static fluidic channel

Developed microrobots were manipulated in the microfluidic channels. We tested the
manipulation of the spherical and helical microrobots in a microfluidic channel that mimics a
physiological confined environment. Figure 3.21 shows the manipulation of the spherical
microrobot in a 200 um wide microfluidic channel with planar and vertical configuration.
The channel was also placed vertically so that the microrobot had to climb the slopes in the z-
direction as well as planar motion. The spherical microrobot successfully rolled up, showing
the possibility of manipulating a microrobot in a confined environment with a slope,
overcoming the friction force on a small scale. Helical microrobots also operated in the
microfluidic channel using Corkscrew motion. Figure 3.22 shows the manipulation of the

helical microrobot in a 200 um wide microfluidic channel with planar configuration.

a b

Top camera

S 400 pm

Microfluidic chip

Side camera

400 pm

Figure 3.22 Video captured images for spherical microrobots with planar and vertical channel
configurations. (a) The schematic images of channel configuration with camera position as well as image
of spherical microrobot, (b) manipulation of microrobot in the planar placed channel, (c) manipulation of

microrobot in the vertically placed channel.
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Top camera

Microfluidic chip

Figure 3.23 Video captured image for helical microrobots with planar channel configuration. (a) The
schematic image of channel configuration with camera position as well as image of helical microrobot, (b)

manipulation of microrobot in the planar placed channel [28].

Figure 3.24 experimental setup for manipulation of microrobots in the pressure driven fluidic channel.
(a) Silicon tube based fluidic channel on the magnetic manipulator, (b) Enlarged images of the silicon tube

based fluidic channels with cylinder microrobots.

3.5.2 Manipulation in the pressure driven channel
Manipulation experiments of microrobots were conducted not only in the static fluids, but
also in the perfusion environment within confined channels. The microfluidic channels
fabricated were tested first, but the flow rate control of fabricated PDMS based microfluidic
channel was very difficult to have meaningful and stable flow rate conditions. Therefore, the

larger size of fluidic channel using silicon tubes was used to test the pressure effect on motion
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of microrobots. Figure 3.24 shows the experimental setup for manipulation of microrobots in
the pressure driven fluidic channel. The microrobot with cylinder neodymium (NdFeB)
magnet was used for manipulation. The channel is connected with syringe pump for the flow
rate control. Motion of microrobots can be modeled as applied forces on microrobots shown
in Figure 3.23. External magnetic field gradient generated the magnetic force to translate
microrobots, and the pressure also makes microrobot move. Therefore the total forces acting

on microrobots along with x-axis are the summation of the forces on microrobots.
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Figure 3.25 Schematics of forces acting on microrobot. The magnetic force and the force by pressure

make the equilibrium state.

First experiment with cylinder magnet was conducted with viscosity change of silicon oil.
The cylinder length was 800 um, and the diameter was 400 um. The magnetic field gradient
was applied from 100 mT/m to 800 mT/m with 100 mT/m of increasing. Microrobot was
aligned into z-direction to reduce the surface friction effect. The viscosity of silicon oil was
500, 1000, and 3000 cs with static fluid. Figure 3.26 shows the results of microrobot

velocities under the three different fluid viscosities. The maximum velocities for cylinder
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microrobots were 24000 um/s for 500 cs of silicon oil, and 12500 um/s for 1000 cs, 4000
um/s for 3000 cs, respectively. By the incensement of fluid viscosity, the average velocities of
microrobots were decreased because the effect of drag force. However for the higher viscous
environment, the velocity results are showing the better linearity. This means the inertial

force is getting weak in this high viscous fluid environment which is low Reynolds number

fluid.
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Figure 3.26 Velocity results for 800 pm of cylinder magnet by the magnetic field gradient with different

viscosities of silicon oils.

