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Abstract

Cell Behavior Modulation using
Biophysical Interactions
Sujin Lee
School of Mechanical and Aerospace Engineering
The Graduate School
Seoul National University
In this thesis, we report the effect of nano- micro- scale materials having various
material property affecting cellular responses. For this purpose, micro-scale pillar
array which has stepped structure with varying bottom diameter were fabricated by
double step photolithography process. Single walled carbon nanotube and magnetic
nanoparticle were also engineered to stimulate cellular behaviour. These materials
were successfully embedded into cellular system to regulate its migration behaviour,
morphology and viability. Our study could give a pioneer understanding regarding
cellular response affected by nano- micro- scale systems.
First, we designed a new variation of the microfabricated polymeric pillar array
platform that can decouple the stiffness gradient from the focal adhesion area of a
cell. This goal is achieved via a “stepped” micro pillar array device (SMPAD) in
which the contact area with a cell was kept constant while the diameter of the pillar
bodies was altered to attain the proper mechanical stiffness. Using double-step SU-8
mold fabrication, the diameter of the top of every pillar was manufactured to be
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identical, whereas that of the bottom was changeable, to achieve the desired
substrate rigidity. Fibronectin is immobilized on the pillar tops, providing a focal
adhesion site for cells. C2C12, HeLa and NIH3T3 cells were cultured on the
SMPAD, and the motion of the cells was observed by time-lapse microscopy. Using
this simple platform, which produces a purely physical stimulus, we observed that
various types of cell behaviour are affected by the mechanical stimulus of the
environment. We also demonstrated directed cell migration guided by a discrete
rigidity gradient by varying stiffness.
Next, we demonstrate that the nano-scale magnetic modulation of
mitochondrial VDAC2, which is the only mammalian-specific isoform among
VDAC isoforms, can contribute to protect the neurodegenerative disease attenuating
the changes in the intracellular calcium levels that were induced by beta-amyloid. In
this study, BMPs originated from Magnetospirillum sp. AMB-1 directly conjugated
with VDAC2 antibody using 1-Ethyl-3-(3-dimethylaminopropyl) carbodiimide
(EDC) linker which is used to couple carboxyl groups to primary amines. BMPsVDAC2 antibody complexes (BMPs-Ab) introduced into SH-SY5Y cells, human
derived neuroblasts which are often used as in vitro models of neuronal function and
differentiation. We investigated that the effect of magnetically modulated VDAC2
on the change of intracellular Ca2+ levels induced by Aβ. SH-SY5Y cells were
loaded with 5 μM Fluo-3 AM for 30 min, and then the changes in the level of Ca2+
before and after treatment with Aβ were measured by 488-nm laser source to excite
Fluo-3. BMPs-VDAC2 antibody complexes (BMPs-Ab) introduced into SH-SY5Y
cells were successfully internalized into SH-SY5Y cells. We found that the capture
of VDAC2 with BMPs-Ab was significantly decreasing the expressed intracellular
calcium levels induced by Aβ. This magnetic modulation of VDAC2 considerably
increases the proliferation and reduced Aβ-induced toxicity in SH-SY5Y. These
results suggest that magnetic modulation of VDAC-2 is able to protect the
neurodegenerative disease attenuating the changes in the intracellular calcium levels
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that were induced by Aβ.
Finally, we investigated a self-degradation route for single-wall carbon
nanotubes (SWNTs) mediated by built-in peroxidase-like activity of bacterial
magnetic

nanoparticles

(BMPs).

Biocompatible

BMPs

originated

from

Magnetospirillum sp. AMB-1 were directly conjugated through covalent bonding to
yield functionalized SWNTs (f-SWNTs) without any additional functionalized
processes. Employing transmission electron microscopy (TEM) and Raman
spectroscopy, we found that BMPs can act as effective built-in intrinsic peroxidase
compare to other enzymatic methods for the degradation of SWNTs. For the possible
application in neurobiology, f-SWNT-BMP hybrids were shown as an inhibitor to
reduce formation of amyloid-beta (Aβ) fibrils which is considered as the key
element behind Alzheimer’s disease. To conform this, we showed that neurotixicity
of Aβ peptide affecting SH-SY5Y cell death is reduced in the presence of these
hybrids. Our findings could offer a new approach of mitigating the toxic impact and
neurobiological application of CNTs.

Keywords: PDMS pillar array, Bacterial magnetic nanoparticle, Single-walled
carbon nanotube, Cell migration, Mitochondria targeting, Self-degradation
Student Number: 2009-31248

iii

Contents

Abstract

i

Contents

iv

List of Figures

viii

List of Tables

xviii

Chapter 1 Introduction
1.1

１

Cell behavior

２

1.1.1

Apoptosis

２

1.1.2

Differentiation

４

1.1.3

Cell growth and proliferation

７

1.1.4

Cell migration

９

1.2

3-D fabrication techniques

１２

1.3

Nano- scale structure fabrication

１５

1.4

Soft lithography for micro- fabrication

１８

1.5

Summary

２１

iv

Chapter 2 Cell with Microstructure

２２

2.1

Introduction

２３

2.2

Materials and Methods

２６

2.2.1

Geometric considerations

２６

2.2.2

Fabrication process

２７

2.2.3

Data acquisition

３０

2.2.4

Cell preparation

３０

2.2.5

Immunofluorescence staining

３０

2.2.6

Quantification

３１

2.3

2.4

Results

３２

2.3.1

SMPAD characterization

３２

2.3.2

Analysis of SMPAD stiffness

３４

2.3.3

Cell morphology on the soft and stiff pillar array

３７

2.3.4

Cell motion on the soft-to-stiff pillar array

３９

2.3.5

Cell motility analysis

４２

Summary

４８

Chapter 3 Nanomaterials in Biology Application
3.1

４９

Bacterial Magnetic Nanoparticle conjugated VADC2 Antibody

５０

3.1.1

５２

Materials and Methods
3.1.1.1 Preparation of BMPs

５２

3.1.1.2 Conjugation of VDAC2 antibody to BMPs

５２

3.1.1.3 Amyloid beta 25-35 aging

５３

3.1.1.4 Cell culture and BMPs loaded cell preparation

５３

3.1.1.5 Intracellular calcium level measurement

５３

3.1.1.6 Fluorescence labelling

５４

3.1.1.7 Cell viability assay

５４

v

3.1.2

3.1.3
3.2

3.1.1.7.1 ATP assay MTS assay

５４

3.1.1.7.2 ATP assay

５５

Results

５６

3.1.2.1 BMPs preparation and VDAC2 targeting

５６

3.1.2.2 Calcium level

６０

3.1.2.3 BMP-VDAC2 ab loaded cell viability

６４

3.1.2.4 Effects on amyloid beta induced injury

６６

Summary

６９

Bacterial Magnetic Nanoparticle–Decorated Single-Wall Carbon Nanotubes ７０
3.2.1

3.2.2

Materials and Methods

７３

3.2.1.1 Carboxyl functionalization of SWNTs

７３

3.2.1.2 BMP extraction and purification

７３

3.2.1.3 Conjugation of f-SWNTs to BMPs

７３

3.2.1.4 High-resolution transmission electron microscopy

７４

3.2.1.5 EDS/FE-SEM preparation

７４

3.2.1.6 XPS analysis

７４

3.2.1.7 Raman microscopy of the f-SWNT-BMP hybrids

７５

3.2.1.8 Catalytic activity of f-SWNT-BMP hybrids

７５

3.2.1.9 Degradation of f-SWNTs

７５

3.2.1.10 Thioflavin T assay for Aβ fibril formation

７６

3.2.1.11 MTS assay for cell viability

７６

Results

７８

3.2.2.1 Synthesis of the f-SWNT-BMP hybrid

７８

3.2.2.2 Characterization

８０

3.2.2.3 Catalytic activity of the hybrids as a peroxidase

８３

3.2.2.4 Self-degradation of BMP-Decorated f-SWNTs

８９

3.2.2.5 Inhibition of amyloid beta fibrillation

９４

3.2.2.6 Prevention of Aβ-induced neurotoxicity

９７

vi

3.2.3

Summary

１００

Chapter 4 Conclusion

１０１

Bibliography

１０４

한글초록

１２５

vii

List of Figures

Figure 1-1 A schematic showing the magnetic influences on receptor-bound
magnetic nanoparticles depending on the nature of the magnetic field
applied. (a) By creating a uniform magnetic field that magnetizes the
particles, it is possible to induce magnetic interactions (that is,
attraction) between bound particles (grey spheres) and hence promote
clustering of receptors over large volumes, deep within the body. (b)
A single magnet with a large field gradient, induces a translational
force on a magnetic nanoparticle that drops off very rapidly with
distance from the magnetic field source. This limits the depth to
which receptor clustering can be magnetically actuated. ............... ３
Figure 1-2 (A) Co-culture of adult rat hippocampal progenitor cells (AHPCs) with
astrocytes on microgrooved PS substrate. The square illustrates how
the cells align in the same direction as the microgrooves [9]; (B)
Elongation of mouse mesenchymal stem cells (mMSCs) inside
microgrooves on a silicon substrate [10]; (C) Attachment of rMSCs
on ring shaped PMMA microstructures [11]; (D) Formation of
embryoid bodies (EBs) using an array of PEG microwells [12]. .... ６
Figure 1-3 Shapes Adopted by Cells on Islands. Scanning electron micrographs of
3T3 cells in contact with islands of the largest and smallest sizes used
in these experiments. The cells were fixed 4 hr after seeding from a
randomly growing culture. The volumes and shapes of these cells are
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variable; typical examples are shown. Islands occupied by single
cells have been selected; up to 60 % of the islands are occupied by
either more or less than one cell. Some shrinkage occurs during the
process of preparation for electron microscopy. Scale = 50 μm. ..... ８
Figure 1-4 Mc3t3 osteoblasts in contact with a biofunctionalized 80 nm pattern
and exhibiting cell protrusions sensing the pattern. Scale bars, (a) 20
μm and (b) 200 nm. (c) Projected cell area (±s.e.m.) as a function of
substrate position. Insets: Mc3t3 osteoblasts after 23 h adherence on
a homogeneously nanopatterned area with 50 nm c(-RGDfK-) patch
spacing (left) and along the spacing gradient (right), respectively.
Cells are immunostained for vinculin (green), and actin is visualized
using TRITC (6-tetramethylrhodamine isothiocyanate)-phalloidin
(red). Scale bars: 20 μm (left); 200 nm (right). ......................... １１
Figure 1-5 (A) Photographs of the pin holder device for the magnetic
cell patterning. A photograph of a magnetic soft iron (A-1) that
contains more than 6000 square pillars (100 µm width, 100 µm
length, 300 µm height) with center-to-center distance of 250 µm (A-2,
A-3). (B) Schematic diagram for fabrication of the 3D cell culture
array using magnetic force and a pin holder device. The magnetically
labeled cells were seeded into a culture dish with a thin layer of
collagen gel and patterned into an array. The patterned cells were
further embedded with collagen gel to construct the 3D cell array. (C)
Side view of the scheme for the magnetic cell patterning in 3D. . １４
Figure 1-6 Process flow diagram of substrate patterning and protein
immobilization. Spin-coated PMMA polymer is patterned by NIL.
Exposed SiO2 regions are etched and a passivating (CFx)n polymer (x
= 1 or 2, n = number of monomer subunits, monomer MW = 31 or
50) is deposited during a CHF3 RIE procedure. Residual PMMA is
stripped away with acetone, exposing the underlying SiO2 in the
“patterned regions.” An aminosilane monolayer is covalently
attached to the exposed “patterned regions”. Biotin-succinimidyl
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ester is then covalently linked to the primary amine of the
aminosilane layer, and streptavidin is bound to the biotin layer.
Finally, the biotinylated target protein is bound to the streptavidin
layer................................................................................... １６
Figure 1-7 Cellular micropattens on templates of physisorbed ECM proteins on
biocompatible materials. The templates were created by microfluidic
patterning on polystyrene (a), poly(methyl methacrylate) (b), a gold
microelectrode pattern on glass (c), an underlying protein
micropattern on polystyrene (d), and microtextured PDMS (e). The
template, made of collagen (a, c-f ) or fibronectin (b, d), induced the
selective attachment and spreading of hepatocytes (a-d, f ) or
keratinocytes (e). ................................................................. ２０
Figure 2-1 Illustrations of the Stepped Micro Pillar Array Device (SMPAD)
presented here. An illustration of a binary type of SMPAD with a soft
pillar array (left) and stiff pillar array (right) (a). Plots of the force
and deformation relationship produced on a soft (left) and stiff (right)
type of SMPAD (b). The spring constant is proportional to the bottom
pillar diameter of the SMPAD (F=kx, where k is the spring constant).
Illustration of the pillar arrangement (c). The black dot represents a
single SMPAD, and the dashed line is the distance between pillars in
the SMPAD (d=10 μm). Square (left) and hexagonal (right)
arrangements were used here. Side view of gradient types of the
SMPAD (d) and (e). Of note, there is a slower increase in the bottom
pillar diameter toward the right in the low-strength SMPAD (d) than
in the high-strength SMPAD (e). ............................................ ２５
Figure 2-2 Process flow for the SMPAD fabrication. A bare silicon wafer was
prepared after piranha cleaning and dehydration processes (a). SU-8
2002 spin coating and flood exposure for the SMPAD base (b). SU-8
2010 spin coating and exposure for the bottom portion of the
SMPAD (c). SU-8 2002 spin coating and exposure for the top portion
of the SMPAD (d). Developing process for the positive SMPAD
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master (e). PDMS casting for the negative mold (f). A cover glass
was used to press inter-filling PDMS and generate the thin SMPAD
substrate (g). Completed SMPAD substrate (h). Fibronectin coating
of the top of the SMPAD using a contact printing method (i).
Prepared ECM coated SMPAD (j). Adherent animal cells were
seeded and cultured on the prepared SMPAD (k). ..................... ２９
Figure 2-3 Micrographs of SMPAD. SEM images of the positive SU-8 SMPAD
master, which has a binary stiffness substrate (a), and the prepared
polymeric SMPAD with stiffness gradients (b). Fluorescence image
visualizing fibronectin absorption on SMPAD (c). Green dots
represent printed fibronectin, and yellow curves represent protein
intensity. Cell attachment on the SMPAD 3 h after cell seeding (d)-(f).
Images were obtained by optical microscopy (d), confocal
microscopy, and SEM (f). Scale bar, 10 μm. ............................ ３３
Figure 2-4 Force and displacement plots using AFM. The force and zdisplacement relationship of the AFM cantilever beam while
applying forces on glass and PDMS substrate (a). SMPAD pillars
with different bottom diameters (2.5, 5.5, and 7.5 μm) were also
tested to obtain the force-displacement characteristics of the AFM
cantilever (b)....................................................................... ３５
Figure 2-5 Spring constant in the x-direction. Calculated values using the formula
presented here are illustrated by black dots, and the values measured
by the AFM cantilever tip are shown as red dots. The measured
spring constant primarily followed the calculated values; a rapid
increase between the soft and stiff types of SMPAD was observed (a).
The gradually increasing spring constant with the SMPAD gradient
type is shown in (b). (n=5). ................................................... ３６
Figure 2-6 Cell morphology obtained by confocal microscopy. The nucleus,
vinculin and actin filament of cultured cells on the soft (left column)
and stiff (right column) types of SMPAD were visualized using DAPI,
vinculin and actin antibodies respectively. Scale bar, 10 μm. ...... ３８
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Figure 2-7 Cell responses and migratory behavior on SMPAD with the binary
stiffness pillar array (a). When a cell was attached to the soft portion
of the substrate, it investigated the surrounding environment with a
tapping motion and slowly moved toward the stiff portion of the
substrate (cell 1). Although the cell began to move from the stiff
portion of the substrate and touched the soft portion, it quickly
displaced toward other stiff portions of the substrate (cell 2). The cell
explored and migrated along the stiffness boundary and remained on
the other stiff area when the cell had initially attached to a stiff
portion of the substrate (b). Scale bar, 50 μm. To monitor the realtime cell migration in different cell types, we cultured C2C12 and
HeLa cells on our devices. We counted the number of cells on the
soft and stiff portions of the substrate every 3 h for up to 21 h. For
C2C12, a tendency to move toward the stiff area was observed on
C2C12 (c) and NIH3T3 (d). .................................................. ４１
Figure 2-8 NIH3T3 behavior on flat PDMS (Control), SMPAD with identical
stiffness (Uniform), and SMPAD with gradually increasing stiffness
in the x-direction (Gradient) (a). Cell showed directional migration in
the direction of increasing stiffness over 180 min. The net distance
traveled by migrated cells in 30 min increments up to 300 min was
used to compare the motion of cells on three types of substrate (b).
No specific tendency for migration direction was observed between
groups at up to 150 min. However, a particular increase in travel
distance was observed from 150 min to 210 min, and the cells that
attached to the gradient substrate travelled much further than the cells
attached to other types of substrates. *p<0.05 and **p<0.005. .... ４５
Figure 2-9 The location of NIH3T3 cells 18 h after attachment to the SMPAD with
low gradient strength (G0.5) (a), medium gradient strength (G5) (b),
and high gradient strength (G50) (c) stiffness. Cells randomly
distributed initially, ended up with the vicinity of indicated locations
after 18 hours of migration. White arrows indicate the stiffness of the
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final locations. (h: hard, m: medium, s: soft area). No difference in
migration distances was observed between the x-direction and ydirection when the cells migrated on the low-strength SMPAD (d).
The G0.5 type of SMPAD, which is the middle gradient strength,
began to induce a mild increase in x-directional migration (e). The
distance of cell migration increased sharply on the high-strength
SMPAD along the x-direction (f). Cells on the high-strength SMPAD
migrated along the x-direction with the highest velocity (g). More
than 100 cells on each substrate were used to generate this result.
*p<0.05 and **p<0.005. ....................................................... ４７
Figure 3-1 Schematic of the BMP-VDAC2 Ab complex .............................. ５１
Figure 3-2 (a) Magnetic attraction of BMP disperse in 1X PBS, (b) Transmission
electron microscopy (TEM) image of BMP with a scale bar 50 nm.
The BMPs from the Magnetospirillum sp. AMB-1 were used in our
approach, which are inherently biocompatible, can be effectively
conjugated with other biomolecules, and can be dispersed well in
aqueous solutions because of their

