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Abstract

Functionalization and Multi-Dimensional Structure Fabrication

using Ultrafast Laser Direct Writing (FS-LDW)

by
Sangmo Koo
Doctor of Philosophy in Engineering - Mechanical Engineering
University of California, Berkeley

Professor Costas P. Grigoropoulos, Chair

Femtosecond laser-direct writing (FS-LDW) can functionalize the surface of
diverse device components, including cell culture plates and medical implants. Since FS-
LDW is in essence a non-contact fabrication method, it allows the surface patterning and
micro-/nano-machining of material with minimal mechanical/thermal deformation. Hence,
micro-/nanofabrication and material processing by femtosecond laser has attracted
intense interest.

Ultrafast laser ablation using far-field optics in a tight focusing configuration
offers substantial advantages for the direct, maskless and arbitrary patterning of various
materials and curved surfaces, while maintaining high feature resolution. Patterned
surfaces with nanoscale craters or ablated pattern on electrospinning fibrous scaffolds can
control and direct the cell migration. Control of topographical features in the cellular
microenvironment can be achieved by combining FS-LDW with new materials. Direct
laser writing by multi-photon polymerization is a nonlinear optical technique that allows
the fabrication of 3D structures with resolution beyond the diffraction limit (~100nm).
Incorporation of self-assembled block-copolymer nanomaterials into such structure
fabricated by two-photon polymerization and, produced mesoscale structures endowed
with guided nanoscale patterns (~10nm). This new capability can be used in many
applications, including advanced optical metamaterials as well as for -efficient
photovoltaic energy conversion. In contrast, using low numerical aperture objective lens,
fast fibrous structure (high aspect ratio) fabrication is possible. Well-organized fibrous
structure can be used for patient-/disease-specific drug testing platform.

Femtosecond laser direct writing is promising technique that can induce surface
(e.g., via ablation) or volumetric patterning in a serial fashion (multi-photon
polymerization). We applied these techniques to design and control multi-functional
platform fabrication. As a result, FS-LDW fabricated structures exhibit higher resolution
fabrication, and efficient functionality (e.g., in controlling the migration on 2D and 3D
structure / tuning of mechanical stiffness of structure / directed self-assembly of block
copolymer / enhancement of fluidic mixing.
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Figure 3.34.
Figure 3.35.

Figure 3.36.

Figure 3.37.

Figure 3.38.

Figure 3.39.

Figure 3.40.

Figure 3.41.

Time-lapse phase-contrast image of NIH-3T3 cells cultured on a patterned TCPS
depending on different ablated diameter and depth. (a-f) Cells on the patterned TCPS
in media containing 1100 nm / 450 nm (diameter / depth) (g-1) 690 nm /250 nm. (m-
r) 400 nm / 120 nm. (s) Non-adhesion ratio (the area of repelling zone (AN) / total
area of patterned surface (AT)) decreased. (*p< 0.05, **p< 0.01, ***p<0.001,
**%*%p<0.0001 (Kruskal- Wallis))

(a) Cell repelling zone (red colored area) and boundary lines (black dashed lines) are
overlaid an image of the gradient pattern. The same Surface Area Index (SAI)
applies to cells along the boundary lines

Calculation of surface area index for verification of nanocrater depth effect. Smaller
than 100 nm in depth, SAI increased sharply regardless of diameter

Migration speed on the ablated pattern of quartz

Migration speed on the different aspect ratio pattern

Persistent time and distance on the ablated pattern of quartz
Persistent time and distance on the of the anisotropic pattern of quartz

Persistent time and distance of the different aspect ratio in-between pattern for
enhanced and hindered pattern

The angular graph for nanocrater-patterned interfaces shows a higher frequency of
migration direction (a)gradient ablated region (b)unablated region

Immunofluorescence images of fibroblast cultured on patterned quartz surfaces with
craters (1pm in diameter, 350 nm in depth) and un-patterned surface 2-4-6-um
isometric spacing with inverted DIC

Focal-adhesion size distribution correlates with migration descriptors
Immunofluorescence image of cells on a spacing-gradient pattern coated with
fibronectin fixed 1 h after seeding. Blue inset showing small focal adhesions imaged
through vinculin staining. On un-ablated control substrates, cells are able to form
large focal adhesions. F-actin in green; vinculin in red; DAPI in blue.