And the cylinder magnet was manipulated with the pressure driven channel. Figure 3.27
is the video image of the cylinder magnet in the fluidic channel. The cylinder length was 400
um, and the diameter was 250 um. The channel inner diameter was 600 um. The magnetic
field gradient was applied from 400 mT/m, and 800 mT/m. Microrobot was also aligned into
z-direction like previous experiment. The viscosity of silicon oil was 500 cs with 5 ml/m, and
10 ml/m of flow rate. Figure 3.28 shows the velocity results for 400 um of cylinder magnet

by the magnetic field gradient with different flow rates; 5 ml/m and 10 ml/m. The result
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reveals that the flow pressure affects the microrobot force which is combined with the

magnetic force by the magnetic fields gradient.
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Figure 3.27 the video image for manipulation of the 400 pm of cylinder magnet in the fluidic channel.
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Figure 3.28 Velocity results for 400 um of cylinder magnet by the magnetic field gradient with different

flow rates.
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4. CELL CULTURE AND DIFFERENTIATION

EXPERIMENTS ON MICROROBOTS

4.1 Human embryonic kidney 293 cells culture on microrobots

HEK 293 cells were cultured on the cylindrical and hexahedral shape of microrobots. [39]
Figure 4.1 shows SEM microscopy images of the cell cultured microrobots. The HEK 293
cells were affixed using paraformaldehyde solution, before SEM inspection, after 96 h of cell
culture. Filopodia formed during cell migration, as depicted in the enlarged SEM image
(Figure 4.1(b)), which indicates that the cells interacted with the microrobots. Also the
confocal microscope images after staining the cells are shown in Figure 4.2. The microrobots
were coated with poly- L -lysine (PLL) before cell culture. PLL is a synthetic amino acid
chain that is positively charged and used widely as a coating material to enhance cell
attachment. In addition, PLL does not react in the staining assay. Since the cell surfaces are
negatively charged, cells attach to the PLL via ionic bonding. Since PLL is a synthetic
molecule, it does not stimulate cells cultured on it biologically. Therefore, we can consider

the microrobot as a supporting structure and PLL simply as a linking material for cells. [40]

Figure 4.1 SEM images of a hexahedral microrobot after cell culture. (a) Whole microrobot image, and (b)
enlarged SEM image [88].
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The results revealed that the microrobot material was not cytotoxic to the myoblasts, as
indicated by the ease in adhesion, migration, and proliferation of the cells over the structure.
The confocal microscopy images were obtained after staining the cells inside. The detailed

protocols for HEK 293 culture on microrobots are explained in the following sections.

Figure 4.2 Confocal microscope images after staining the cells for the a) hexahedral microrobot and b)
cylindrical microrobot [88].

4.1.1 Cell culture and SEM inspection

Prior to cell seeding, the microrobot fabricated on a glass wafer was coated with 10 ug
mL* of poly-L-lysine (PLL) (Sigma Chemical Co., USA), followed by sterilization using an
autoclave and ultraviolet irradiation. The human embryonic kidney 293 (HEK 293) cells were
grown on dishes in Dulbecco’s Modification of Eagle’s medium (DMEM) (Thermo, USA),
supplemented with 10% fetal bovin serum (FBS) (Thermo, USA) and 1% antibiotics at 37°C
under 5% CO,. HEK293 cells (1x10° cells per mL) were seeded in the culture dish
containing the microrobot. The dish was stored in an incubator at 37°C under 5% CO,. The
cells were cultured for four days, and the growth media was changed every other day. After
four days, we immersed the microrobot in 4% paraformaldehyde (PFA) solution, and stored
the microrobot at 4°C overnight. Lastly, the microrobot was coated with platinum for

examination using SEM.