stable lipid membrane

surrounding the magnetic core. .............................................. ５７
Figure 3-3 Transmission electron microscopy (TEM) image of BMPs internalized
by a SH-SY5y cells. (a) Control, (b) BMPs only, and (c) BMPsantibody conjugate. .............................................................. ５８
Figure 3-4 Speciﬁc targeting of BMP-VDAC2 Ab complex to mitochondria inside
SH-SY5Y cells; blue: nucleus, red: mitochondria, green: BMP; scale
bar: 10 μm. ......................................................................... ５９
Figure 3-5 (a) Optical, (b) fluorescence images of normal SH-Sy5y cells; (c)
optical and (d) fluorescence images of β-amyloid treated normal SHSy5y cells; and (e) optical and (f) fluorescence images β-amyloid
treated BMP-Ab loaded SH-Sy5y cells. It is clear that Ca2+ level of
β-amyloid treated normal cells is much higher than level of BMP-Ab
loaded cells. ........................................................................ ６１
Figure 3-6 Effect of BMP-VDAC2 ab complex to reduce calcium influx induced
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by amyloid beta. Calcium level was calculated from the calibrated
fluorescence signal of the probe fluo-3. *p<0.05 and **p<0.01
compared with the control cell. .............................................. ６２
Figure 3-7 Effect of BMP-VDAC2 Ab complex on amyloid beta-induced Ca2+
influx in the SH-SY5Y cells. Control: VDAC2 untargeted, BMPVDAC2 ab: VDAC2 targeted cells, Control + 50 μM of aβ: VDAC2
untargeted cells under Aβ treated condition, BMP-VDAC2 ab + 50
μM of aβ: VDAC2 targeted cells with BMPs-Ab under Aβ treated
condition. (*p<0.05 and **p<0.01, n=3) ................................. ６３
Figure 3-8 Effect of BMP-VDAC2 Ab complex on cell growth by (a) MTS assay
and (b) ATP level. Under the amyloid-beta induced neurotoxic
condition ............................................................................ ６５
Figure 3-9 Effect of BMP-VDAC2 Ab complex on cell growth by (a) MTS assay
and (b) ATP level. Control: VDAC2 untargeted cells, BMP-VDAC2
ab: VDAC2 targeted cells with BMPs, Control + 50 μM of aβ:
amyloid-beta treated VDAC2 untargeted cells, and BMP-VDAC2 ab
+ 50 μM of aβ: amyloid-beta treated VDAC2 targeted cells. (*p<0.05,
**p<0.01, and ***p<0.001, n=4) ........................................... ６７
Figure 3-10 Schematic map of mitochondrial Ca2+ transporters in the amyloid-beta
induced toxicity. Aβ results in elevated cytosolic calcium levels and
localize to mitochondrial membranes. Aβ in mitochondria inhibits
mitochondrial ATP production and other energy-dependent functions,
and releases calcium stored in mitochondria, thereby further
deregulating neuronal calcium signaling. Finally, a release of
proapoptotic proteins from damaged mitochondria results in neuronal
injury. However, the magnetic modulation of VDAC2 should block
the localization of Aβ to the mitochondria, whereas promote the Ca2+
uptake into mitochondria within the threshold. Mitochondria produce
ATP and maintain other functions........................................... ６８
Figure 3-11 Illustration of f-SWNT-BMP hybrid formation. EDC and sulfo-NHS
are used to activate carboxyl groups of f-SWNTs. BMPs directly
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conjugated with f-SWNTs using their primary amine groups. ..... ７２
Figure 3-12 Micrograph of f-SWNTs and f-SWNT-BMP hybrids (a), (b), (d), and
(e). BMPs dangle from the f-SWNT bundles in the hybrid images (d)
and (e), whereas only f-SWNTs are seen in images (a) and (b).
Magnetic attraction of f-SWNTs (c) and f-SWNT-BMP hybrids (f)
was performed. After functionalization, the f-SWNTs and the hybrids
were fully dispersed in DI water. However, the hybrids were
mutually attracted to each other and aligned with their opposite
magnetic poles facing opposing f-SWNTs within a one-minute
interval............................................................................... ７９
Figure 3-13 Raman spectra (a), EDS results of f-SWNT-BMP hybrids (b) and f
-SWNTs (c).When the unmodified SWNTs (pristine) were compar
ed with the f-SWNTs, the intensity of the G peak for the f-SWN
Ts and the hybrids showed no noticeable change; however, the int
ensity of the D peak increased drastically, resulting in an increase
d intensity ratio of the D to G band (a). Inset: Starting from the
bottom, the D peak of pristine SWNT, f-SWNT, and hybrid. The
Fe signals would have originated from the BMPs (b) because mos
t impurities, including Ni, Co, and Fe, that were used as catalysts
during the synthesis of the f-SWNTs were removed during the fu
nctionalization process (c).................................................... ８１
Figure 3-14 XPS analysis of the Fe2p peak and the N1s core level of the hybr
ids. Fe2p scan showing the characteristic binding energy peaks of
Fe 2p3/2 and Fe 2p1/2 of Fe3O4 (a). In the N1s scan, the 400.1 e
V peak was assigned to the residual amino groups on the surface
of Fe3O4, and the 401.0 eV peak was assigned to the amide group
s in the hybrids (b). ............................................................ ８２
Figure 3-15 Peroxidase-like activity of hybrids and dependance of the peroxidaselike activity on the H2O2 concentration and the time-dependent
absorbance changes at different H2O2 concentrations. Color change
of the TMB substrate in TMB + H2O2 (a), TMB + H2O2 + BMPs (b),
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and TMB + H2O2 + Hybrids (c), Synergetic peroxidase-like activity
of hybrids (d), Comparison of the time-dependent peroxidase-like
activity changes with hybrids and BMPs (e). The catalytic activity of
the hybrids is dependent on the concentration of H2O2 (f). Moreover,
the hybrids quickly catalyzed the oxidation of the TMB peroxidase
substrate and induced a rapid initial reaction rate and a subsequent
stable stage depending on the concentration of H2O2 (g). ........... ８５
Figure 3-16 Steady-state kinetic assay and catalytic mechanism of hybrids and
BMPs. The concentration of H2O2 was 50mM and the TMB conc
entration was varied (a), and the concentration of TMB was 1.6
mM and the H2O2 concentration was varied (b). Double reciprocal
plots of activity of hybrids and BMPs with fixed concentration of
H2O2 and varied TMB concentrations (c), and with the fixed conc
entration of TMB and varied H2O2 concentrations (d)............ ８７
Figure 3-17 TEM images (a)-(d) and Raman spectra (e) and (f). Most of the fSWNTs remained bundled in the H2O2 condition after 24 h of
incubation (b), whereas the majority of the f-SWNT-BMP hybrid
bundles were degraded, leaving residual BMPs and carbonaceous
material in the samples after the BMP-induced degradation (d). Scale
bars are 200 nm. In the Raman spectra, the ID/IG ratio for the hybrids
drastically increased compared with that for the f-SWNT sample due
to the BMP-induced degradation (e) and (f). ............................ ９１
Figure 3-18 Raman spectra of the hMPO-induced and BMP-induced degradation
of f-SWNTs. The intensity of the D-band for the hybrids under BMPinduced degradation (1) was higher than that of the f-SWNTs under
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Chapter 1 Introduction

Nano- Micro- Technology for Cell
Biology

Cells are the basic structural and functional unit of living systems. It is hence
important to understand the mechanism of how cells interact with the environment.
Indeed, cells are sensitive to biochemical, mechanical, and topological cues. Our
understanding of the mechanisms on how cells sense these cues and our ability to
manipulate cellular behaviors accordingly will allow efficient and therapeutic
intervention of related diseases and expedite the development of new methods for
drug screening and discovery. Nano- micro- fabrication techniques are particularly
useful in facilitating the research in this aspect by creating and mimicking the
physiological and pathological cellular environment.
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1.1 Cell behavior
1.1.1 Apoptosis
Normal cells usually will undergo a self-termination or apoptosis, but for cancer
cells, they become immortal. It is therefore important to understand the underlying
mechanisms governing the cell fate, life, or death. This understanding would help to
intervene and cure different diseases. Apoptosis is a programmed cell death,
involving a series of biochemical events which eventually lead to the cell death, with
morphological and molecular characteristics including blebbing, changes at the cell
membrane, cell shrinkage, nuclear fragmentation, chromatin condensation, and
chromosomal DNA fragmentation. Apoptosis can be triggered by various stimuli
involving different molecular pathways. Chen et al. found that cells could switch
from growth to apoptosis when seeded onto small micro-patterned islands
containing ECM proteins [1]. The results showed that cells attached to nonpatterned
surfaces would not undergo apoptosis, but about 20% of the cells seeded on 20 lmdiameter circle-shaped patterns would undergo apoptosis. By further decreasing the
diameter size of these circle-patterns from 20 to 10 lm, the percentage of apoptotic
cells adhered on these patterns progressively increased. Similar results were
observed in a later study from Dike et al. [2]. These results demonstrate that the cell
shape is one of the important factors to determine the fate of a cell. Chiu et al.
fabricated cell culture dishes utilizing collagen gels with different stiffness [3]. The
results indicate that soft substrates could induce apoptosis in polarized cells. It
appears that the soft collagen gels can up-regulate the store-operated calcium influx
across the cell membrane to increase the cytosolic calcium levels. This disturbed
calcium homeostasis eventually resulted in the activation of l-calpain, which cleaves
l-spectrin to induce actin disorganization and apoptosis. Recently, Dobson showed
that a magnetic on/off switch for cell-death signalling in cancer cells is developed
using antibodies conjugated to magnetic nanoparticles (Figure 1-1) [4].
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Figure 1-1 A schematic showing the magnetic influences on receptor-bound
magnetic nanoparticles depending on the nature of the magnetic field applied. (a) By
creating a uniform magnetic field that magnetizes the particles, it is possible to
induce magnetic interactions (that is, attraction) between bound particles (grey
spheres) and hence promote clustering of receptors over large volumes, deep within
the body. (b) A single magnet with a large field gradient, induces a translational
force on a magnetic nanoparticle that drops off very rapidly with distance from the
magnetic field source. This limits the depth to which receptor clustering can be
magnetically actuated.
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1.1.2 Differentiation
Although the molecular mechanisms involved in the renewal and apoptosis of cells
appear different, ample evidence has shown that those two processes are related in
cells under different mechanical/physical/chemical environment. Indeed, geometric
control of the substrate can switch the adhered cells between growth, apoptosis, and
differentiation [2]. Differentiation is the process of cells becoming more specialized
types. It starts right after the formation of a zygote, which differentiates into a
complex system containing different tissue and cell types. This process also exists in
the adult organism, usually occurring as a part of regenerative process for wound
repair and tissue regeneration. For stem cells, differentiation is one of their most
important features. External cues, including microenvironment, biomolecules, and
the substrates, can regulate the gene expression of stem cells to switch and govern
the cell fate. Here, we highlight several cases demonstrating that nano- microfabrication techniques were applied to manipulate the cellular microenvironment to
regulate stem cell differentiation. McBeath et al. showed that different shapes of
micropatterns can lead human mesenchymal stem cells to differentiate into
adipocytes or osteoblasts [5]. The results showed that stem cells seeded on ECM
with low density could differentiate into adipocyte-like cells, while those seeded on
ECM with high density appeared more osteogenic. Further results indicated that
these mesenchymal stem cells seeded on small or large-size patterns could
differentiate into adipocytes or osteoblasts, respectively. A recent study from the
same group further revealed the mechanism of stem cell differentiation on different
shapes of patterns [6]. It appears that geometry determines spatial distribution of
cytoskeletal tension, which regulates the differentiation of stem cells. Indeed, the
cell tensions of different patterns at different locations are different, as shown in Fig.
3. Cells on the convex part of the patterns are subjected to high cellular tension,
which guides MSCs to differentiate into osteoblasts. Cells at the concave part of the
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patterns have lower cellular tension which leads MSCs to differentiate into
adipocytes. Similar results were obtained in three dimensional cell patterns. These
results are consistent with previous observations that stem cells can differentiate
differently on substrates with different stiffness [7]. Consistently, direct mechanical
loading can also affect the differentiation commitment of stem cells [8]. In a study
by Mallapragada et al., adult rat hippocampal progenitor cells (AHPCs) exhibited an
elongated morphology along microgrooved laminin coated polystyrene (PS)
substrates [9]. On these substrates, the elongated morphology of the cells remained
intact after seeding cortical astrocytes with the AHPCs, and the differentiation of
AHPCs towards an early neural phenotype (III β-tubulin) was enhanced after coculturing. Likewise, mouse mesenchymal stem cells (mMSCs) were shown to
exhibit an elongated morphology when cultured on microgrooves (Figure 1-2) [10].
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Figure 1-2 (A) Co-culture of adult rat hippocampal progenitor cells (AHPCs) with
astrocytes on microgrooved PS substrate. The square illustrates how the cells align
in the same direction as the microgrooves [9]; (B) Elongation of mouse
mesenchymal stem cells (mMSCs) inside microgrooves on a silicon substrate [10];
(C) Attachment of rMSCs on ring shaped PMMA microstructures [11]; (D)
Formation of embryoid bodies (EBs) using an array of PEG microwells [12].
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1.1.3 Cell growth and proliferation
Cell growth and proliferation refer to the growth of cell population, which are
dependent on the cell adherence to solid surfaces. The whole process of cell
proliferation starts with cells adhering to the substrate surface, with parental cells
dividing to generate daughter cells. More populated cells then migrate out to
continuously colonize the surface until a crowded cell sheet is formed and
proliferation stopped. O’Neill et al. seeded whole mouse embryo (WME) and NIH
3T3 cells on patterned areas with different size (Figure 1-3) [13]. The results
indicate that the DNA synthesis for WME cells is limited whereas a 6-fold increase
could be observed in NIH 3T3 cells when the cells were constrained on a small
growing area. Therefore, the alteration of shape or area where cells are seeded can
significantly affect the synthesis of DNA and, subsequently, cell proliferation.
Consistently, it has been shown that cells cultured on nano-structured PDMS
surfaces have higher proliferation and lower apoptosis rate [14].
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Figure 1-3 Shapes Adopted by Cells on Islands. Scanning electron micrographs of
3T3 cells in contact with islands of the largest and smallest sizes used in these
experiments. The cells were fixed 4 hr after seeding from a randomly growing
culture. The volumes and shapes of these cells are variable; typical examples are
shown. Islands occupied by single cells have been selected; up to 60 % of the islands
are occupied by either more or less than one cell. Some shrinkage occurs during the
process of preparation for electron microscopy. Scale = 50 μm.
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1.1.4 Cell migration
Cell migration plays a central role in regulating cellular functions, including
embryonic development, immune response, and wound healing process. Any error
occurring during the cell migration process can lead to severe pathophysiological
consequences, including tumor formation, vascular disfunction, or malformation
during the development of organisms. Nano- micro- fabrication technologies have
provided powerful tools to study the migration of single or multiple cells, by
controlling the adhesion areas or the topography of the ECM where cells can migrate
on. It becomes clear that cell migration is mainly determined by two systems:
intracellular signaling mechanism and extracellular physical/biochemical cues. The
intracellular signaling mechanism includes the signals controlling the cell protrusion
in the leading edge, integrin-mediated membrane adhesion to the substrate,
formation and stabilization of attachments, and contraction and detachment from the
substrate in the rear edge. Physical/biochemical cues are mainly related to the
cellular microenvironment which includes chemical stimulation and physical
topography [15-17]. In this section, we will focus on the regulation of cell migration
directed by microenvironment cues. The lamellipodia-like protrusion of cells seeded
on micro-patterned surface can be induced by EGF stimulation. Bailly et al. created
vitronectin-patterned lines on the gold surface where MTLn3 cells were constrained
to grow [18]. EGF can be clearly observed to stimulate lamellipodia extension out
from the adhesive pattern toward the inert areas. Saadi et al. [19] developed a simple
microfluidic device for generating stable concentration gradients of IL-8 in 2D and
3D environments. With this device, neutrophil chemotaxis and migration can be
observed and monitored. Similar method was also developed by Jeon et al. [20]. The
topography of ECM can also control cell migration through physical cues. Wood
showed that mesenchymal fish cells cultured on different patterns on microfabricated quartz discs could predominantly align and migrate parallelly along the
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long axis of the adhesive patterns after a few hours of culture [21]. These
polarization and alignment effects can also be found in other cell types, including
oligodendrocytes [22] and hippocampal neurons [23] and fibroblast [24]. This
platform of applying nano- micro- fabrication technologies to create special
microenvironment has proven to be a versatile and powerful tool for the study of cell
migration. It provides a well-controlled cell culture environment in which cells can
be observed in real time. Furthermore, it allows us to integrate both biophysical and
biochemical factors, which is necessary in mimicking biological conditions as cells
constantly receive environmental signals in both soluble and insoluble forms. Indeed,
nano- micro- fabrication technique has been successfully applied for the study of
cellular functions related to migration, such as adhesion on quasi three-dimensional
cell microenvironment [25,26], and artificial mirco- nano- structures [27].
Hirschfeld-Warneken et al. [28] found that cells elongate themselves along the
gradient on a substrate with a larger ligand distance (Figure 1-4). Theoretical
calculation based on a one-dimensional continuum viscoelastic model is used to
predict the migration speed of a single cell in response to a linear ligand density
gradient across a solid substrate as a function of gradient slopes. The model predicts
biphasic dependence between migration speed and gradient slope with a maximum
speed at an intermediate gradient slope, above which the cell speed decreases with
increasing slope [29].
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Figure 1-4 Mc3t3 osteoblasts in contact with a biofunctionalized 80 nm pattern and
exhibiting cell protrusions sensing the pattern. Scale bars, (a) 20 μm and (b) 200 nm.
(c) Projected cell area (±s.e.m.) as a function of substrate position. Insets: Mc3t3
osteoblasts after 23 h adherence on a homogeneously nanopatterned area with 50 nm
c(-RGDfK-) patch spacing (left) and along the spacing gradient (right), respectively.
Cells are immunostained for vinculin (green), and actin is visualized using TRITC
(6-tetramethylrhodamine isothiocyanate)-phalloidin (red). Scale bars: 20 μm (left);
200 nm (right).
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1.2 3-D fabrication techniques
Apparently, cells in vivo are subjected to environment in three dimensions. In
addition, cells in vivo tightly interact with the surrounding environment which
contains various physical and chemical cues. As such, the cell environment in vivo is
more complicated than what can be generated in 2D tissue culture dishes. Indeed,
the cellular functions and structure under 3D environment demonstrated features
significantly different from 2D cultured cells [30,31]. Therefore, three-dimensional
techniques are becoming more and more important in cell biology to generate
microenvironment mimicking the physiological condition closer than that of twodimensional devices and patterns. These three-dimensional techniques can offer
powerful tools to study the different mechanisms of cellular behaviors and functions
under the physiological and pathological conditions. While not the mainstream
activities, three-dimensional devices can also be generated by soft lithography at
micron scale and by electrospinning at nano- scale. In this part, we introduce other
methods aimed to specifically create three dimensional patterns or devices for the
studies of cell biology. Giang et al. reported a method using a mold composed of
deep reactive ion etched (DRIE) trenches to get concave cavities in threedimensional structures [32]. In this case, partially degassed PDMS pre-polymer was
applied to a hydrophobic mold with a high curing temperature to create the desired
patterns. Ice-lithography was another method newly developed [33]. This method
utilizes patterned water droplets created by micro- scale plasma activated templates.
The pre-cured PDMS is applied to encapsulate patterned water. The space occupied
by water can then formulate the 3D cavities. Joong Park et al. further improved this
technique by utilizing DMSO as the liquid to occupy the space within PDMS [34].
This approach allows easier control of the size and shape of the solidified template.
With this method, multiple concave micro-wells can be conveniently generated to
successfully entrap cells. Therefore, ice-lithography has potential biological and
biomedical applications in areas such as the fabrication of cell docking devices.
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Electroplating is a method to obtain a durable metal replication master for
cylindrical microchannels [35]. The master dimension can be controlled by the
electroplating time and swapping power. As such, PDMS micro-channels can be
obtained without soft lithography. Chan-Park et al. have demonstrated that concave
or convex micron patterns can be generated by gas expansion [36]. In this case, prepolymer substances trapping argon gas in the microcavities can be polymerized by
applying UV lights to develop 3D PDMS molds. These micro-channels can be,
subsequently, applied to study cell biology. Mina Okochi et al. showed that a threedimensional (3D) cell culture system has been fabricated using a magnetic force
based cell patterning method, demonstrating a facile approach for the analysis of
invasive capacity of BALB/3T3/v-src using an magnetic force and magnetite
nanoparticles (Figure 1-5) [37].
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Figure 1-5 (A) Photographs of the pin holder device for the magnetic cell patterning.
A photograph of a magnetic soft iron (A-1) that contains more than 6000 square
pillars (100 µm width, 100 µm length, 300 µm height) with center-to-center distance
of 250 µm (A-2, A-3). (B) Schematic diagram for fabrication of the 3D cell culture
array using magnetic force and a pin holder device. The magnetically labeled cells
were seeded into a culture dish with a thin layer of collagen gel and patterned into an
array. The patterned cells were further embedded with collagen gel to construct the
3D cell array. (C) Side view of the scheme for the magnetic cell patterning in 3D.
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1.3 Nano- scale structure fabrication
Various nano-structured fabrication techniques other than electrospinning have
achieved tremendous progress in applying to cell biology during last decade. Nanostructured materials have many unique properties: (i) large fraction of surface and
high ratio of surface area to volume; (ii) high surface energy; (iii) precise spatial
confinement; (iv) reduced imperfections. These properties do not exist in the
corresponding bulk materials. A ‘‘dip-pen’’ nanolithography (DPN) in a direct-write
fashion was invented in 1999 [38]. In brief, an atomic force microscope tip was used
to deliver collections of molecules in a positive printing mode. The results indicate
that alkanethiols can be printed in lines on a gold thin film with 30 nm resolution,
analogous to what a dip pen can do. During the past 10 years since this technique
was invented, DPN has been developed as a general method for generating
functional surface-patterns on the sub-100 nm scale, with the chemical composition
and structure precisely tailored by an atomic force microscope. For example, Lee et
al. [39] applied DPN to fabricate nanoarrays of ECM domains of fibronectin on a
thin-film gold surface. 3T3 Swiss fibroblast cells were successfully seeded onto
these fabricated patterns consisting of nanoarrays. Therefore, DPN can provide the
opportunity to study a variety of surface-mediated biological processes at subcellular
levels. Electron beam fabrication is another method which can create nano-patterns
with different materials. Indeed, a resolution of 10 nm was achieved in 1976 [40]
and Yasin et al. [41] successfully fabricated <5 nm poly(methylmethacrylate)-resist
lines utilizing a developer assisted by an ultrasonic approach. Other nano-fabrication
systems, like nano-imprint lithography (Figure 1-6) [42], nanoshaving, and scanning
probe microscopy [43,44], have also been developed for studies in cell biology. And
in the past decade, there has been tremendous interest in exploring the potency of
biomimetic fibers in tissue engineering, and several techniques originally developed
for different purposes have been used for this application (Table 1-1) [45].
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Figure 1-6 Process flow diagram of substrate patterning and protein immobilization.
Spin-coated PMMA polymer is patterned by NIL. Exposed SiO2 regions are etched
and a passivating (CFx)n polymer (x = 1 or 2, n = number of monomer subunits,
monomer MW = 31 or 50) is deposited during a CHF3 RIE procedure. Residual
PMMA is stripped away with acetone, exposing the underlying SiO2 in the
“patterned regions.” An aminosilane monolayer is covalently attached to the exposed
“patterned regions”. Biotin-succinimidyl ester is then covalently linked to the
primary amine of the aminosilane layer, and streptavidin is bound to the biotin layer.
Finally, the biotinylated target protein is bound to the streptavidin layer.
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Table 1-1 Mimicking ECM components to create cell microenvironment
Natural
component