Focal-adhesion interquartile distributions on 4 um and 2 um isometrically spaced
patterns were significantly different from the unablated control, but 8 pm and 6 pm
patterns showed focal adhesion distributions similar to control samples. Cells were
fixed after 1 h seeding. (NS: p > 0.05, * p < 0.05, *% p < 0.01, *** p < 0.001, **k* p
<0.0001 (Kruskal-Wallis))

Immunofluorescence image of fibroblasts on ablated pattern of TCPS. (a)
Immunofluorescence image of fibroblasts on isometric pitch (2 pm) patterns of
TCPS. (b)Red inset from a showing focal adhesion distribution imaged through
vinculin staining. (c-¢) Immunofluorescence image of cells on different isometric
pitch 4, 6 and 8 pm pitch pattern respectively. Distribution of focal adhesion on
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Figure 3.42.

Figure 3.43.

Figure 3.44.

Figure 3.45.

Figure 3.46.

Figure 3.47.

Figure 3.48.

Figure 3.49.

Figure 3.50.

Figure 3.51.

Figure 3.52.

Figure 3.53.

these patterns doesn’t show significant directionality. F-actin in green; vinculin in
red; DAPI in blue.

Immunofluorescence image of fibroblasts on ablated pattern of anisotropic pattern
(AR=5). Cell aligned along the anisotropic pattern direction. Distribution of focal
adhesion on these patterns show significant directionality. F- actin in green, Vinculin
in red, DAPI in blue

Calculation of nucleus direction with respect to major axis of anisometric pattern on
the different type of anisometric pattern (w/o in-between, enhance and hinder pattern)

Time-lapse phase-contrast images of Talin-1(405) transfected NIH-3T3 cells
cultured on the gradient pattern on the quartz with nanocraters (1 um in diameter and
350 nm in depth)

Talin-1(405) transfection encourages focal adhesion maturation.
Immunofluorescence images of fibroblasts transfected with Talin-1(405) cultured on
isometric patterned surfaces (quartz) with nanocraters of 1 um in diameter and 350
nm in depth. Scale bars =10 um

Talin-1(405) transfected cells showed significantly larger focal adhesion area
compared to wild type cells. The cells were fixed 1 hour after seeding. Control
surfaces were unpatterned (ns = p>0.05,*p< 0.05,**p< 0.01, ***p<0.001,
***%p<0.0001 (Kruskal- Wallis)).

Time-lapse phase-contrast images of NIH-3T3 cells cultured on the gradient patterns
(quartz) in medium containing 50 uM Blebbistatin. Directional migration was not
observed (1,000 nm in diameter, 350 nm in depth nanocrater)

(a) Immunofluorescence image of fibroblasts on isometric pitch (2 um) pattern of
quartz in medium containing 50 uM Blebbistatin. (b) Immunofluorescence image of
fibroblasts on spacing-gradient pattern of quartz in medium containing 50 pM
Blebbistatin. The dendric extensions appeared with deficient stress cytoskeletal
fibers and focal adhesions. F-actin in green, Vinculin in red, DAPI in blue

Time-lapse phase-contrast images of NIH-3T3 cells cultured on the gradient patterns
(TCPS) in medium containing 50 pM Blebbistatin. Directional migration was not
observed (1,000 nm in diameter, 350 nm in depth nanocrater)

(a) Immunofluorescence image of fibroblasts on isometric pitch (2 pm) pattern of
TCPS in medium containing 50 pM Blebbistatin. (b) Immunofluorescence image of
fibroblasts on spacing-gradient pattern of quartz in medium containing 50 pM
Blebbistatin. The dendric extensions appeared with deficient stress cytoskeletal
fibers and focal adhesions. F-actin in green, Vinculin in red, DAPI in blue.
Migration speed on the substrate which coated different ligand density

Persistent distance on the substrate which coated different ligand density

Persistent time on the substrate which coated different ligand density
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Figure 3.54.

Figure 3.55.

Figure 3.56.

Figure 3.57.

Figure 3.58.

Figure 3.59.

Figure 3.60.

Figure 3.61.

Figure 3.62.