79



4.1.2 Immunocytochemistry assay

First, we affixed the HEK 293 cells cultured in the PLL-coated microrobots using a 4%
PFA solution. The cells were immersed in 0.5% Triton X-100, which contained Dulbecco’s
phosphated buffered solution (DPBS) (Thermo, USA), at room temperature. After 10 min, the
cells were incubated with DPBS containing 4% normal donkey serum (NDS) (Jackson
Immuno Research, USA) for 1 h. To label B-actin, we incubated the cells with antibodies
against B-actin (Chemicon, Germany) diluted at 1:500 at 4°C for 2 h. Subsequently, the cells
were washed twice with DPBS and incubated with fluorescein isothiocyanate (FITC)
conjugated antibodies (Jackson Immuno Research, USA), diluted at 1:1000 for cytoskeletal
staining at room temperature for 2 h. We visualized the nucleus of cells cultured in the
microrobot using DAPI (Vector, USA) and B-actin under a confocal microscope (LMS 700,
Zeiss, Germany). Confocal microscopy images were taken of the microrobots on a glass
substrate as shown in Figure 4.3. The microrobot contained cells inside of its structure, and

was detached for wireless manipulation.

Figure 4.3 Confocal 3D microscopy image of a cylindrical microrobot on a glass substrate after staining
the cells [88].
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4.2 Hippocampal neural stem cells culture on microrobots

O/TUBB3

Figure 4.4 Immunofluorescent and SEM images of hippocampal NSCs cultured on microrobots.
Hippocampal NSCs were cultured on (a) helical and (b) spherical microrobots. Immunofluorescent
images of differentiated hippocampal NSCs on helical and spherical microrobots for (c, d) astrocyte, (e, f)
oligodendrocyte, and (g, h) neurons. SEM images for (i) differentiated neurons, (j) enlarged, suspended
neurites, (K) entangled neurites on the helical microrobot, and (I) neurons on a substrate. The cell type-
specific markers (Nestin for NSCs, GFAP for astrocytes, GalC for oligodendrocytes, and TUBB3 for
neurons) were co-stained with Hoechst 33342 nucleus marker for visualization [28].

As a proof of concept for targeted NCS therapy using helical and spherical scaffold-type
microrobots, hippocampal NSCs were cultured on the microrobots. The attachment,
proliferation, and differentiation of hippocampal NSCs on the microrobots were investigated
using confocal microscopy. Figure 4.4 shows immunofluorescence and electron microscope
images of the hippocampal NSCs after attachment and differentiation on the microrobots.
Nestin (green) and Hoechst 33342 (blue) were used as NSC and nuclear markers, respectively,

to show the attached NSCs (Figure 4.4(a, b)). The NSCs were differentiated into astrocytes
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(Figure 4.4(c, d)), oligodendrocytes (Figure 4.4(e, f)), and neurons (Figure 4.4(g, h)) for 72 h
in differentiation media designed for each cell lineage.

SEM images were also used to investigate the cell morphologies of differentiated neurons
on the helical microrobots, as shown in Figure 4.4(i-I). The SEM images showed that
differentiated neurons were sustained on the scaffold microrobot (Figure 4.4(i, j)), entangled
with the frame (Figure 4.4(k)), and the entire neuron shape can be seen clearly on the
substrate (Figure 4.4(1)). These results indicate that the microrobot was not cytotoxic to the
NSCs, as indicated by attachment, proliferation, and differentiation of the NSCs on the
structures. The morphologies of each cell were similar to those in 2D cultures, as shown in

Figure 4.5 which is the same cells cultured on the conventional 2D plates.

Figure 4.5 Immunofluorescent images are shown for (a) hippocampal NSCs, (b) astrocytes, (c)
oligodendrocytes, and (d) neurons. Scale bar, 50 pm [28]
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Figure 4.6 Images of the 3D hippocampal NSCs distributed on the helical (a) and spherical (b)
microrobots. Shown are the 3D cell distributions for astrocytes (c, d), oligodendrocytes (g, f), and neurons
(9, h) following differentiation [28]
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4.2.1 Detailed protocols for Hippocampal NSC culture and differentiation