Method

Material used

Role

Electrospinning

Carbon, PLA, PGA,
PLGA,
polycaprolactone,
polydioxanone,
chitosan

3D cell scaffolding,
promote adhesion

Self-assembly

Peptide amphiphile

3D cell scaffolding,
promote adhesion,
differentiation

Nanopatterning

PEG, poly(ester amide)

Induce morphogenesis

Adhesion
proteins:
laminin,
fibronectin

Conjugation of
adhesion motif to
the matrix
backbone

RGD and IKVAV
amino acid sequences

Promote cell adhesion
to matrices

Proteoglycans:
heparin
sulphate

Sulphating matrix
backbone

Alginate-sulphate,
perlecan, sulphated
chitosan

Control the release and
presentation of growth
factors and cytokines

Hydroxyapatite

Induce osteogenesis
and mineralization

Fibres:
collagens,
elastins

Minerals:
hydroxyapatite
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1.4 Soft lithography for micro- fabrication
Soft lithography is the keystone of a set of techniques for non-photolithographic
fabrication, which is mainly based on the elastometric stamp to mold desirable twoor three dimensional nano- micro- scale patterns on different substrata [18,25,46,47].
In general, it includes several major techniques: microcontact printing, replica
molding, microtransfer molding micromolding, and solvent-assisted micromolding.
Due to its low cost and easy fabrication characteristics, it has been widely applied in
biology studies during the past decade. Soft lithography process is usually divided
into two parts: (1) create and fabricate the elastomeric elements; (2) apply these
elements to release the desirable geometrical patterns onto substrata. Due to the
advantages of soft lithography, e.g., it can be fabricated at low costs and cells
constrained on a certain location with desirable shapes, there are a lot of applications
of soft lithography in cell biology, such as creating patterned cell culture and coculture systems, manipulating topography of ECM, and imposing cells with gradient
chemical stimulation [46]. SAM is not the only way to obtain soft lithography
patterning surface. Ma et al. created micro-patterns via micro-contact printing
method [48,49]. With this method, the patterns created by comb polymer were quite
stable. While the micro-contract printing technology has been exceedingly useful
and applied in cell biological studies, there is a practical limit in the resolution of the
created patterns, typically at the scale of 100 - 200 nm [50]. This is mainly due to the
surface diffusion of the molecular inks and the molecular disorder at the pattern
edges. Microfluidics system is another major application of soft lithography
technology. Microfluidics systems are typically applied for the screening purpose of
protein crystallization, bio-analysis, synthesis, examination, and manipulation of
samples consisting of a single or multiple cells, and drug development. Different
kinds of stimuli (chemical molecules or mechanic stimulation) can also be delivered
to cells by this system in microfluidic channels at subcellular levels. For example,
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Takayama et al. reported the application of multiple laminar streams in a
microfluidic channel to deliver membrane permeable molecules to highlight
subcellular microdomains [51]. This method can also be readily applied for the
potential non-invasive visualizing, probing, and manipulating the cellular metabolic
and structural machinery. Shiu et al. have created a three dimensional microfluidic
system which can deliver cells to an adhesive tissue culture surface patterned in
concentric squares [3]. Different cell types, e.g., bovine capillary endothelial and
human bladder cancer cells, can be deposited at different squares. This system can
also allow the deposition of the same type of cells on defined areas where each area
can be treated with different substances. Folch & Toner [52] have created cellular
micropatterns on a variety of biocompatible polymers and heterogeneous surfaces by
microfluidic patterning of physisorbed ECM templates (Figure 1-7).
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Figure 1-7 Cellular micropattens on templates of physisorbed ECM proteins on
biocompatible materials. The templates were created by microfluidic patterning on
polystyrene (a), poly(methyl methacrylate) (b), a gold microelectrode pattern on
glass (c), an underlying protein micropattern on polystyrene (d), and microtextured
PDMS (e). The template, made of collagen (a, c-f ) or fibronectin (b, d), induced the
selective attachment and spreading of hepatocytes (a-d, f ) or keratinocytes (e).
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1.5 Summary
Nano- micro- fabrication techniques have provided scientists with powerful tools to
control cellular microenvironment, mimicking both the physiological and
pathological environment. The control of cellular microenvironment, both physically
and biochemically, can allow the study of fundamental molecular mechanisms
regulating vital cellular functions. In particular, the regulation of stem cell
differentiation by microenvironment can not only advance our understanding of the
mechanism of stem cell differentiation, but also facilitate the development of new
methods to grow biocompatible artificial organs/tissues to replace the dysfunctional
counter parts in vivo. Indeed, Hartman et al. [53] have recently shown that cancer
cells on three-dimensional environment were suitable models for the development
and testing of anti-neoplastic drugs. Nano- micro- technologies have also been
applied in the clinic studies [54,55] medical assays [56,57], tissue engineering
[26,58-60], and drug development [61]. While all these applications have had
significant impact on different fields, they are not discussed in detail because this
review article is mainly focused on the studies integrating nano- micro- fabrication
technologies to elucidate the molecular mechanism of signaling transduction in cell
biology. For the future research activities, we expect more work on the integration of
nano- micro- technology and molecular imaging in live cells to elucidate the detailed
molecular mechanisms on how cells perceive the nano- micro- environmental cues
and coordinate the signals cascades for appropriate responses. This will further our
in-depth understanding of the cell-environment interaction and help the development
of new technologies/reagents against related diseases.
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Chapter 2 Cell with Microstructure

Cell Motility Regulation on a Stepped
Micro Pillar Array Device (SMPAD)
with a Discrete Stiffness Gradient

In this chapter, we show a new variation of the microfabricated polymeric pillar
array platform that can decouple the stiffness gradient from the focal adhesion area
of a cell. This goal is achieved via a “stepped” micro pillar array device (SMPAD) in
which the contact area with a cell was kept constant while the diameter of the pillar
bodies was altered to attain the proper mechanical stiffness. Using this simple
platform, which produces a purely physical stimulus, we observed that various types
of cell behavior are affected by the mechanical stimulus of the environment. We also
demonstrated directed cell migration guided by a discrete rigidity gradient by
varying stiffness.
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2.1 Introduction
Cells explore their environment and react to various stimuli by reforming
intracellular structures, such as actin filaments, to respond to their surroundings [6267]. The mechanical properties of the environment can influence many aspects of
the cell life cycle [68,69]. When cells are plated onto a planar substrate, the
morphology and behaviour of the cell depends on the stiffness of this substrate [7072]. If the substrate is soft, aggregates of adhesion molecules remain small and
transitory. When the substrate is stiff, a clear network of contractile stress fibres
develops, and strong focal adhesions anchoring the cell to the substrate are observed
[5,7,73-78]. Cells sense the elastic modulus, interpreted as environmental rigidity, by
deforming their surroundings through cell-generated forces. In particular, the
elasticity of the substrate in contact with the cell can influence the direction of cell
migration. This directional cell migration guided by stiffness gradients, called
durotaxis, was originally observed in fibroblasts migrating across a soft-to-stiff
interface of planar two-dimensional (2D) surfaces [79-81]. This prior work utilized
numerous methods to create polymer-based substrates with varying rigidity
[7,70,71,74]. However, maintaining accurate control over the arrangement of
substrate stiffness, such as the amount and direction of the gradient, is challenging.
Thus, many investigators have sought methods to increase the dimensional
complexity of in vitro migratory environments.
Micro-scale polymeric pillar arrays have commonly been used as cell force
detectors [82,83]. This type of pillar array has been recently used to study cell
movement and shape by various methods, including the application of a gradient of
rigidity provided by varying pillar diameters [84]. However, the adhesion area of the
extracellular matrix (ECM) has also varied across different pillars because of
changes in diameter. Variation in adhesion area is one of the essential cues
associated with the formation of focal adhesions and may affect cell migration and
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proliferation [85,86]; thus, adhesion area must be decoupled from the effects of a
pure rigidity gradient.
In Figure 2-1, we present a “stepped” micro pillar array device (SMPAD) that
can offer the rigidity gradient in a discrete fashion without varying the adhesion area.
This idea was realized by using a widespread photolithography technology: doublestep SU-8 mold fabrication. Polydimethylsiloxane (PDMS) was used to fabricate the
double-layered polymeric pillar substrate to form three-dimensional (3D) structures
because it is biocompatible and possesses unique mechanical properties. To create
stiffness differences, the diameter of the bottom layer of fabricated pillars is tuned
while the top layer is maintained uniformly. The different bending forces for each
pillar achieved by varying the pillar diameter can affect cellular motion and behavior
when attached to the pillar array, similar to an environmental stiffness gradient. This
stepped pillar substrate can be used to monitor cellular behavior on various types of
substrates providing not only a soft-to-stiff interface (Figure 1(a)) but also varying
stiffness gradient strengths (Figure 1(d), (e)). In this study, we observed that major
cellular reactions, such as cell morphology, viability, and velocity, were affected by
the mechanical stimulus from the SMPAD. Especially, NIH3T3 cell migration was
demonstrated across the various rigidity gradient increments. We found that the
stiffness gradient must be larger than a certain value to initiate a directional and
consistent migration. In addition, in the environment with the highest variation in
stiffness, cells reached maximum velocity in their migrating motion. Our results
clearly demonstrate that cells prefer a stiffer environment, and a correlation between
cell velocity and stiffness gradient strength was observed.
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Figure 2-1 Illustrations of the Stepped Micro Pillar Array Device (SMPAD)
presented here. An illustration of a binary type of SMPAD with a soft pillar array
(left) and stiff pillar array (right) (a). Plots of the force and deformation relationship
produced on a soft (left) and stiff (right) type of SMPAD (b). The spring constant is
proportional to the bottom pillar diameter of the SMPAD (F=kx, where k is the
spring constant). Illustration of the pillar arrangement (c). The black dot represents a
single SMPAD, and the dashed line is the distance between pillars in the SMPAD
(d=10 μm). Square (left) and hexagonal (right) arrangements were used here. Side
view of gradient types of the SMPAD (d) and (e). Of note, there is a slower increase
in the bottom pillar diameter toward the right in the low-strength SMPAD (d) than in
the high-strength SMPAD (e).
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2.2 Materials and Methods
2.2.1 Geometric considerations
A polymeric micro-scaled pillar behaves similar to a spring, such that the deflection
is directly proportional to the force applied by the attached cells [87]. Each pillar
was treated as a cylindrical cantilever beam, with one end fixed to the substrate and
the other end free. We used two types of pillar array configurations, which formed
square and hexagonal arrangements, with the center-to-center distance (d) fixed at
10 μm to provide constant contact guidance. The relationship between the force, F,
and the free end displacement, x, for a cylindrical beam can be determined using the
theory of cantilever beam bending (Euler–Bernoulli Beam Theory) [88-91]:

F = Kx

K =

3pED
64 L3

where K is the spring constant, E is the Young’s modulus, and D and L are the
diameter and height of the pillar, respectively. According to the above equation, the
spring constant K can be modified by varying the size of the pillar. To calculate the
spring constant of the stepped pillar in our case, we divided each pillar into two
sections, the top and bottom pillar:

1
1
1
=
+
, (Da ¹ Db )
K
K a Kb
In the above formula, Ka and Kb are the spring constants, and Da and Db are the
diameter for the top and bottom portions, respectively. Given the existence of
stiffness variation between tissues, we initially considered the soft-to-stiff substrate
condition of the pillar array, which have different bottom pillar diameters to produce
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a binary stiffness. We designed the array such that the soft pillar had a 2 μm bottom
diameter and the stiff pillar had a 7 μm bottom diameter, and the total height of the
whole pillars was fixed at 10 μm. The calculated spring constants were 2.3 nN/μm
for the soft pillar and 206.4 nN/μm for the stiff pillar. We then considered the other
type of substrate with gradually increasing stiffness. In this case, bottom pillar
diameters were increased continuously over the course of the substrates from 2 μm
to 7 μm, with a total pillar height of 7 μm and center-to-center spacing of 10 μm
along the axis of increasing pillar diameter. To monitor the effects of stiffness
strength on cellular behavior, three types of stiffness gradients were constructed,
corresponding to low gradient strength (ΔK = 0.5 nN/μm), medium gradient strength
(ΔK = 5 nN/μm) and high gradient strength (ΔK = 50 nN/μm). The low gradient
strength substrate included diameters ranging from 2 to 3 μm, corresponding to a
physiologically relevant stiffness of 6.8 to 72 nN/μm. The medium gradient strength
substrate was designed with diameters ranging from 2 to 5 μm, corresponding to a
pillar stiffness of approximately 6.8 to 149 nN/μm. The high gradient strength
substrate included diameters ranging from 2 to 7 μm, corresponding to a
pathologically relevant stiffness of 6.8 to 267 nN/μm.

2.2.2 Fabrication process
To achieve a stepped pillar structure, we used the general photolithography
processes described in Figure 2-2. SMPAD fabrication begins with a doubleexposure patterning of SU-8 photoresist (MicroChem, USA). SU-8 is spun onto the
wafer yielding a 10 μm thick film. This SU-8 film is soft baked at 65 °C for 1 min
and then 95 °C for 2 min on a hot plate. Next, as shown in Figure 2-2(c), the SU-8
film is exposed to UV light (365 nm) with a chromium photomask of the bottom
pillar pattern in a mask aligner (Karl Suss, Germany). After exposure, an additional
layer is coated, baked and exposed again as a top pillar layer with the thickness of 2
μm (Figure 2-2(b)). Then, the wafer is post-exposure baked with the same
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temperature conditions as the soft-baked step. After pattern development (Figure 22(e)), the surface of the SU-8 master must be passivated with (tridecafluoro-1,1,2,2tetrahyrooctyl)-1-trichlorosilane (Sigma Aldrich, Korea) to prevent the master from
detaching from the wafer. For preparing the negative mold, PDMS is mixed at a 10:1
base polymer to curing agent ratio and allowed to degas for 2 h. Then, it is poured
onto the SU-8 master and cured in a 110°C convection oven for 20 min. The
polymer is allowed to cool for 10 min, and the master is gently peeled out of the
negative mold (Figure 2-2(f)). The surface of the negative mold is again passivated
with a fluorinated silane to prevent the liquid PDMS from permanently bonding to
the PDMS negative mold during the second casting. As shown in Figure 2-2(g), a
thin layer of PDMS is applied to the negative mold, and then, a glass slide or cover
glass pretreated in a plasma etcher is placed on top to sandwich the film. The mold is
placed in a 70°C oven and cured overnight to ensure maximum crosslinking of the
PDMS polymer. The SMPAD bound to the top cover glass or slide is then peeled
away from the negative mold (Figure 2-2(h)).
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Figure 2-2 Process flow for the SMPAD fabrication. A bare silicon wafer was
prepared after piranha cleaning and dehydration processes (a). SU-8 2002 spin
coating and flood exposure for the SMPAD base (b). SU-8 2010 spin coating and
exposure for the bottom portion of the SMPAD (c). SU-8 2002 spin coating and
exposure for the top portion of the SMPAD (d). Developing process for the positive
SMPAD master (e). PDMS casting for the negative mold (f). A cover glass was used
to press inter-filling PDMS and generate the thin SMPAD substrate (g). Completed
SMPAD substrate (h). Fibronectin coating of the top of the SMPAD using a contact
printing method (i). Prepared ECM coated SMPAD (j). Adherent animal cells were
seeded and cultured on the prepared SMPAD (k).
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2.2.3 Data acquisition
Time-lapse imaging of SMPADs was performed with an inverted microscope (Nikon,
Japan) maintained at 37°C. Images were recorded using a 40X objective (0.6 NA,
air), and the temporal variation in the position of pillars was collected over a period
of time. The position of each pillar in each frame was determined using the particle
tracking plug-in for ImageJ software (NIH), which employs an autocorrelation
algorithm. In all cases, pillars were tracked before the cell spread over them to
establish an equilibrium (zero force) position. The time-dependent displacement of a
given pillar was then calculated by subtracting its initial position (corresponding to
zero force) from the position in a given frame.

2.2.4 Cell preparation
NIH3T3, C2C12, and HeLa cells were maintained in Dulbecco’s modified Eagle’s
medium containing 10% fetal bovine serum and 1% penicillin-streptomycin (all
from GIBCO, USA) at 37 °C and 5% CO2. Oxygen plasma was used to render the
SMPAD surface hydrophilic for enhancing the adhesion of the fibronectin (Sigma
Aldrich, Korea) as the ECM. As shown in Figure 2(i) and (j), the ECM was applied
to the top pillar surface by stamping a fibronectin coating onto a flat PDMS
substrate. The remaining areas of the pillar and bottom substrate were blocked with
2% Pluronic F127 (BASF, USA) to prevent interference with cell behavior as a
result of unnecessary attachment, as illustrated in Figure 2(k). To monitor migratory
cell behavior in response to the strength of the stiffness gradient in real time, cells on
various types of SMPAD were cultured in a portable incubator (IC-L-10, Chamlide,
Korea) that can maintain constant temperature, humidity, and CO2. Images were
captured every 3 min for up to 24 h.

2.2.5 Immunofluorescence staining
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The distribution of fibronectin adsorbed on the PDMS substrate was examined using
immunofluorescence. After the coated fibronectin was blocked with blocking
solution (3% bovine serum albumin (BSA) in 1X phosphate buffered saline (PBS))
for 30 min, primary antibody was added in solution for 1 h. Then, the PDMS surface
was rinsed several times with washing buffer (1X PBS containing 0.05% Tween-20).
To quantify the fibronectin distribution, a secondary antibody conjugated with
fluorescein-isothiocyanate (FITC, Thermo Scientific, USA) was used. Fibronectin
distribution on the PDMS substrate was analyzed using image processing software
(NIS Element, Nikon, Japan). Actin filaments within the cell were labeled with
fluorescent conjugated anti-actin filament (Millipore, USA) to investigate the effect
of substrate stiffness on cell structure and morphology. Cells were fixed with 4%
paraformaldehyde (Sigma Aldrich, Korea) for 15-20 min at room temperature and
washed several times with washing buffer. To improve the permeability of cell
membranes, 0.1% Triton X-100 (Sigma Aldrich, Korea) in PBS was used for 1-5
min. Cells were blocked for 30 min in blocking solution, and fluorescent conjugated
anti-actin filament solution was added to the cells. Then, the cells were incubated for
1 h. Cell shape was photographed using confocal laser scanning microscopy (CLSM,
Zeiss, USA). Nuclei were stained with 4',6-diamidino-2-phenylindole (DAPI,
Millipore, USA) for 1-5 min, followed by washing the cells three times with 1X
washing buffer.

2.2.6 Quantification
Data are expressed as the mean ± standard deviation. Statistical analyses were
conducted using statistical software (SAS 9.4, USA). Differences were considered
significant at P < 0.05.