Figure 3.63.

Figure 4.1.

Figure 4.2.

Figure 4.3.

Figure 4.4.

Figure 4.5.

Figure 4.6.

Figure 4.7.

Time-lapse phase-contrast image of NIH-3T3 cells cultured on a patterned quartz
coated 1000pmol/cm2 with 1100 nm / 450 nm (diameter / depth).

in vivo tissue response to channel at 2 weeks later after implantation

Enhancement of direct angiogenesis into scaffold. CD31+ staining indicated
endothelial cell ingrowth into the ablated channels (scalebar = 100 micron)

Schematic of WXR (Top Al (150 nm thickness) / AIN (750 nm thickness) / Bottom
Al (100 nm thickness) / Bottom oxide (40 nm thickness)) and the direction in which
acoustic wave travels

(a) Ablated pattern with same spacing (3.8 um). (b) Ablation of top Al layer without
damage of AIN layer. (c) AIN layer damaged pattern with high laser fluence. (d)
Side view of damaged pattern (c)

(a) WXR trimming pattern and cross-section of WXR which showing the trim
pattern. (b) FEM model of WXR mode-shape showing the displacement field. (c)

Optical microscope and SEM image of trimmed resonator

FEM prediction of frequency shift from trimming as the normalized trim length
(X/We) is varied for WXR’s with different acoustic wavelength (L)

WXR frequency peak shift before and after laser trimming. The measured frequency
shift is 750 ppm.

The measured frequencies of several WXRs (A=22um) trimmed at fixed x/W,= 0.2
and 0.8.

The frequency versus the trimmed mass at fixed trimming ratio (x/We= 0.8)

Self-action of light in wide bandgap materials. (a) Self-focusing and plasma
defocusing, (b) Self-trapping, (c) Filamentation

Schematic of fiber fabrication system for filamentous matrices by femtosecond laser

The schematics showed generation of MYBPC3 knockout hiPS cell line from WT
through TALEN-mediated genome editing method

Characterization of hiPS-CMs differentiation. The cardiac differentiation was
characterized at eight different stages from Day 0 to Day 20

The schematics of the individual fiber point force calculation based on fiber
deflection

The schematics of the total force (Fyyta1) calculation based on the assumption that
force are evenly distributed throughout the tissue cross-section

The flow cytometry analysis showed that cardiac differentiation started to produce
cTnT+ cells from Day 6.



Figure 4.8. (a) The gene expression profiling showed cell fate transition from pluripotent stem

cells to mesoderm, to cardiac progenitor, and finally to CMs (n = 4). (b) hiPS-CMs
expressed cardiac specific sarcomere markers (a-actinin and myosin heavy chain)
and junctional markers (connexin43 and N-cadherin). (Scale bar : 10 pm)

Figure 4.9. The schematic of one set of filamentous matrices with definitions of fiber spacing,

Figure 4.10.

Figure. 4.11.

Figure 4.12.

Figure 4.13.

Figure 4.14.

Figure 4.15.

Figure 4.16.

layer spacing and matrix spacing

SEM images of a fabricated filamentous matrix and individual 5 pm and 10 pym
fibers. (Scale bar : 50 pm (left) and 10 pm (right))

Immunosfluoscence image of CMs on the fiber scaffold. (a) The entire 3D
condensed cardiac tissue was visualized by staining SM22 (b) Confocal images of
CMs aligned on one fiber showed the sarcomere structure stained by sarcomeric a-
actinin and intercellular gap junctions stained by connexin 43, which ensured the
electrical integration within the cardiac tissue (white arrow pointing to connexin 43
staining)

(a) The confocal images for LQT3 iPS-CMs growing on the middle layer of
filamentous matrices and aligning along the fiber direction with different fiber
diameters and spacing. The formation of 3D cardiac tissue was quantified by the cell
number on the middle layer relative to the fiber number, and we found (b) matrices
with 50 pm fiber spacing resulted in highest value of cell per fiber

(a) Confocal images showed the cell nuclei within the filamentous matrix, and the
parameters used for calculation of nuclei index and alignment index. The CM
alignment was quantified by (b) nuclei index and (c) alignment index, and we found
matrices with 75 pm fiber spacing resulted in highest value of CM alignment. (*p <
0.05).