All procedures for the care and use of laboratory animals were approved by the Institute’s
Animal Care and Use Committee (IACUC, No. 0014) at DGIST. Hippocampal NSCs were
isolated from the hippocampus of seven-week-old female Sprague Dawley rats and cultured
in the chemically defined serum-free media containing Dulbecco's modified Eagle's
medium/Ham's F12 (#12400-024, Invitrogen, Carlsbad, CA, USA) containing 20 pg/mL
basic fibroblast growth factor (bFGF; #100-18B, Peprotech, NJ, USA) and N2 components,
1.27 g/L sodium bicarbonate (#S6014, Sigma-Aldrich), and 1% penicillin/streptomycin
(#SV30010, Hyclone, UT, USA). Hippocampal NSCs were grown on plates coated with 10
ug/mL poly-L-ornithine (PLO; #3655, Sigma-Aldrich) for 8 h and then 5 ug/mL laminin
(#354232, BD, CA, USA) overnight.

For differentiation, hippocampal NSCs were grown with microrobots on sterilized glass
substrates coated with PLO and laminin at a density of ~1x10° cells/mL. Hippocampal NSCs
were incubated for 24 h in the culture medium, which was replaced with the differentiation
medium for each lineage. The culture medium was supplemented with (1) 1 uM retinoic acid
(RA; BML-GR100-5000, Enzo, NY, USA) and 5 uM forskolin (BML-CN100-0100, Enzo)
for neurons, (2) 1 uM RA, 2 ng/mL bFGF, and 1% fetal bovine serum (FBS; #SH30071.03HI,
Hyclone, UT, USA) for oligodendrocytes, and (3) 1 uM RA and 5% FBS for astrocytes.
Every 2 days, half of the differentiation medium was replaced with fresh differentiation
medium.

4.2.2 Analysis and cell counting

The proposed microrobots are promising scaffolding structures for NSC transplantation.
The 3D cell distribution graphs on the helical and spherical microrobots are shown in Figure
4.6. Images were reconstructed from fluorescent z-stacked images (from Figure 4.4(a-h)).
These results indicated that NSCs attached and differentiated on the microrobots with a
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uniform distribution. The cells on each microrobot were counted, and the results are shown in
Figure 4.7 and 4.8. The number of cells on each microrobot were counted using Image J.
NSCs grown on the helical and spherical microrobots were counted following 24 and 72 h
culture (Figure 4.7(a-c)), and again after differentiation (Figure 4.7(d-f)). The normalized cell
counts before and after differentiation are shown in Figure 4.8. Normalization was performed
by dividing the number of cells on microrobots by the surface area of each microrobot.
Variabilities between the number of cells on the same surface area were recorded. Following
24 h proliferation, two times as many cells were present on the helical microrobots, compared
to the number of cells on the spherical microrobots. These data suggest that cell attachment

on the helical microrobot was superior to that of the spherical type due to the larger surface

area.
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Figure 4.7 Cell counts. The number of proliferated cells on the microrobots following 24 (a) and 72 h (b)
differentiation. (c) A comparison of cell counts. The number of cells on the microrobots following
differentiation into astrocytes (d), oligodendrocytes (e), and neurons (f). N=2 [28].
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Figure 4.8 Cell counts. The number of stem cells following 24 (a) and 72 h (b) culture. (c) A comparison of
cell counts. The number of cells on the microrobots following differentiation into astrocytes (d),

oligodendrocytes (e), and neurons (f). The normalized cell fold is the number of cells per surface area for
each microrobot. N=2 [28].

Manipulation of the scaffold-type microrobots with attached cells was conducted after
cell culturing on the microrobots. The hippocampal NSCs were cultured on the surface of the
microrobots following the protocol outlined in the online Supplementary methods. Figure 4.9
reveal the manipulation results for cell-cultured microrobots. The motion of the helical
microrobots was changed from the corkscrew motion to the tumbling motion with a decrease
in microrobot velocities.