３１

2.3 Results
2.3.1 SMPAD characterization
The physical properties of the fabricated SMPAD were investigated using scanning
electron microscopy (SEM) and atomic force microscopy (AFM). Figure 2-3(a)
shows the binary stiffness version of the SMPAD, which generates soft-to-stiff
substrate conditions in the pillar array. In this image, a soft pillar has a 2 μm bottom
diameter, and a stiff pillar has a 7 μm bottom diameter; the height of whole pillars
was fixed at 10 μm. We also designed a SMPAD stiffness gradient type in which
rigidity varies unidirectionally in the substrate. The center-to-center distance was
fixed at 10 μm in Figure 2-3(b). Chemical stimuli, such as the ECM, can trigger cell
migration. Our SMPAD offers a uniform amount of an ECM environment on its top
surface because of its unique double-stepped design. To verify the amount of ECM
on the top surface, we used FITC-labeled fibronectin absorbed with flat PDMS and
stamped it onto the pillar array using a microcontact printing method. Figure 2-3(c)
shows regularly distributed green circular patterns that depict the stamped
fibronectin of the SMPAD tops, and the yellow line depicts the fibronectin signal
intensity. Notably, this fluorescence image depicts circular shape and regular spacing
between the pillars. These images demonstrate that the fabricated polymeric pillar
array only generates physical stimulus to the cells regarding stiffness differences
without any chemical variation. After seeding cells onto our platform, we precisely
investigated cell attachment by taking optical and confocal microscopic images, as
shown in Figure 2-3(d) and (e). Cell fixation was performed to obtain scanning
electron microscopic images, and these images revealed that cells were adhered onto
the SMPAD and pulled them with high tensile forces (Figure 2-3(f)).
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Figure 2-3 Micrographs of SMPAD. SEM images of the positive SU-8 SMPAD
master, which has a binary stiffness substrate (a), and the prepared polymeric
SMPAD with stiffness gradients (b). Fluorescence image visualizing fibronectin
absorption on SMPAD (c). Green dots represent printed fibronectin, and yellow
curves represent protein intensity. Cell attachment on the SMPAD 3 h after cell
seeding (d)-(f). Images were obtained by optical microscopy (d), confocal
microscopy, and SEM (f). Scale bar, 10 μm.
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2.3.2 Analysis of SMPAD stiffness
In this study, we analyzed the stiffness of the SMPAD using an AFM. To obtain
spring constant of SMPAD pillar, the AFM cantilever touches the free end of the
pillar and applies a force of known value. To simplify the analysis, we assumed that
our double-stepped pillars have uniform material properties such that the deflection
is equivalent to the corresponding force divided by the spring constant. Figure 2-4
shows a force-displacement relationship obtained from AFM data. The straight line
shows the linear relationship between the applied forces and AFM cantilever beam
displacement which represents spring constant. Substrate stiffness was measured by
applying force using the AFM against a glass substrate, and a similar force range on
the PDMS substrate (Figure 2-4(a)). In case of SMPAD pillars, we obtained several
values of spring constant according to their bottom diameter. The AFM test results
of three types of pillar array with different bottom diameters are illustrated in Figure
2-4(b).
The measured spring constant of the binary and gradient types of substrates
with AFM measurement is illustrated in Figure 2-5(a) and (b). From our previous
research, we obtained the Young’s modulus of PDMS as measured by AFM by
acquiring the force-displacement curve and performing calculations using the Hertz
model [92]. The measured elastic modulus of PDMS was calculated as ~1 MPa. The
black squares represent the calculated values of the spring constant according to the
cantilever beam bending formula and the obtained Young’s modulus, and the red
circles represent real values measured by the AFM. For these results, we were able
to measure only a selection of SMPADs using more than 10 samples because
accurately locating an AFM tip on the correct spot of the SMPAD is extremely
difficult. Regardless, we obtained reasonable values for the spring constant of
SMPADs compared with the calculated values.
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Figure 2-4 Force and displacement plots using AFM. The force and z-displacement
relationship of the AFM cantilever beam while applying forces on glass and PDMS
substrate (a). SMPAD pillars with different bottom diameters (2.5, 5.5, and 7.5 μm)
were also tested to obtain the force-displacement characteristics of the AFM
cantilever (b).
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Figure 2-5 Spring constant in the x-direction. Calculated values using the formula
presented here are illustrated by black dots, and the values measured by the AFM
cantilever tip are shown as red dots. The measured spring constant primarily
followed the calculated values; a rapid increase between the soft and stiff types of
SMPAD was observed (a). The gradually increasing spring constant with the
SMPAD gradient type is shown in (b). (n=5).
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2.3.3 Cell morphology on the soft and stiff pillar array
Prior to testing the cell responses on SMPAD surfaces with binary stiffness, cell
morphology was investigated on both stiff and soft SMPAD types because the
cytoskeleton is directly related to migratory cell behavior. We prepared both soft
SMPAD with 2 μm and stiff SMPAD with 7 μm bottom pillar diameters. We
cultured C2C12 cells (1×104 cells/mL) on both prepared surfaces. To visualize the
pillar tops, we treated the SMPAD surface with DiI solution, which was absorbed by
and stained the SMPAD surface before cell seeding. DAPI and a vinculin antibody
labeled with FITC were used to stain the cells 24 h after cell seeding to examine
differences in cell morphology. Fluorescence images were captured by confocal
microscopy (Carl Zeiss, Germany). Figure 2-6 illustrates that the cells on the soft
substrate have fewer stress fibers than the cells on the stiff substrate. Stress fibers in
the stiff platform were articulated and more prominent. These results indicate that
the formation of the cytoskeleton is modulated by SMPAD stiffness.
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Figure 2-6 Cell morphology obtained by confocal microscopy. The nucleus,
vinculin and actin filament of cultured cells on the soft (left column) and stiff (right
column) types of SMPAD were visualized using DAPI, vinculin and actin antibodies
respectively. Scale bar, 10 μm.
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2.3.4 Cell motion on the soft-to-stiff pillar array
We cultured and investigated the muscle cell line C2C12 on the soft and stiff type of
SMPAD because this cell line has been used as a model of skeletal muscle cell
adhesion [93,94], growth and differentiation and is affected by the mechanical
properties of the environment. We selected a hexagonal arrangement for the pillar
array, rather than the square arrangement used for the cell migration experiments, to
minimize the attached cell area. The size of the pillar pattern in the soft (2.3 nN/μm)
and stiff (204.3 nN/μm) pillar array was 150 × 150 μm considering the area of
spreading cells. Figure 2-7(a) shows that the C2C12 cells were primarily attached to
the soft pillar array. After cell attachment, these cells began to spread and sense the
surrounding environment in the soft substrate. When the cells probed the stiff pillar
array with a tapping motion, they suddenly leaped from the soft pillar array and
quickly moved across to the stiff region (cell 1). Although the cells were attached to
the stiff pillar array, they could move onto the soft pillar array to investigate the
environment with a tapping motion (cell 2). In this case, the cells also showed
successive migration toward the stiff pillar array.
Then, we observed the behavior of cells attached to the stiff pillar array (Figure
2-7(b)). After the cells continued to tap the surrounding stiff environment, they
migrated toward a separate stiff pillar array site by moving along the stiffness
boundary (yellow circle). These results demonstrate that C2C12 migration is
regulated by the substrate stiffness and that these cells migrated toward the stiff
substrate. To determine the effect of substrate stiffness on cell behavior in another
cell line, we also tested a typical cancer cell line, HeLa, on this platform. Figure 27(c) and (d) illustrates that C2C12 cells significantly migrated toward the stiff pillar
array after 21 h, whereas the HeLa cells moved and migrated randomly. Five
different replicates were performed, and more than 100 cells from each cell line
were analyzed to generate these results.
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Figure 2-7 Cell responses and migratory behavior on SMPAD with the binary
stiffness pillar array (a). When a cell was attached to the soft portion of the substrate,
it investigated the surrounding environment with a tapping motion and slowly
moved toward the stiff portion of the substrate (cell 1). Although the cell began to
move from the stiff portion of the substrate and touched the soft portion, it quickly
displaced toward other stiff portions of the substrate (cell 2). The cell explored and
migrated along the stiffness boundary and remained on the other stiff area when the
cell had initially attached to a stiff portion of the substrate (b). Scale bar, 50 μm. To
monitor the real-time cell migration in different cell types, we cultured C2C12 and
HeLa cells on our devices. We counted the number of cells on the soft and stiff
portions of the substrate every 3 h for up to 21 h. For C2C12, a tendency to move
toward the stiff area was observed on C2C12 (c) and NIH3T3 (d).
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2.3.5 Cell motility analysis
To evaluate the effect of the stiffness gradient on cellular behavior, we cultured
NIH3T3, a widely used mouse fibroblast cell line, for the migration experiments
[95-98] on three types of substrates: flat PDMS (Control), a uniformly distributed
pillar array substrate (Uniform), and a SMPAD with gradually increasing bottom
pillar diameters (Gradient). To minimize cell-to-cell communication, a small number
of cells (1×103 cells/mL) were sparsely plated on the SMPAD placed in a culture
dish. Then, we focused on the migration of an individual cell on the array. Cells
attached and spread independent of each substrate within hours of seeding, with
most cells tapping and beginning to migrate to the surrounding environment, similar
to previous experiments [99,100]. As shown in Figure 2-8(a), NIH3T3 cells
migrated in response to the stiffness gradients present in the gradient substrate but
remained near their original position on flat and uniform substrates within 3 h. To
more quantitatively verify that cell migration behavior is affected by environmental
stiffness gradients, the net distance traveled by cells on the three types of substrate
was measured using time-lapse video microscopy over 5 h (Figure 2-8(b)). Using
ImageJ software, we tracked the path of more than 30 cells on each platform and
measured the distance traveled every 30 min. A significant increase in the net
distance was observed after 150 min for the migratory cells attached to the gradient
substrate, whereas no significant migratory behavior was observed on the flat and
uniform substrates. These results demonstrate that the stiffness gradient of the
substrate on which cells are attached triggers cell migration and ultimately affects
cellular behavior.
To monitor the effects of the degree of stiffness on cellular behavior, we
cultured the NIH3T3 on three types of stiffness gradients, a low gradient strength
(ΔK = 0.5 nN/μm), medium gradient strength (ΔK = 5 nN/μm) and high gradient
strength (ΔK = 50 nN/μm). The low gradient strength substrate included pillar
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diameters ranging from 2 to 3 μm, which corresponded to a physiologically relevant
stiffness of 6.8 to 72 nN/μm (Figure 2-9(a)). The medium gradient strength substrate
was designed with pillar diameters ranging from 2 to 5 μm, which corresponded to a
pillar stiffness of approximately 6.8 to 149 nN/μm (Figure 2-9(b)). The high gradient
strength substrate included pillar diameters ranging from 2 to 7 μm, which
corresponded to a pathologically relevant stiffness of 6.8 to 267 nN/μm (Figure 29(c)). When the rigidity gradient was 0.5 nN/μm, the cells wandered nearly
randomly without a specific orientation. The cells began to directionally migrate
toward higher stiffness regions when the gradient was 5 nN/μm. This stiffnessguided migration was highly repeatable and consistent on the pillar array with the 50
nN/μm stiffness gradient. The final locations of cells in Figure 2-9(a), (b), and (c)
illustrate these behaviors, as shown by enhanced green fluorescence protein (eGFP)
expression in NIH3T3 cells 18 h after experiment onset. Figure 2-9(d), (e), and (f)
more clearly demonstrates that the successive migratory behavior of cells depends
on the stiffness gradient over 12 h. A large displacement was observed in the x axis
with the high rigidity gradient (Figure 2-9(f)), whereas no significant difference was
observed between the distances along the x and y axes with the low rigidity gradient
(Figure 2-9(d)). After 8 h, the cell migration distance was greatly increased on the
high stiffness gradient pillar array (Figure 2-9(f)). This motility enhancement
became more pronounced on the larger stiffness gradient, as illustrated in Figure 29(g). The cell velocity along the x axis on the high-strength SMPAD was 1.3±0.32
μm/min and 0.38±0.12 μm/min, with no stiffness variation. The mean velocity of
each cell in the x-direction was traced over 24 h (n~20), and the error bars represent
the Vmax and Vmin on each platform. These data clearly indicate that the strength of
the stiffness gradient greatly affects cell motility. These results demonstrate that cell
movement is highly influenced by the environmental stiffness gradient and its
strength, similar to the findings of previous research [100].
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Figure 2-8 NIH3T3 behavior on flat PDMS (Control), SMPAD with identical
stiffness (Uniform), and SMPAD with gradually increasing stiffness in the xdirection (Gradient) (a). Cell showed directional migration in the direction of
increasing stiffness over 180 min. The net distance traveled by migrated cells in 30
min increments up to 300 min was used to compare the motion of cells on three
types of substrate (b). No specific tendency for migration direction was observed
between groups at up to 150 min. However, a particular increase in travel distance
was observed from 150 min to 210 min, and the cells that attached to the gradient
substrate travelled much further than the cells attached to other types of substrates.
*p<0.05 and **p<0.005.
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Figure 2-9 The location of NIH3T3 cells 18 h after attachment to the SMPAD with
low gradient strength (G0.5) (a), medium gradient strength (G5) (b), and high gradient
strength (G50) (c) stiffness. Cells randomly distributed initially, ended up with the
vicinity of indicated locations after 18 hours of migration. White arrows indicate the
stiffness of the final locations. (h: hard, m: medium, s: soft area). No difference in
migration distances was observed between the x-direction and y-direction when the
cells migrated on the low-strength SMPAD (d). The G0.5 type of SMPAD, which is
the middle gradient strength, began to induce a mild increase in x-directional
migration (e). The distance of cell migration increased sharply on the high-strength
SMPAD along the x-direction (f). Cells on the high-strength SMPAD migrated along
the x-direction with the highest velocity (g). More than 100 cells on each substrate
were used to generate this result. *p<0.05 and **p<0.005.
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2.4 Summary
Cell migration was demonstrated along a discrete rigidity gradient created by pillars
with varying diameters. By maintaining a uniform area on top of the pillars, we
eliminated any effect of the size of the adhesion area. The two-step fabrication
technique of the double-layered pillar enabled this special configuration. Using this
simple platform, which produces a purely physical stimulus, we observed that
various types of cell behavior were affected by the mechanical stimulus from the
environment. We also demonstrated a directed cell migration guided by a discrete
rigidity gradient of varied strength. Interestingly, cell velocity was highest at the
highest stiffness gradient strength, similar to the simulated results from previous
studies. Our approach allowed us to regulate the mechanical properties of the
polymeric pillar array device and eliminated the effects of the size of the contact
area. This technique is a unique tool for studying cellular motion and behavior in
relation to various stiffness gradients of the environment. The newly developed
platform introduced here can be further used to investigate cell migration for many
other biological applications, such as artificial tissue engineering, plastic surgery,
and the study of the migration behavior of cancerous cells.
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Chapter 3 Nanomaterials in Biology
Application

Bacterial Magnetic Nanoparticle
Conjugated with VDAC2 antibody and
Carbon Nanotube

In this chapter, we first show that magnetic capture of mitochondrial VDAC2 with
BMPs conjugated VDAC2 antibody was significantly decreasing the expressed
intracellular calcium levels and neurotoxicity induced by Aβ. This magnetic
modulation of mitochondrial VDAC play key role in various Ca2+ flux pathways
should provide attractive targets for future development of Alzheimer’s disease.
And then, we present a self-degradation route for SWNTs mediated by the
built-in peroxidase-like activity of BMPs. BMPs can act as effective built-in
intrinsic peroxidases that are comparable to other enzymatic methods for the
degradation of SWNTs. For possible applications in neurobiology, f-SWNT-BMP
hybrids were shown to be inhibitors that reduce the formation of amyloid-beta fibrils,
which are considered the key element behind Alzheimer’s disease.
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3.1 Bacterial Magnetic Nanoparticle conjugated VADC2
Antibody
Mitochondria are the governors of both cell life (e.g. energy generation) and cell
death. Some regulation of both of these functions occurs at the level of the outer
membrane in that it controls the flow of metabolites and the release of
intermembrane space proteins into the cytosol. The VDAC proteins, pore-forming
proteins predominantly found in the outer mitochondrial membrane, are the major
pathways for anions, cations, ATP, Ca2+ and metabolites flux through the outer
membrane [101,102]. These can be regulated in many ways and the integration of
these regulatory inputs allows mitochondrial metabolism to be adjusted to changing
cellular conditions [103,104]. Ca2+ is known to synchronize mitochondrial
metabolism as well as intracellular Ca2+ signalling is fundamental to neuronal
physiology and viability. Therefore Ca2+ signalling have become a major focus of
study in multifactorial neurodegenerative diseases such as Alzheimer disease (AD)
[105,106]. In AD, neurotoxic mechanisms that are associated with β-amyloid (Aβ)
include mitochondria dysfunctions cause disturbances in calcium homeostasis [107].
This suggests that the control of intracellular calcium flux can prevent or inhibit fatal
injury caused by Aβ-induced neurotoxicity. Here, we demonstrate that the magnetic
modulation of mitochondrial VDAC2, which is the only mammalian-specific
isoform among VDAC isoforms, can contribute to protect the neurodegenerative
disease attenuating the changes in the intracellular calcium levels that were induced
by beta-amyloid. In this study, BMPs originated from Magnetospirillum sp. AMB-1
directly conjugated with VDAC2 antibody using 1-Ethyl-3-(3-dimethylamino
propyl) carbodiimide (EDC) linker which is used to couple carboxyl groups to
primary amines (Figure 3-1).
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Figure 3-1 Schematic of the BMP-VDAC2 Ab complex
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3.1.1 Materials and Methods
3.1.1.1

Preparation of BMPs

BMPs were obtained from Magnetospirillum sp. AMB-1 (ATCC® 700264), which
was cultured in magnetic spirillum growth medium (MSGM) for 5 days inside
shaking incubator at 30 °C under anaerobic conditions. Cultured Magnetospirillum
sp. AMB-1 were centrifuged for 25 min at 5000 rpm and then lysed by sonication
(VCX500, Sonics&Materials, USA) for 30 min. BMPs were collected using a
neodymiumiron boron (NdFeB) magnet and washed for 5 times with 1X PBS.
Collected BMPs were dispersed in 1X PBS and sterilized with autoclave (121 °C, 15
min). Concentration of extracted BMPs was determined by inductive coupled
plasma-atomic emission spectrometer (ICP-AEX, ICPS-7500, Shimadzu, Japan).
3.1.1.2

Conjugation of VDAC2 antibody to BMPs

N-(3-Dimethylaminopropyl)-N′-ethylcarbodiimide

hydrochloride(EDC,

Sigma-

aldrich, Korea) and N-Hydroxysulfosuccinimide sodium salt (Sulfo-NHS, Sigmaaldrich, Korea) were dissolved in 0.1 M MES buffer (2-(N-morpholino)
ethanesulfonic acid, pH=8.3). The mixture was added to 10 μl of 1 mg/ml C-termini
VDAC2 antibody to be able to react with a carboxyl group for 15 min to form an
amine-reactive O-acylisourea intermediate. After adjustment of pH in between 7 to 8
by adding 3 μl of 20X PBS buffer, 500 μl of BMPs contained in 1X PBS is added.
This mixture is gently shaken at room temperature for 2 h to accelerate binding
reaction. Unconjugated antibodies were separated from the antibody conjugated
BMPs three times with 1X PBS buffer under the strong magnet field. Bicinchoninic
acid (BCA) protein assay was demonstrated to determine the amount of antibody
bound to nanoparticle. BCA protein assay result showed that the amount of antibody
bound to BMP is around 60 %.
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3.1.1.3

Amyloid beta 25-35 aging

Aβ25-35 was dissolved in distilled water at a concentration of 1 mM and then
incubated in a capped vial at 37 °C for 7 days to form aggregation, which was frozen
and stored at 4 °C.
3.1.1.4

Cell culture and BMPs loaded cell preparation

Human neuroblastoma SH-SY5Y cells were cultured in Low glucose Dulbecco’s
modified Eagle’s medium (DMEM/LOW GLUCOSE, Thermo Scientific, USA) at
37 °C with 5 % of CO2 to reach a confluence of 70 % to 80 % containing 10 % (v/v)
fatal bovine serum (FBS, Thermo Scientific, USA) and 1 % penicillin/streptomycin
(Thermo Scientific, USA). The BMPs and VDAC2 antibody conjugated BMPs were
treated in the serum free medium with 10 μg/ml concentration during 6 h for
sufficient time to internalize. And then they were cultured in normal cell culture
medium for 24 h to take enough time to deliver particles into the intracellular
organelles. After trypsinization, magnetic particle loaded cells were separated from
non-loaded cells and collected using strong neodymium magnet. Collected magnetic
particle loaded cells were seeded at 1 × 104 cells/well in 96-well plate after cell
enumeration using a hemocytometer.
3.1.1.5

Intracellular calcium level measurement

To induce cell injury, cells were incubated with 50 μM Aβ25-35 for 24 h. To study the
effects of BMP-VDAC2 antibody complex, cells were pre-incubated with particles
for 3 days, and then Aβ25-35 was added to the medium of magnetically collected cells
for additional 24 h. To measure the intracellular calcium level of BMP-VDAC2
antibody loaded and normal SH-SY5Y cells, cells grown on glass coverslip were
treated for 30 min at 37 °C with 5 μM Fluo-3 AM. The fluorescence changes
determined by Fluo-3 represent the intracellular calcium [Ca2+]i changes. Multiple
Plate Reader (Victor 3, Perkin Elmer, USA) were acquired fluorescence level using a
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488-nm laser source to excite Fluo-3. The signals were collected at 505-530 nm.
3.1.1.6

Fluorescence labelling

In order to check accurate targeting of BMPs-VDAC2 antibody complex onto
intercellular organelle, VDAC2 antibody was labeled with the fluorescein
isothiocyanate (FluoroTagTM, Sigmaaldrich, Korea) which is a widely used
fluorophore prior to the immobilization of antibody and BMPs. After delivering of
FITC labeled BMPs-antibody complex into the SH-SY5Y cells for 24 h, cells were
fixed with 3.7 % formaldehyde in 1X PBS for 15 min at room temperature.
Following washing twice with wash buffer, 0.1 % Triton X-100 in 1X PBS, the fixed
cells were permeabilized and blocked with 1 % BSA and 0.1 Triton X-100 in 1X
PBS for 20 min. Then the actin filaments were stained by incubating cells with
TRITC-conjugated phalloidin (1:200) for 50 min at room temperature. The cells
were washed three times with 1X PBS and nucleus staining was performed by
incubating three times with a diluted DAPI in 1X PBS (1:1000) for 5 min each. The
stained cells were examined using a confocal laser scanning microscope (Carl ZeissLSM510, Germany).
3.1.1.7
3.1.1.7.1

Cell viability assay
ATP assay MTS assay

3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2Htetrazolium (MTS) was used to evaluate the cytotoxicity of the particles and viability
of cells in several conditions. 1 × 104 cells/well of SH-SY5Y cells were seeded on
96-well plate with 100 μl of the culture medium. After incubation for 6 days on each
condition, 20 μl of CellTiter 96® Aqueous One Solution Reagent (Promega, USA)
was added into each well. Then the plate was incubated at 37 ˚C for 2 h in a
humidified 5 % CO2 atmosphere and absorbance was recorded at 490 nm with an
absorbance reader (Thermo Fisher Scientific Inc., USA). All of the assays were
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repeated at least twice and 3 wells for one group were investigated in each assay.
The absorbance of control cells was normalized to 100 % of viability in every assay.
3.1.1.7.2

ATP assay

The SH-SY5Y cells (1 × 104 cells/well) were seeded on opaque-walled 96-well plate
with 100 μl of the culture medium and cultured for 3 and 6 days. ATP content was
measured in accordance with the protocol of CellTiter-Glo Luminescent cell
viability assay kit (Promega, USA). The procedure was followed a protocol provided
by manufacturer. In brief, 100 μl of CellTiter-Glo reagent was added to the each well
and mixed for 2 min at room temperature. Then the intracellular ATP content was
measured using luminometer (Thermo Fisher Scientific Inc., USA). The assay was
repeated twice and 3 wells for one group were investigated in each experiment.
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3.1.2 Results
3.1.2.1

BMPs preparation and VDAC2 targeting

The BMPs from the Magnetospirillum sp. AMB-1 used in our approach are
inherently biocompatible, can be effectively conjugated with other biomolecules,
and disperse well in aqueous solutions because of their stable lipid membrane
surrounding the magnetic core (Figure 3-2). The lipid membrane is rich in
phosphatidyl-ethanolamine (approximately 29 %), which provides amine-binding
sites, making the BMPs easy to disperse and conjugate to other biomolecules, such
as antibodies, enzymes, and polypeptides. Therefore, we could make our hybrids via
a very simple method. BMPs directly conjugated with VDAC2 antibody using 1Ethyl-3-(3-dimethylamino propyl) carbodiimide (EDC) linker which is used to
couple carboxyl groups to primary amines. BMPs-VDAC2 antibody complexes
(BMPs-Ab) introduced into SH-SY5Y cells, human derived neuroblasts which are
often used as in vitro models of neuronal function and differentiation. As shown in
Figiure 3-3 and 3-4, most of BMPs-Ab were successfully internalized into SH-ST5Y
cells and observed with correlation to mitochondria (yellow color). In contrast,
BMPs without VDAC-2 antibody were randomly distributed inside cells, with no
particular mitochondrial localization.
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Figure 3-2 (a) Magnetic attraction of BMP disperse in 1X PBS, (b) Transmission
electron microscopy (TEM) image of BMP with a scale bar 50 nm. The BMPs from
the Magnetospirillum sp. AMB-1 were used in our approach, which are inherently
biocompatible, can be effectively conjugated with other biomolecules, and can be
dispersed well in aqueous solutions because of their stable lipid membrane
surrounding the magnetic core.
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Figure 3-3 Transmission electron microscopy (TEM) image of BMPs internalized
by a SH-SY5y cells. (a) Control, (b) BMPs only, and (c) BMPs-antibody conjugate.
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Figure 3-4 Speciﬁc targeting of BMP-VDAC2 Ab complex to mitochondria inside
SH-SY5Y cells; blue: nucleus, red: mitochondria, green: BMP; scale bar: 10 μm.