Generation of 3D cardiac microtissues on filamentous matrices. (a) The standard
hiPS-CMs handling procedure to ensure defined cell population and consistent cell
processing for generation of cardiac microtissues. (b) During the purification
treatment, the CM purify (cTnT+ cells) increased from Day 0 to Day 4, but
decreased at Day 6 (mean + SD, n = 4). (¢) The confocal fluorescent image showed a
condensed cardiac tissue generated on a 5 um fiber matrix. (Scale bar : 50 pm)

LQTS3 iPS cells were characterized with immunostaining methods with antibodies
against to (a) Nanog, (b) Oct4, (c) Sox2 and (d) Cardiac differentiation was
characterized with RT-qPCR methods and showed upregulation of cardiac specific
genes NKX2.5, TNNT2, TNNI3, MYH6, and MYH7 on both LQT3 and WT iPS-
CMs at Day 12

(a) Characterization of LQT3 and WT iPS cells with pluripotent markers SSEA4,
Oct4 and Sox2 with flow cytometry method. The differentiated LQT3 iPS-CMs
expressed cardiac specific markers: (b) sarcomeric a-actinin and (c¢) cardiac
Troponin T (¢TnT) and 3-myosin heavy chain. The differentiation efficiency was
characterized using flow cytometry method, and histogram
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Figure 4.17.

Figure 4.18.

Figure 4.19.

Figure 4.20.

Figure 4.21.

Figure 4.22.

Figure 4.23.

Figure 4.24.

Figure 4.25.

Differentiation efficiency (a) Selected cTnT+ population (red) represented the CMs
relative to isotype control (gray), (b) We obtained about 90% purity for LQT3 iPS-
CMs differentiation and 75% purity for WT iPS-CMs differentiation.

Field potential and field potential duration (a) The waveforms of field potentials
measured using MEA system were plotted and showed elongated field potential
duration (FPD) of LQT3 iPS-CMs comparing to WT iPS-CMs. (b) We found the
average FPD for LQT3 iPS-CMs was 370 ms, whereas WT iPS-CMs was 250 ms

(a) LQT3 iPS-CMs grew as 3D condensed cardiac tissue on an F/5-50 filamentous
matrix and were able to spontaneously beat, which was captured and analyzed by
motion-tracking software. (b) The heatmap was plotted to show the area with highest
mean motion velocity during the entire recorded video. (¢) In the motion-tracking
waveform, we can easily identify the contraction and relaxation during one CM
beating and measure the beating duration.

According to motion-tracking waveform, iPS-CMs on F/5-50 matrices had higher (D)
MCV, (E) MRV, and (F) BD than the ones on F/10-50 matrices, and LQT3 iPS-CMs
exhibited significant higher (D) MCV and (F) BD than WT iPS-CMs only on F/5-50
matrices. (*p <0.05, N =10)

Cardiac microtissues remodeling on filamentous matrices. Cardiac microtissues
growing on a 5 pm fiber matrix remodeled tissue shape Day 5-20. The contraction
heatmaps showed anisotropic contraction with higher contraction in the X-direction
comparing to the Y-direction (Scale bar : 100 um)

Cardiac microtissues remodeling on filamentous matrices. The progressive tissue
remodeling manifested as (a) an increase of the ratio of mean contraction between
X-axis and Y-axis and (b) a decrease of the tissue cross-section by comparing Day 5
to Day 10-20 (mean + SD, n = 8). By investigating the effect of tissue mechanical
environment on cardiac contractility, we found (c) no significant difference on beat
rate (d), but much higher maximal contraction for the cardiac microtissues growing
on 5 um matrices than the ones on 10 pm matrices (mean + SD, n = 8)

COMSOL simulation showed von Mises stress generated by applying 1 uN and 10
uN forces on individual 5 pum and 10 um diameter fibers respectively

Theoretical analysis of force with position and deflection (a) Theoretical calculation
of individual fiber force with different force positions and fiber deflections for
individual 5 pm and 10 um fibers. (b) Theoretical calculation of total force with
different force positions and fiber deflections for 5 pm and 10 pm fiber matrices

Force measurement based on fiber deflection. (a) The static force and contraction
force were calculated based on preload deflection at diastolic status and afterload
deflection at systolic status. The static forces increased during a long-term culturing
for WT cardiac microtissues growing on both (b) 5 pm and (c) 10 pm matrices. (d)
The contraction forces showed no significant increase for WT cardiac tissue on 5 um
fibers, (¢) whereas the increase became significant for the tissue on 10-pm matrices
(mean+SD, n=8)
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Figure 4.26.