The NSCs were attached and differentiated for each microrobot. The numbers of cells
increased from 23 to 65 on a spherical microrobot, and from 61 to 99 on a helical microrobot
at 24 h and 72 h, respectively. The number of cells on the helical microrobot was 2.65 times
and 1.62 times larger than that of the spherical microrobot at 24 and 72 h, respectively,

probably because the surface area of the helical microrobot is 1.56 times larger than that of

the spherical microrobot.
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5. CONCLUSION

In summary, scaffold type microrobots for a targeted cell delivery system were developed
as smart microrobotic devices for cell transportation. The fabricated porous 3D structures
could be used as bio-scaffolds to transport the cells/tissues to target points with coated
magnetic materials under the control of magnetic fields. A 3D laser lithography system was
used to fabricate the SU-8 structures, and nickel and titanium were deposited as magnetic and
biocompatible materials, respectively. The optimum fabrication parameters were established
and could be easily customized for different cells. The scaffold type microrobots had a pore
size of 10~ 20 um, a length of 150 pm, and diameter of 75 um The microrobots were shaped
as hexahedrons and cylinders, and manipulated by external magnetic fields. Scaffold-type
microrobots with helical and spherical shapes were developed as a platform for NSC culture
with higher propulsion efficiencies. When the normalized input current was 4.57 A, the
velocity of the helical microrobots was 432.7 um/s at 5 mT and 35 Hz (29.63 times faster
than 14.6 pum/s of the cylindrical microrobot at 300 mT/m) and the velocity of the spherical
microrobots was 686.0 um/s at 5 mT and 20 Hz (46.98 times faster than the velocity of the
cylindrical microrobot). The helical and spherical microrobots also showed precise position
and orientation control by complex trajectory driving. Thus, corkscrew and rolling motions
showed higher propulsion efficiencies than the pulling motion, and would be more suitable
for precise and versatile manipulation in a fluidic environment. We demonstrated the
manipulation of the microrobots with complex trajectories and in a microfluidic channel.
Ciliary microrobots were also developed as one of the bio-inspired microrobot which swims
in the low Reynolds number fluid efficiently. The position and orientation of the fabricated
ciliary microrobots were manipulated magnetically in DI water and 10 CS of silicon oil, and

the maximum average velocity of the microrobots in DI water was 340 ums™ (1.55 body
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lengths per second) under 12 mT field intensities at 60 Hz of frequency. The external
stepping magnetic field with 0-110° of polar angle change generates an actuating force,
which results in different stroke patterns of the cilia during the power stroke and recovery
stroke. The translational velocities were evaluated by changing the frequency and applied
magnetic field intensity. Locomotion of ciliary microrobots was first demonstrated, and this
propulsion mechanism represents a high-efficiency swimming method for microrobots.
HEK293 cells were cultured on these microrobots to confirm their feasibility as a cell
transportation system. The materials used for the structures were not cytotoxic to myoblasts,
as the cells readily adhered, migrated, and proliferated over the structure. Cell attachment,
proliferation, and differentiation of the hippocampal NSCs on the microrobots were
confirmed with immunofluorescent staining and SEM images. The NSCs were used for
targeted and controlled differentiation into astrocytes, oligodendrocytes, and neurons on the
microrobots. These results showed the feasibility of the microrobot as a platform for a new
era of neuroregenerative medicine. The proposed microrobots are promising tools for in vivo

NSC delivery, with high propulsion efficiencies for future stem cell therapies.
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APPENDIX

Measurement of magnetic property of deposited nickel on microrobots

The M-H curve of nickel, deposited on scaffold type microrobots was conducted. Figure 2.7
shows the measured magnetization per unit volume for nickel using Physical Property
Measurement System (PPMS; Quantum Design, US). The measured saturation magnetization
per volume was 686 kA/m 1 (686 emu/cm®) and the coercivity was 5 kA/m (62.83 Oe). The

measured sample we used is piece of substrate which microrobots are on it.