５９

3.1.2.2

Calcium level

We investigated that the effect of magnetically modulated VDAC2 on the change of
intracellular Ca2+ levels induced by Aβ. SH-SY5Y cells were loaded with 5 μM
Fluo-3 AM (Sigma-Aldrich Co., USA) for 30 min, and then the changes in the level
of Ca2+ before and after treatment with Aβ were measured by 488-nm laser source to
excite Fluo-3. We prepared number of optical images to show intracellular calcium
level of untargeted and targeted SH-SY5Y cell in presence or absence of Aβ in
supplementary information (Figure 3-5). Because of their many roles in energy
production, cell-death regulation, and cell signalling transduction, mitochondria
have been considered an important target for therapeutic treatment of various
diseases [108,109]. Thereby, the efficient internalization and specific mitochondrial
VDAC2 targeting of the BMP-Ab is promising for mitochondria specific
manipulation of cell function. Aβ, a hallmark of AD, destabilizes intracellular Ca2+
homeostasis, resulting in an elevation of intracellular free Ca2+ concentration
[106,110,111]. Fluorescence intensity reflecting intracellular Ca2+ concentration was
measured by the Microplate Reader (Victor 3, Perkin Elmer, USA). As shown in
Figure 3-6, intracellular calcium levels of VDAC2 targeted SH-SY5Y cells with
BMPs-Ab moderately decreased compare to those of untargeted cells when the Aβ
was not treated. After treatment of Aβ, however, capture of VDAC2 with BMPs-Ab
was found to more significantly decrease the expressed intracellular calcium levels
when compare to those of untargeted cells (Figure 3-7). Ca2+ is an interesting second
messenger which can initiate both cellular life and death pathways in mitochondria.
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Figure 3-5 (a) Optical, (b) fluorescence images of normal SH-Sy5y cells;

(c)

optical and (d) fluorescence images of β-amyloid treated normal SH-Sy5y cells; and
(e) optical and (f) fluorescence images β-amyloid treated BMP-Ab loaded SH-Sy5y
cells. It is clear that Ca2+ level of β-amyloid treated normal cells is much higher than
level of BMP-Ab loaded cells.
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Figure 3-6 Effect of BMP-VDAC2 ab complex to reduce calcium influx induced by
amyloid beta. Calcium level was calculated from the calibrated fluorescence signal
of the probe fluo-3. *p<0.05 and **p<0.01 compared with the control cell.
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Figure 3-7 Effect of BMP-VDAC2 Ab complex on amyloid beta-induced Ca2+
influx in the SH-SY5Y cells. Control: VDAC2 untargeted, BMP-VDAC2 ab:
VDAC2 targeted cells, Control + 50 μM of aβ: VDAC2 untargeted cells under Aβ
treated condition, BMP-VDAC2 ab + 50 μM of aβ: VDAC2 targeted cells with
BMPs-Ab under Aβ treated condition. (*p<0.05 and **p<0.01, n=3)
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3.1.2.3

BMP-VDAC2 ab loaded cell viability

Mitochondria accumulate Ca2+ for cellular bioenergetics metabolism and
suppression of mitochondrial motility within the cell. Excessive Ca2+ uptake into
mitochondria often leads to mitochondrial membrane permeabilization and induction
of apoptosis. Interestingly, magnetic modulation of VDAC2 considerably increases
the proliferation of SH-ST5Y cells, up to 50% for 3 days culture (Figure 3-8(a)). The
increased growth can be ascribed to the ATP content of the VDAC2 targeted cells
that improved about 30% higher compared with that of VDAC2 untargeted cells
(Figure 3-8(b)).
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Figure 3-8 Effect of BMP-VDAC2 Ab complex on cell growth by (a) MTS assay
and (b) ATP level. Under the amyloid-beta induced neurotoxic condition
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3.1.2.4

Effects on amyloid beta induced injury

Previous results were reconfirmed with the change of cell viability in the presence of
Aβ (25–35), which destabilize intracellular Ca2+ homeostasis. As shown in Figure 39(a) and (b), Aβ treatment induced lethal cell death, however, magnetic capture of
VDAC2 with BMPs-Ab significantly reduced Aβ-induced toxicity in SH-SY5Y cells.
Ca2+ signalling causes transient changes in cytosolic Ca2+ concentration.
Mitochondria rapidly take up Ca2+ when a physiological stimulus elicits an increase
in cytosolic Ca2+ concentrations. This uptake machinery allows mitochondria to act
as “Ca2+ buffers” to maintain the normal homeostasis. Aβ destabilize intracellular
Ca2+ homeostasis as well as localize to mitochondrial membranes, block the
transport of nuclear-encoded mitochondrial proteins to mitochondria, interact with
mitochondrial proteins, disrupt the electron transport chain, increase reactive oxygen
species (ROS) production, cause mitochondrial damage, and eventually induce the
neurodegeneration or cell death (Figure 3-10, Right) [112-114]. The magnetic
modulation of VDAC2 should block the localization of Aβ to the mitochondria,
whereas promote the Ca2+ uptake into mitochondria within the threshold.
Consequently, mitochondria should be able to maintain its functions like the ATP
production and other energy-dependent function (Figure 3-10, Left). In the previous
studies, we reports that magnetic stimulation can lead to changes in a wide range of
cellular properties, such as cell shape, cytoskeletal organization, and cell fate
[115,116]. And also, some other groups demonstrated that activation of ion channels
is possible by using nanoscale magnetic particles [117-119]. Magnetic modulation of
mitochondrial VDAC plays key role in various Ca2+ influx and efflux pathways
should provide attractive targets for future development of AD treatments.
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Figure 3-9 Effect of BMP-VDAC2 Ab complex on cell growth by (a) MTS assay
and (b) ATP level. Control: VDAC2 untargeted cells, BMP-VDAC2 ab: VDAC2
targeted cells with BMPs, Control + 50 μM of aβ: amyloid-beta treated VDAC2
untargeted cells, and BMP-VDAC2 ab + 50 μM of aβ: amyloid-beta treated VDAC2
targeted cells. (*p<0.05, **p<0.01, and ***p<0.001, n=4)
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Figure 3-10 Schematic map of mitochondrial Ca2+ transporters in the amyloid-beta
induced toxicity. Aβ results in elevated cytosolic calcium levels and localize to
mitochondrial membranes. Aβ in mitochondria inhibits mitochondrial ATP
production and other energy-dependent functions, and releases calcium stored in
mitochondria, thereby further deregulating neuronal calcium signaling. Finally, a
release of proapoptotic proteins from damaged mitochondria results in neuronal
injury. However, the magnetic modulation of VDAC2 should block the localization
of Aβ to the mitochondria, whereas promote the Ca2+ uptake into mitochondria
within the threshold. Mitochondria produce ATP and maintain other functions.
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3.1.3 Summary
BMPs-VDAC2 antibody complexes (BMPs-Ab) introduced into SH-SY5Y cells
were successfully internalized into SH-SY5Y cells. The capture of VDAC2 with
BMPs-Ab was significantly decreasing the expressed intracellular calcium levels
induced by Aβ. This magnetic modulation of VDAC2 considerably increases the
proliferation and reduced Aβ-induced toxicity in SH-SY5Y. These results suggest
that magnetic modulation of VDAC-2 is able to protect the neurodegenerative
disease attenuating the changes in the intracellular calcium levels that were induced
by Aβ.

６９

3.2 Bacterial Magnetic Nanoparticle–Decorated Single-Wall
Carbon Nanotubes
Carbon nanotubes (CNTs) have emerged as a leading nanomaterial for biomedical
applications because of their extraordinary properties, which make them useful as
delivery vehicles for drugs, proteins, and DNA into cells [120-126]. While CNTs
have proven useful in biological systems, negative effects, such as inflammatory
responses, oxidative stress, free radical formation and peroxidative product
accumulation, have also been observed for CNTs and their accumulated aggregates
[127-134]. Therefore, it is necessary to characterize the toxicity and biocompatibility
of CNTs and to identify their biodegradation and elimination pathways before they
can be used in biomedical applications. Great attention has been paid to the
construction and discovery of novel enzyme mimetic nanomaterials, which have
significant advantages for controlled preparation at low cost, flexibility in structural
design and composition, and tunable catalytic activities.
Recently, it was found that magnetic nanoparticles (Fe3O4) possess intrinsic
peroxidase-like catalytic activity, thus opening the door for the development of
nanoscale materials in the biochemical field [135]. Since this discovery, various
inorganic nanomaterials have been reported to have peroxidase-like catalytic
activities [136,137]. Some recent reports showed that carboxyl-modified graphene
oxide (GO) and single-wall carbon nanotubes (SWNTs) display intrinsic peroxidaselike activities, such that they could catalyze 3,3,5,5-tetramethylbenzidine (TMB) to
produce a blue-colored product in the presence of H2O2 [138-140]. The results
clearly showed that the observed “catalytic” effect could be attributed to the intrinsic
properties of these materials rather than any metal residues.31 Several hybrid
complexes with inorganic nanomaterials incorporated within different matrices have
been constructed and have proved to be highly efficient catalyst systems in various
organic transformation reactions [141,142]. Typically, hemin–graphene hybrid
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nanosheets and a magnetic nanoparticle/multi-walled carbon nanotube nanocomplex
are exploited for their peroxidase-like catalytic activities [143,144]. However, it is
rare to find research on the characterization and use of the degradation effect caused
by the catalytic activity of the nanoparticles embedded in carbon-based structures.
To the best of our knowledge, this is the first study to demonstrate effective in vitro
degradation of biocompatible bacterial magnetic nanoparticle (BMP)-decorated
SWNTs and their real application in neurobiology. The BMPs employed in this
study are ferrimagnetic nanoparticles (Fe3O4) wrapped with a stable lipid membrane
containing lipids and proteins [116,145]. Therefore, they are inherently
biocompatible and disperse well in aqueous solutions. These biocompatible BMPs
were directly conjugated through covalent bonding to functionalized SWNTs (fSWNTs) (Figure 3-11). Furthermore, BMPs act as a highly effective intrinsic
peroxidase for the self-degradation of BMP-decorated f-SWNTs, showing that they
are a suitable material for biological applications. Finally, we investigated the effect
of self-degradable hybrids on the aggregation of amyloid-beta (Aβ) peptides as a
further neuro-therapeutic application. A thioflavin T assay was performed to prove
the ability of these hybrids to inhibit amyloid-beta fibrils formation, which is
considered the key process in Alzheimer’s disease. In addition, under the amyloidbeta-induced neurotoxic conditions, the cell survival rate of SH-SY5Y cells, humanderived neuroblasts, which are often used as in vitro models of neuronal function
and differentiation, was investigated in the presence of the hybrids. Our findings in
this research suggest possible applications of CNTs in neurobiology, while
eliminating the negative effects of CNTs that are anticipated based on previous
studies.
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Figure 3-11 Illustration of f-SWNT-BMP hybrid formation. EDC and sulfo-NHS are
used to activate carboxyl groups of f-SWNTs. BMPs directly conjugated with fSWNTs using their primary amine groups.
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3.2.1 Materials and Methods
3.2.1.1

Carboxyl functionalization of SWNTs

A quantity of 10 mg of SWNTs (ASP-100F) was added to a mixture of concentrated
sulfuric acid (15 ml) and nitric acid (5 ml) and ultrasonicated for more than 24 h. A
volume of 200 ml of deionized (DI) water was then added to the mixture. The
diluted mixture was filtered using a 70-μm filter to eliminate any unnecessary
SWNT aggregates. A second filtering step was performed using 2-μm filter paper to
harvest functionalized SWNTs (f-SWNTs). Any remaining toxic ingredients and
additives were removed by washing several times using excess DI water. After
sufficiently washing the filter paper, the remaining f-SWNTs on the filter paper were
placed into 1 ml of DI water and vortexed for 3 min to disperse the f-SWNTs into
solution.
3.2.1.2

BMP extraction and purification

BMPs were obtained from Magnetospirillum sp. AMB-1 (ATCC® 700264) that was
cultured in magnetic spirillum growth medium (MSGM) for 5 days in a shaking
incubator at 30 °C under anaerobic conditions. Cultured Magnetospirillum sp. AMB1 were centrifuged for 25 min at 5,000 rpm and then lysed by sonicating (VCX500,
Sonics & Materials, USA) for 30 min. BMPs were collected using a neodymiumiron-boron (NdFeB) magnet and then washed 5 times with 1X PBS. The collected
BMPs were dispersed in 1X PBS and sterilized by autoclaving (121 °C, 15 min).
The concentration of the extracted BMPs was determined using an inductively
coupled plasma-atomic emission spectrometer (ICP-AEX, ICPS-7500, Shimadzu,
Japan).
3.2.1.3

Conjugation of f-SWNTs to BMPs

A quantity of 4 mg of N-(3-dimethylaminopropyl)-N’-ethylcarbodiimide hydrochlo -
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ride (EDC, Sigma-Aldrich, Korea) and 11 mg of N-hydroxysulfosuccinimide
sodium salt (Sulfo-NHS, Sigma-Aldrich, Korea) were dissolved in 100 ml of 0.5 M
and 0.1 M MES buffer (2-(N-morpholino) ethanesulfonic acid, pH = 8.3),
respectively. The mixture was then added to 1 ml of 1 mg/ml carboxylated SWNTs
for reaction with a carboxyl group for 15 min to form an amine-reactive Oacylisourea intermediate. After adjusting the pH (ranging from 7 to 8) by adding 30
μl of 20X PBS buffer, the solution was mixed with 10 μl of 1 mg/ml BMPs
contained in 1X PBS and placed on a shaker at room temperature for 2 h to
accelerate the binding reaction. Unconjugated f-SWNTs were separated from the fSWNT-BMP conjugates three times in 1X PBS buffer under a strong magnetic field.
3.2.1.4

High-resolution transmission electron microscopy

The morphologies of the f-SWNT-BMP hybrids were analyzed using a highresolution transmission electron microscope (HR-TEM; JEM-3000F, JEOL, Japan)
operated at 300 kV. HR-TEM samples were prepared by placing a drop of the hybrid,
dispersed in ethyl alcohol, on a 200-mesh holey carbon–coated copper grid. The
samples were then dried at room temperature.
3.2.1.5

EDS/FE-SEM preparation

Energy dispersive X-ray spectroscopy (EDS) analysis was performed using a fieldemission scanning electron microscope (FE-SEM; SUPRA 55VP, Carl Zeiss,
Germany) with an X-ray microanalysis instrument operated at 30 kV. Samples for
EDS/FE-SEM were prepared by drying a drop of each sample dispersed in DI water
on a silicon wafer at 70 °C for 10 min. The samples were introduced into the
vacuum chamber, and the X-ray spectra were acquired within minutes.
3.2.1.6

XPS analysis

X-ray photoelectron spectroscopy (XPS) measurements were performed using a K-
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Alpha (Thermo Scientific) system. A drop of each sample was placed on a cleaned
silicon wafer and dried in an oven at 70 °C overnight. A Kα aluminum (1486.6 eV)
X-ray source was used with a beam diameter of approximately 400 μm. The
spectrometer energy was calibrated to the 3d5/2 electronic level of silver (368.2 eV)
and the 2p3/2 electronic level of copper (932.8 eV). Low pressure in the sample
chamber (6.5 × 10-9 mbar) was used for the analysis.
3.2.1.7

Raman microscopy of the f-SWNT-BMP hybrids

Raman spectra were collected using a LabRam Aramis (Horiba Jobin-Yvon, France)
spectrometer with an Ar-ion laser (514.532 nm) excitation source. A drop of each
sample was loaded onto clean glass wafers and dried before analysis. Samples were
focused using an optical microscope with a spot size of approximately 1 μm. The
excitation power was 1 mW, and the spectra were calibrated prior to acquisition
using a glass wafer.
3.2.1.8

Catalytic activity of f-SWNT-BMP hybrids

Catalytic experiments were performed using 20 μl of 1 mg/ml f-SWNT-BMP hybrid
(~ 7.2 × 109 nanoparticles in a reaction volume of 200 μl) in a 25 mM NaH2PO4
buffer solution with a 1.6 mM TMB substrate and 50 mM H2O2. The samples were
allowed to react for 20 min at 40 °C and were centrifuged at 15,000 g for 10 min to
collect the precipitate on the bottom of the tube. The supernatant solution from each
tube was then transferred into a 96-well plate. A volume of 20 μl of 0.18 M H2SO4
was added to each sample to stop the catalytic reaction, and the optical absorbance
was read at 450 nm (yellow color). For kinetic studies, the optical absorbance was
read every 30 sec at 650 nm for 30 min at room temperature (blue color). To prevent
unexpected signals from particles, we placed small magnets beside each well to hold
particles near magnets.
3.2.1.9

Degradation of f-SWNTs
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To demonstrate BMP-induced degradation, both f-SWNTs and f-SWNT-BMP
hybrids were simply incubated in 200 μM H2O2 for 24 h at 37 °C. For hMPOinduced degradation, a quantity of 5 μg of human myeloperoxidase (hMPO) was
mixed with 100 μl of 1 mg/ml f-SWNTs suspended in 50 mM phosphate buffer
containing 140 mM NaCl and 100 μM diethylene triamine pentaacetic acid (DTPA),
a transition metal chelator. Hydrogen peroxide was added at a rate of 200 μM per
hour for 5 h. Due to the loss of hMPO activity in the incubation system, the enzyme
was replenished after 5 h, and the reaction mixture was maintained at 37 °C for 24 h.
Sodium hypochlorite was added every hour to give concentrations of 200 μM for 24
h at 37 °C.
3.2.1.10 Thioflavin T assay for Aβ fibril formation
First, a 2.5 mM ThT stock solution was prepared by adding 8 mg of ThT to 10 ml of
1X PBS buffer and filtering through a 0.2-μm syringe filter. This solution was stored
in the dark. This stock solution was diluted into the 1X PBS buffer on the day of
analysis to generate a 20 μM ThT working solution and covered with aluminum foil.
Then, 1 mg of Aβ 25-35 (Sigma Aldrich, Korea) was dissolved in DMSO to the final
concentration of 10 mM. This Aβ stock solution was diluted into 1X PBS buffer to
generate 10, 50, and 100 μM Aβ and incubated at RT with gentle shaking for the
proper amount of time. On the day of analysis, 5 μl of the ThT working solution was
mixed with 95 μl of each Aβ fibril formation in a black 96-well plate and measured
using a Microplate Reader (Victor3, Perkin Elmer, USA). Fluorescence intensity
was measured by excitation at 450 nm and emission at 485 nm.
3.2.1.11 MTS assay for cell viability
The 3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl) 2H-tetrazolium (MTS) assay was performed to evaluate the hybrid cytotoxicity and
cell viability. A human-derived cell line, SH-SY5Y (neuroblastoma), was used for
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biocompatibility evaluation. The cells (5 × 103 cells/well) were seeded into a 96-well
plate with 120 µl of culture medium. After the cells were sufficiently cultured, 25 µl
of CellTiter 96® AQueous One Solution Reagent (Promega, USA) was added to
each well. The plate was then incubated at 37 °C for 1–4 h in a humidified 5% CO2
atmosphere, and the absorbance was recorded at 490 nm using a microplate reader
(Sunrise, Tecan, Switzerland). All assays were performed in three separate
experiments. The absorbance of the control cells was defined as 100% viability in
every assay.
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3.2.2 Results
3.2.2.1

Synthesis of the f-SWNT-BMP hybrid

The BMPs from the Magnetospirillum sp. AMB-1 used in our approach are
inherently biocompatible, can be effectively conjugated with other biomolecules,
and disperse well in aqueous solutions because of their stable lipid membrane
surrounding the magnetic core [116,145]. The lipid membrane is rich in
phosphatidyl-ethanolamine (approximately 29%), which provides amine-binding
sites, making the BMPs easy to disperse and conjugate to other biomolecules, such
as antibodies, enzymes, and polypeptides. Therefore, we could make our hybrids via
a very simple method. We used these lipid bilayer functional groups to directly link
with the CNTs via a common conjugation method without any functionalized
process involving BMPs. SWNTs were functionalized through covalent modification
by attaching carboxyl groups (–COOH) to the SWNT surfaces in acidic solutions
[146]. The BMPs were conjugated to the f-SWNTs with 1-ethyl-3-[3dimethylaminopropyl]carbodiimide hydrochloride, which facilitates carboxyl-toamine conjugation (Figure 3-11). Direct evidence of the conjugation of BMPs to the
f-SWNTs was obtained by magnetic attraction. After functionalization, the f-SWNTs
and the hybrids were fully dispersed in DI water. However, the hybrids were
mutually attracted to each other and aligned with their opposite magnetic poles
facing opposing f-SWNTs within the one-minute interval. Electron microscopy
images were used to confirm the arrangement of BMPs on the f-SWNTs surfaces
(Figure 3-12). The morphological features of the hybrids significantly differed from
those of the f-SWNTs with a clean surface. As shown in Figure 3-12(b) and (d),
elongated nanoparticles with spatially isolated features uniformly decorated the
surfaces of individual f-SWNTs and/or small f-SWNT bundles. Furthermore, these
elongated BMPs were mostly aligned on the nanotubes, although some exceptions
were also observed.
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Figure 3-12 Micrograph of f-SWNTs and f-SWNT-BMP hybrids (a), (b), (d), and
(e). BMPs dangle from the f-SWNT bundles in the hybrid images (d) and (e),
whereas only f-SWNTs are seen in images (a) and (b). Magnetic attraction of fSWNTs (c) and f-SWNT-BMP hybrids (f) was performed. After functionalization,
the f-SWNTs and the hybrids were fully dispersed in DI water. However, the hybrids
were mutually attracted to each other and aligned with their opposite magnetic poles
facing opposing f-SWNTs within a one-minute interval.
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3.2.2.2

Characterization

Figure 3-13(a) shows the Raman spectra for the unmodified SWNTs, f-SWNTs, and
f-SWNT-BMP hybrids used to identify the characteristic peaks. When the
unmodified SWNTs were compared with the f-SWNTs, the intensity of the G peak
for the f-SWNTs and the hybrids showed no noticeable change; however, the
intensity of the D peak was enhanced drastically, resulting in an increased intensity
ratio of the D to G band (ID/IG). The D-band intensity measures the amount of sp3
defects introduced by covalent addend binding; in general, a covalent attachment
would lead to a drastic increase in the D-peak intensity [147]. For the f-SWNTs, the
D/G ratio significantly increased, which was attributed to the generation of carboxyl
and hydroxyl groups during the treatment process. These results suggest that the
route described here is a desirable approach for covalently attaching BMPs to the
side walls; EDS/FE–SEM analysis confirmed the conjugation of BMPs onto the fSWNT surface with C, O, and Fe on the surfaces of the hybrids (Fig. 3-13(b)). The
Fe signals would have originated from the BMPs because most impurities, including
Ni, Co, and Fe, that had been used as catalysts during the synthesis of the f-SWNTs
were removed during the functionalization process (Fig. 3-13(c)). These results were
further confirmed with XPS analysis. The expanded spectra of Fe 2p in Fig. 3-14(a)
show the characteristic binding energy peaks of Fe 2p3/2 and Fe 2p1/2 of Fe3O4
[148]. As shown in Fig. 3-14(b), the 400.1 eV peak was assigned to the residual
amino groups on the surface of the Fe3O4, and the 401.0 eV peak was assigned to the
amide groups in the hybrids [149].
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Figure 3-13 Raman spectra (a), EDS results of f-SWNT-BMP hybrids (b) and
f-SWNTs (c).When the unmodified SWNTs (pristine) were compared with the
f-SWNTs, the intensity of the G peak for the f-SWNTs and the hybrids show
ed no noticeable change; however, the intensity of the D peak increased drast
ically, resulting in an increased intensity ratio of the D to G band (a). Inset:
Starting from the bottom, the D peak of pristine SWNT, f-SWNT, and hybrid.
The Fe signals would have originated from the BMPs (b) because most impu
rities, including Ni, Co, and Fe, that were used as catalysts during the synthe
sis of the f-SWNTs were removed during the functionalization process (c).
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Figure 3-14 XPS analysis of the Fe2p peak and the N1s core level of the hy
brids. Fe2p scan showing the characteristic binding energy peaks of Fe 2p3/2
and Fe 2p1/2 of Fe3O4 (a). In the N1s scan, the 400.1 eV peak was assigned
to the residual amino groups on the surface of Fe3O4, and the 401.0 eV peak
was assigned to the amide groups in the hybrids (b).
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3.2.2.3

Catalytic activity of the hybrids as a peroxidase

We analyzed the mimetic peroxidase activity of the BMPs and the hybrids by
measuring the extent of oxidation for a TMB peroxidase substrate by H2O2 treatment
to the oxidized product, indicated by a change to blue color observed at a
wavelength of 650 nm. The TMB/ H2O2 system without hybrids or BMPs was
colorless (Figure 3-15(a)), while the BMPs/ TMB/ H2O2 system produced a deep
blue color (Figure 3-15(b)). Furthermore, hybrid added system produced a deeper
blue color than BMPs system (Figure 3-15(c)). These results confirm that BMPs
show peroxidase- like activity toward TMB, and the hybrid enhances such activities.
To further characterize the peroxidase-like activity of hybrids, a series of
experiments were performed by changing the concentration of BMPs while
maintaining a constant concentration of the SWNTs (0.1mg/ml) for formation of
hybrids. Interestingly, we found that the peroxidase-like activity was significantly
enhanced upon the formation of the BMP-SWNT hybrids (Figure 3-15(d)). Figure 315(e) shows the time-dependent peroxidase-like activity changes against BMPs and
hybrids. The colour change for the hybrid solution was much faster, and resulted in a
higher peroxidase-activity than that from the BMPs alone (Figure 3-15(e)). SWNTs
possess a high surface-to-volume ratio, as well as high affinity for hydrophobic
molecules, such as TMB, that may increase the local concentration of the substrate
and improve the catalytic effect. As shown in Figure 3-15(f), the catalytic activity of
hybrids is dependent on the concentration of H2O2. Moreover, the hybrids quickly
catalyzed the oxidation of the TMB peroxidase substrate and induced a rapid initial
reaction rate and a subsequent stable stage depending on the concentration of H2O2
(Figure 3-15(g)). Like the natural enzyme catalyzed reaction, the catalyzed reaction
of hybrids is inhibited at high H2O2 concentration. These results support the idea that
the hybrids exhibit peroxidase-like behavior towards typical peroxidase substrates,
such as TMB.
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Figure 3-15 Peroxidase-like activity of hybrids and dependance of the peroxidaselike activity on the H2O2 concentration and the time-dependent absorbance changes
at different H2O2 concentrations. Color change of the TMB substrate in TMB + H2O2
(a), TMB + H2O2 + BMPs (b), and TMB + H2O2 + Hybrids (c), Synergetic
peroxidase-like activity of hybrids (d), Comparison of the time-dependent
peroxidase-like activity changes with hybrids and BMPs (e). The catalytic activity of
the hybrids is dependent on the concentration of H2O2 (f). Moreover, the hybrids
quickly catalyzed the oxidation of the TMB peroxidase substrate and induced a rapid
initial reaction rate and a subsequent stable stage depending on the concentration of
H2O2 (g).
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For further analysing the catalytic mechanism, the catalytic activity of hybrids was
studied by enzyme kinetic of theory using H2O2 and TMB as substrates. A series of
experiments were performed by changing the concentration of one substrate and
keeping constant the concentration of the other. Hybrid-catalysed reaction is
inhibited at high H2O2 concentrations like the enzyme catalysed reaction, however,
within the suitable range of H2O2 concentrations, typical Michaelis–Menten curves
were observed (Figure 3-16). Maximum initial velocity (Vmax) and Michaelis–
Menten constant (Km) were obtained using Lineweaver-Burk plot and are shown in
Table 3-1 [135,150]. As a catalyst, our Km value of hybrids with H2O2 was
comparable to that of HRP at the same molar concentration like a previously
reported.25 But compared with BMPs, the Vmax value of hybrids with TMB and H2O2
was almost two times higher than that of BMPs, while the apparent Km value of
hybrids with H2O2 as the substrate was similar to that of BMPs. Since Km is
identified as an indicator of enzyme affinity to substrates, similar Km values of
BMPs and hybrids proved that the main peroxidase-like activity of hybrids
originated from BMPs. However, incorporation of BMPs on SWNTs possess a high
surface-to-volume ratio may increase the local concentration of the substrate and
improve the catalytic velocity.
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Figure 3-16 Steady-state kinetic assay and catalytic mechanism of hybrids and
BMPs. The concentration of H2O2 was 50mM and the TMB concentration w
as varied (a), and the concentration of TMB was 1.6 mM and the H2O2 conc
entration was varied (b). Double reciprocal plots of activity of hybrids and B
MPs with fixed concentration of H2O2 and varied TMB concentrations (c), an
d with the fixed concentration of TMB and varied H2O2 concentrations (d).
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Table 3-1 Comparison of the apparent Michaelis–Menten constant (Km) and
maximum reaction rate (Vmax) between hybrids and BMPs
Vmax [10-8 M s-1]

Km [mM]
Catalyst

TMB

H2O2

TMB

H2O2

BMP

0.26±0.04

42.1±7.6

4.4±0.23

5.4±0.24

HYB

0.60±0.13

66.5±6.9

8.9±0.96

11.8±0.39
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3.2.2.4

Self-degradation of BMP-Decorated f-SWNTs

Previously, it was shown that the human neutrophil enzyme myeloperoxidase
(hMPO) catalyzes the biodegradation of single-walled carbon nanotubes in vitro
[151]. Gao et al. found that Fe3O4 magnetic nanoparticles could be used as an
intrinsically active catalyst for some oxidation reactions [135]. BMPs with magnetic
cores composed of Fe3O4 can also act as an effective intrinsic peroxidase. Based on
these findings, we attempted to demonstrate the degradation of BMP-decorated fSWNTs using the intrinsic mimetic enzyme activity of the BMPs, which is similar to
that found in magnetic nanoparticles. The f-SWNTs and f-SWNT-BMP hybrids were
incubated with 200 μM H2O2 for 24 h at 37 °C. TEM was used to track the
morphological changes of the resulting BMP-induced degradation (Figure 3-17(a)(d)). Most of the f-SWNTs remained bundled in the H2O2 condition after 24 h of
incubation (Figure 3-17(b)). Remarkably, the TEM images revealed that the majority
of the hybrid bundles were degraded, leaving residual BMPs and carbonaceous
material in the BMP-induced degradation samples under the same condition as the fSWNTs (Figure 3-17(d)). These results strongly suggest that BMPs can act as a
highly effective intrinsic peroxidase for SWNT degradation. The Raman spectra of
the f-SWNTs and hybrid samples underscore the key function of the BMPs in the
degradation process. After 24 h of H2O2 treatment, the ID/IG ratio for the hybrids
drastically increased compared with that for the f-SWNT sample due to the BMPinduced degradation (Figure 3-17(e) and (f)).