77 1280x1024 2013/05/16 16:58:56 Unit: um Magnification: 20x No Calibration

PGO
L=14425.045 umi
A=8885426.854 umA2

2000.0 um

Nickel volume: 0.2 um x 8885426 um? = 1.777085 X 10°m®

97



Some part of law data from the equipment.

H

Oe

-0.13404

-1.91398

11.725

40.25313

67.72167

92.63966

118.9317

M

emu

-4.29E-05

-4.27E-05

-3.61E-05

4.25E-05

9.14E-05

1.50E-04

2.22E-04

M/volume M/volume M/volume

emu/m3

-2.41E-02

-2.40E-02

-2.03E-02

2.39E-02

5.14E-02

8.44E-02

1.25E-01

emu/cm3

A/m

-2.41E+04 -2.41E+07

-2.40E+04 -2.40E+07

-2.03E+04 -2.03E+07

2.39E+04

5.14E+04

8.44E+04

1.25E+05

Magnetic moment of the sample

Unit conversion

2.39E+07

5.14E+07

8.44E+07

1.25E+08

1 Oe= 1000/41t A/m, emu/cm®= 1000 A/m

(Volume) Magnetization (M) [A/m]

Material
Density
Volume

Mass

Total mass

»® & & N O N

x 109

-10.6666

-152.31

933.0459

3203.242

5389.119

7372.03

9464.287

S
T

1 M 1

Cyl

SU-8
1237 kg/m?
155526 pm3
1.92X10-10 kg

-2

Magnetic field (H) [A/m]

inder (type B)

0 2

Nickel

8900 kg/m?
24182 um?
2.15X10-1%kg
4.08x10 0 kg
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Writing codes for 3D laser lithography (For nanowrtie, Nanoscribe, GmbH, Germany)
For the writing of the 3D structures by using the 3D laser lithography, we need writing
codes which are gwl file format. The header file for the 3D laser lithography is shown in

below. This file is coded by Nanowrite software (Nanoscribgm GmbH)

% File generated by DeScribe 2.1

% Writing parameters
PiezoScanMode
ContinuousMode
ConnectPointsOn
SettlingTime 300

% PerfectShape Initialization
PerfectShapelntermediate
psPowerProfile "IP Resist"

% System Initialization
measuretilt 4
TiltCorrectionOn
ResetInterface
invertzaxis 1

% Field Parameters
XOffset 0
YOffset 0
ZOffset 0

PowerScaling 1
LaserPower 35

% Include slicer output

MoveStageX 400
FindInterfaceAt 1.6
include rectanglel data.gwl

MoveStageY 300
FindInterfaceAt 1.6
include cylinderl_data.gwl

MoveStageY 300
FindInterfaceAt 1.6
include spherel_data.gwl

MoveStageY 300
FindInterfaceAt 1.6
include helix3_data.gwl

MoveStageY 300
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In the codes, the each structures are included as also gwl format, which file is the sequence
coordinates of the scanning points. This writing coordinates data for spherical shape of
structure is shown in below that is the one example. This detailed data is generated by

Describe Nanowrite software (Nanoscribgm GmbH)

% Layer 1/267, Z = 0.000
39.152 38.262 0.000
39.225 38.285 0.000
40.642 38.458 0.000
40.642 40.389 0.000
40.059 39.649 0.000
40.059 41.607 0.000
39.152 41.732 0.000
39.130 41.709 0.000
38.711 41.536 0.000
38.711 38.458 0.000
38.883 38.387 0.000
39.152 38.262 0.000
Write

39.559 39.293 0.000
39.559 41.171 0.000
39.242 41.214 0.000
39.211 41.201 0.000
39.211 38.787 0.000
40.142 38.900 0.000
40.142 39.091 0.000
39.559 39.293 0.000
Write

...(clipping)

39.967 39.825 79.800
40.138 39.997 79.800
39.967 40.168 79.800
39.795 39.997 79.800
39.967 39.825 79.800
Write

100
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