８９
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Figure 3-17 TEM images (a)-(d) and Raman spectra (e) and (f). Most of the fSWNTs remained bundled in the H2O2 condition after 24 h of incubation (b),
whereas the majority of the f-SWNT-BMP hybrid bundles were degraded, leaving
residual BMPs and carbonaceous material in the samples after the BMP-induced
degradation (d). Scale bars are 200 nm. In the Raman spectra, the ID/IG ratio for the
hybrids drastically increased compared with that for the f-SWNT sample due to the
BMP-induced degradation (e) and (f).
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To compare the effect of BMP-induced SWNT degradation with other degradation
methods, we also performed hMPO-induced SWNT degradation according to a
previous method [151]. As shown in Figure 3-18, the intensity of the D-band for the
hybrids under BMP-induced degradation was higher than that of the f-SWNTs under
hMPO-induced degradation. The relative degradation ratio (ID/IG) for the BMPinduced degradation (Figure 3-18(1)) was also higher than the hMPO-induced
degradation (Figure 3-18(2)). In addition, in the Raman spectra for BMP-induced
degradation, the hybrid showed clear disappearance of the radial breathing mode
(RBM) at 169 cm−1, indicating the destruction of the tubular structures in the fSWNTs.
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Figure 3-18 Raman spectra of the hMPO-induced and BMP-induced degradation of
f-SWNTs. The intensity of the D-band for the hybrids under BMP-induced
degradation (1) was higher than that of the f-SWNTs under hMPO-induced
degradation (2). The relative degradation ratio (ID/IG) for the BMP-induced
degradation was also higher than the hMPO-induced degradation. In addition, in the
Raman spectra for BMP-induced degradation, the hybrid showed clear
disappearance of the radial breathing mode (RBM) at 169 cm−1, indicating the
destruction of the tubular structures in the f-SWNTs.
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3.2.2.5

Inhibition of amyloid beta fibrillation

Recently, it was demonstrated that amyloid beta forms non-amyloid fibrils in the
presence of carbon nanotubes [152]. According to this study, the interaction between
the hydrophobic groups of the Aβ peptide and SWNTs could attack the stability of
the electrostatic network of the Aβ peptide and lead to conformational changes in the
peptide. The f-SWNT-BMP hybrids in this study are mainly composed of carbon
nanotubes, including hydrophobic surfaces, so they may also act as inhibitors of the
formation of Aβ fibrils. Therefore, we investigated the effect of hybrids on the
aggregation of Aβ peptide using simple methods. To visualize Aβ fibrils, FITClabeled Aβ antibodies were added to the samples after 7 days of Aβ peptide
incubation in the presence and absence of the hybrids. Figure 3-19(a) shows a
fluorescence image of the Aβ fibrils without hybrids, and it shows a strong signal
compared with the Aβ fibril sample in the presence of hybrids (Figure 3-19(b)). To
further investigate this behavior, a thioflavin T (ThT) binding assay was also
performed. ThT fluorescence is considered a highly sensitive marker for the amyloid
state of various aggregating proteins and peptides. ThT in solution displays weak
fluorescence in its free form but strong fluorescence when bound to amyloid fibrils
[150]. The aggregation kinetics of 100 μM Aβ peptides were measured in the
presence of 10 μg/ml hybrids. In the presence of hybrids, we observed a quenching
effect by the hybrid, as shown in Figure 3-19(c).
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Figure 3-19 Fluorescence images of Aβ fibrils in the absence and presence of
hybrids (a) and (b) and signal intensity comparison (c). To visualize Aβ fibrils in
solution, FITC-labeled Aβ antibodies were combined with the samples after 7 days
of Aβ incubation. A fluorescence image of Aβ without hybrids (a) shows a stronger
signal than the Aβ with hybrids (b). The scale bars are 10 μm.
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Figure 3-20 ThT assay results of Aβ only, Aβ with BMP, SWNT and Hybrid. Here,
we clearly observed a quenching effect, which reduces the fluorescence signal (red,
blue, green dots). Meanwhile, the signal from the Aβ without hybrids was greatly
increased (black dots) during the 18 h of observation.
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3.2.2.6

Prevention of Aβ-induced neurotoxicity

For the purpose of using f-SWNT-BMP hybrids in neurobiology applications, it was
necessary to first characterize the toxicity and biocompatibility of the hybrids. The
cytotoxicity of the hybrids against the SH-SY5Y cells was evaluated using the MTS
assay and normalized to the viability of the control cells without treatment with the
hybrids (100% viability). Optical images captured by inverted microscopy show that
there is no significant difference between without (Figure 3-20(a)) and with (Figure
3-20(b)) hybrids in the survival of the SH-SY5Y cells after 3 days of the 10 µg/ml
hybrids treatment. Moreover, the cytotoxic effects of the hybrids on the viability of
the SH-SY5Y cells was also insignificant, even at a high concentration of 20 µg/ml
for 1 × 104 cells within 3 days of the cell culture, which is ideal for using them in
practical applications in the biomedical field (Figure 3-20(c)). To probe the effect of
the hybrids on the neurotoxicity of the Aβ fibrils, we measured the cell viability in
the presence of Aβ without and with hybrids. First, 200 μM Aβ in the presence and
absence of 10 ng/ml hybrids was incubated at 37 °C for 3 days and added to growing
SH-SY5Y cells. Interestingly, both the MTS and ATP assays in Figure 3-21 showed
approximately 50% cell survival rates in the presence of the Aβ fibrils, whereas
more than 80% of cells survived in the presence of Aβ with the hybrids (***p<0.001,
n=6). We assume that the hydrophobic surfaces of our f-SWNT-BMP hybrids may
interact with the Aβ peptides and inhibit Aβ fibril formation, which causes cell death,
so the cell survival rate increased in the presence of the hybrids. These results
strongly supported the hypothesis that hybrids are able to reduce the toxicity of Aβ
peptides and inhibit their aggregation.
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Figure 3-21 Optical microscopy images of cultured SH-SY5Y cells with and
without hybrids. We observed that there is no significant difference between without
(a) and with (b) hybrids in the survival of the SH-SY5Y cells after 3 days of cell
culture. The scale bars are 200 μm. From the MTS assay, the cytotoxic effects of the
hybrids on the viability of the SH-SY5Y cells were also insignificant, even at a high
concentration of 20 µg/ml (c).
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Figure 3-22 Effect of the BMP, SWNT and hybrids on the SH-SY5Y cell growth
under the amyloid-beta-induced neurotoxic condition by MTS assay. Control:
untreated cells, Aβ: 200 μM Aβ–treated cells, Aβ+BMP: 200 μM Aβ and 10 ng/ml
BMP–treated cells, Aβ+SWNT: 200 μM Aβ and 10 ng/ml SWNT–treated cells and
Aβ+HYB: 200 μM Aβ and 10 ng/ml hybrids–treated cells. This results showed that
the cell viabilities of the hybrid-treated cells increased by more than 30%.
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3.2.3 Summary
The peroxidase-like characteristics of the Fe3O4 magnetic nanoparticles have been
previously employed in an attempt to replace the HRP enzyme that is typically used
in H2O2 detection and immunosorbent assays. Fe3O4 magnetic nanoparticles have
also been studied for application in the degradation of phenolic and aniline
compounds. In this study, we reported the synthesis of biocompatible BMPdecorated f-SWNTs with intrinsic peroxidase-like activity. Moreover, the BMPs
were found to function as a highly effective intrinsic peroxidase for SWNT
degradation. In addition, the mimetic peroxidase catalytic activity of the hybrids that
can transform a TMB peroxidase substrate, by H2O2 treatment, into its oxidized state
was shown to be significantly higher than that of pure BMPs. In addition, for
possible application of this material in neurobiology, the f-SWNT-BMP hybrids
were shown to be an inhibitor that reduces the aggregation of Aβ peptides, which is
considered the key element behind Alzheimer’s disease. To confirm this result, we
showed that the neurotoxicity of Aβ fibrils (measured as the SH-SY5Y cell death) is
reduced in the presence of these hybrids. This research could provide a new
approach for the neurobiological application of CNTs without any of their toxic
effects.
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Chapter 4 Conclusion

Cells are the basic structural and functional unit of living systems. It is hence
important to understand the mechanism of how cells interact with the environment.
Indeed, cells are sensitive to biochemical, mechanical, and topological cues. Our
understanding of the mechanisms on how cells sense these cues and our ability to
manipulate cellular behaviors accordingly will allow efficient and therapeutic
intervention of related diseases and expedite the development of new methods for
drug screening and discovery. Nano- micro- fabrication techniques are particularly
useful in facilitating the research in this aspect by creating and mimicking the
physiological and pathological cellular environment.
In this thesis, we report the effect of nano- micro- scale materials having
various material property affecting cellular responses. For this purpose, micro-scale
pillar array which has stepped structure with varying bottom diameter were
fabricated by double step photolithography process. Single walled carbon nanotube
and magnetic nanoparticle were also engineered to stimulate cellular behaviour.
These materials were successfully embedded into cellular system to regulate its
migration behaviour, morphology and viability. Our study could give a pioneer
understanding regarding cellular response affected by nano- micro- scale systems.
First, we designed a new variation of the microfabricated polymeric pillar array
platform that can decouple the stiffness gradient from the focal adhesion area of a
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cell. This goal is achieved via a “stepped” micro pillar array device (SMPAD) in
which the contact area with a cell was kept constant while the diameter of the pillar
bodies was altered to attain the proper mechanical stiffness. Using double-step SU-8
mold fabrication, the diameter of the top of every pillar was manufactured to be
identical, whereas that of the bottom was changeable, to achieve the desired
substrate rigidity. Fibronectin is immobilized on the pillar tops, providing a focal
adhesion site for cells. C2C12, HeLa and NIH3T3 cells were cultured on the
SMPAD, and the motion of the cells was observed by time-lapse microscopy. Using
this simple platform, which produces a purely physical stimulus, we observed that
various types of cell behaviour are affected by the mechanical stimulus of the
environment. We also demonstrated directed cell migration guided by a discrete
rigidity gradient by varying stiffness.
Next, we demonstrate that the nano-scale magnetic modulation of
mitochondrial VDAC2, which is the only mammalian-specific isoform among
VDAC isoforms, can contribute to protect the neurodegenerative disease attenuating
the changes in the intracellular calcium levels that were induced by beta-amyloid. In
this study, BMPs originated from Magnetospirillum sp. AMB-1 directly conjugated
with VDAC2 antibody using 1-Ethyl-3-(3-dimethylaminopropyl) carbodiimide
(EDC) linker which is used to couple carboxyl groups to primary amines. BMPsVDAC2 antibody complexes (BMPs-Ab) introduced into SH-SY5Y cells, human
derived neuroblasts which are often used as in vitro models of neuronal function and
differentiation. We investigated that the effect of magnetically modulated VDAC2
on the change of intracellular Ca2+ levels induced by Aβ. SH-SY5Y cells were
loaded with 5 μM Fluo-3 AM for 30 min, and then the changes in the level of Ca2+
before and after treatment with Aβ were measured by 488-nm laser source to excite
Fluo-3. BMPs-VDAC2 antibody complexes (BMPs-Ab) introduced into SH-SY5Y
cells were successfully internalized into SH-SY5Y cells. We found that the capture
of VDAC2 with BMPs-Ab was significantly decreasing the expressed intracellular
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calcium levels induced by Aβ. This magnetic modulation of VDAC2 considerably
increases the proliferation and reduced Aβ-induced toxicity in SH-SY5Y. These
results suggest that magnetic modulation of VDAC-2 is able to protect the
neurodegenerative disease attenuating the changes in the intracellular calcium levels
that were induced by Aβ.
Finally, we investigated a self-degradation route for single-wall carbon
nanotubes (SWNTs) mediated by built-in peroxidase-like activity of bacterial
magnetic

nanoparticles

(BMPs).

Biocompatible

BMPs

originated

from

Magnetospirillum sp. AMB-1 were directly conjugated through covalent bonding to
yield functionalized SWNTs (f-SWNTs) without any additional functionalized
processes. Employing transmission electron microscopy (TEM) and Raman
spectroscopy, we found that BMPs can act as effective built-in intrinsic peroxidase
compare to other enzymatic methods for the degradation of SWNTs. For the possible
application in neurobiology, f-SWNT-BMP hybrids were shown as an inhibitor to
reduce formation of amyloid-beta (Aβ) fibrils which is considered as the key
element behind Alzheimer’s disease. To conform this, we showed that neurotixicity
of Aβ peptide affecting SH-SY5Y cell death is reduced in the presence of these
hybrids. Our findings could offer a new approach of mitigating the toxic impact and
neurobiological application of CNTs.
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국문초록

본 학위 논문에서는, 다양한 형태와 물성을 지닌 마이크로 나노 스케일 물질
을 이용하여 세포에 물리적 자극을 가하고 그 영향을 보고자 한다. 이를 위해 세
포가 부착된 부분의 면적은 일정하게 유지하면서 경도의 차이를 형성하기 위해
계단식으로 이중 원형 기둥구조를 고안하였다. 그 다음으로 자성나노입자와 세포
표면에 다량으로 존재하여 세포기작에 관여하는 세포막 수용체에 특이적으로 접
합하는 단백질 즉 항체를 이용하여 신경세포의 증식을 조절하였다. 또한 단일 벽
탄소나노튜브에 자성나노입자를 부착하여 알츠하이머를 유발하는 아밀로이드베
타의 형성을 저지하였고, 이를 이용해 신경세포의 활성을 촉진하도록 하였다. 본
논문은 나노 마이크로 스케일의 구조물이 세포의 움직임 및 활성에 미치는 영향
에 대한 기초적인 자료가 될 수 있을 것이다.
먼저, 세포부착표면의 경도차이를 이용하여 세포의 이동성을 관찰하기 위해
고분자 화합물로 이루어진 마이크로 원형 기둥구조를 고안하였다. 세포가 부착된
부분의 면적은 일정하게 유지하면서 경도의 차이를 형성하기 위해 계단식으로
이중 원형 기둥구조를 고안하였다. 계단식으로 이루어진 고분자 기둥 이중구조
(SMPAD)는 적절한 기계적 강도를 구현하기 위해 아래 단의 직경은 강도에 비례
하게 조절하고, 셀과 접촉하는 단의 직경은 세포와 부착되는 면적을 일정하게 유
지하기 위해 모든 직경을 고정 하였다. 세포의 부착을 용이하게 하기 위해 기둥
구조물의 표면에 파이브로로넥틴을 균일하게 코팅하였다. C2C12, HeLa 및
NIH3T3의 세포를 SMPAD상에서 배양하고, 부착된 세포의 움직임은 오랜 시간
동안 현미경으로 연속 촬영하여 이동성을 추적 관찰할 수 있게 하였다. 우리는
이러한 연구를 통해 순수한 물리적 자극을 구현할 수 있는 마이크로 구조 플랫
폼을 고안하였고, 이러한 외부 자극에 의해 세포의 움직임이 크게 영향을 받는다
는 것을 관찰하였다.

１２５

그 다음으로, 자성나노입자와 VDAC2 항체를 이용하여 신경세포의 증식을
조절하였다. 본 연구에서 표적으로 하는 입자는 세포막과 미토콘드리아 외 막에
존재하여

이온

전달에

관여하는

Voltage-dependent

anion-selective

channel2(VDAC2) 단백질로, 특정 자극을 받으면 ion의 이동을 조절하여 세포기
작에 영향을 미치는 단백질 이다. 본 연구에서는 VDAC2 항체를 박테리아 표면
에 접합한 ‘BMP-VDAC2 Antibody’ 접합체로 제어하여 신경세포의 생장과 생존
율을 조절하는 것을 목표로 한다. 또한 이러한 접합체가 처리된 세포에 외부자기
장을 이용하여 VDAC2 단백질에 직접적으로 물리적 자극을 준 후 세포의 거동
을 관찰하고 VDAC2의 생체 내 물리학적 역할을 규명하였다.
마지막으로, 자성나노입자의 과산화효소적인 성질을 이용하여 단일벽 탄소나
노튜브의 자가분해를 유도하여 이를 세포 실험에 이용하였다. 탄소나노튜브는 세
포독성을 보일 수 있기 때문에 다양한 장점에도 불구하고 세포치료에 사용하는
것이 꺼려져 왔다. 따라서 본 연구에서는 자성나노입자를 이용하여 탄소나노튜브
의 자가분해를 유도하고자 하였다. 자성나노입자의 표면에 다량으로 존재하는 아
민기를 이용하여 탄소나노튜브의 카복실기에 부착하였고, 전자현미경과 EDX,
XPS 등의 분석법을 통해 두 가지 물질이 공유 결합되어 있다는 것을 확인하였
다. 탄소나노튜브의 자가분해를 유도하기 위해서 미량의 과산화수소를 접합체에
하루 동안 처리하였고, 투과전자현미경및 라만분광법을 통하여 자성나노입자가
탄소나노튜브의 분해에 관혀한다는 사실을 알 수 있었다. 그 뒤에는 제작된 자성
나노입자-탄소나노튜브 접합체를 이용하여 알츠하이머를 유발하는 물질로 알려
진 아밀로이드베타 섬유단백질의 발생을 억제하는 실험을 진행하였다. 이러한 현
상을 세포실험에서 확인하기 위해 SH-SY5Y 세포에 아밀로이드베타와 자성나노
입자-탄소나노튜브 접합제를 함께 첨가하여 3일간 배양하였고 세포 접합체가 첨
가된 실험 군의 세포사멸이 현저하게 저하되는 결과를 얻었다.
주요어: 이중기둥구조, 박테리아 자성나노입자, 단일벽 탄소나노튜브, 세포이동,
미토콘드리아, 자가분해
학번: 2009-31248
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