Figure 4.27.

Figure 4.28.

Figure 4.29.

Figure 4.30.

Figure 4.31.

Figure 4.32.

Calcium flux of the cardiac microtissues. (a) Growing GCaMP6f hiPS-CMs on 10
pum fiber matrices, we could record the fluorescence fluctuation of calcium flux with
high-speed camera. (Scale bar :100 pm) (b) By tracking the contraction motion, fiber
deflection and GCaMP fluorescent signal, we can characterize the temporal
relationship among contraction velocity, force and calcium flux. (c) By plotting the
calcium flux waveform, we could measure calcium amplitude and FWHM for the
cardiac microtissues growing on 5 um and 10 um matrices. The cardiac microtissues
on 10 pm matrices exhibited (d) higher calcium amplitude at Day 20 and (e) longer
calcium flux duration at Day 15 & 20 than the ones on 5 um matrices (mean + SD, n
=8)

Generation of MYBPC3 cardiac microtissues. The schematics of MYBPC3 protein
in one unit of myofibril showed this protein interacted with thin filament, thick
filament and titin

Bright-field microscopy showed no significant difference on tissue cross-section
between WT and MYBPC3 tissues growing on 5 um and 10 um matrices at Day 20
(mean with all data, n = 12). (Scale bar : 100 um)

Confocal microscopy, and showed no significant difference on sarcomere alignment
index between WT and MYBPC3 tissues growing on 5 pm and 10 pm matrices at
Day 20 (mean with all data, n = 12) (Scale bar : 50 um)

Tissue contraction deficits resulted from MYBPC3 KO. Comparing to WT cardiac
microtissues, MYBPC3 KO had no effect on static forces for the cardiac
microtissues on both (a) 5 um and (b) 10 pm matrices, (c) no effect on contraction
forces for the tissues on 5 pm matrices, (d) but induced lower contraction forces at
Day 15 & 20 for the cardiac microtissues only growing on 10 pm matrices.
MYBPC3 KO resulted in higher maximal contraction velocity for the cardiac
microtissues growing on both (e) 5 pm matrices (Day 20) and (f) 10 pm matrices
(Day 15 & 20) comparing to WT cardiac microtissues

Mechanical environment altered contractile phenotype. (a) The force development of
MYBPC3 cardiac microtissues on 5 pm matrices was faster than WT tissues, but no
difference on the magnitude. (b) Higher power output of MYBPC3 cardiac
microtissues comparing to WT suggested a hypo-contractile phenotype. (c) The
force development of MYBPC3 cardiac microtissues on 10 pm matrices was faster
but lower than WT tissues, (h) whereas the energy consumption of MYBPC3 tissues
was similar to WT tissues (mean £+ SD, n = 8)

Mechanical mismatch induced contraction deficits. (a) The MYBPC3 cardiac tissue
formed on a hybrid matrix fabricated with 5 pm fibers and 10 um fibers one next to
each other. Scale bar, 100 pm. (b) The contraction heatmap showed higher
contraction velocity on the region within the low stiffness region. (c) The confocal
microscopic images showed the sarcomere structure of MYBPC3 cardiac
microtissues within the low stiffness region (left), high stiffness region (middle) and
mismatch region (right). Scale bar, 50 um. (d) Low stiffness region had highest
contraction velocity for the entire hybrid matrices (mean £ SD, n = 8). (¢) Region H
within mismatch region had lowest ratio of contraction velocity between X-axis and
Y-axis, indicating higher contraction velocity along Y-axis (mean + SD, n = 8). (f)
High stiffness region had 10-fold higher contraction forces than low stiffness region,
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Figure 4.33.

Figure 4.34.

Figure 4.35.

Figure 4.36.

Figure 4.37.

Figure 4.38.

Figure 4.39.

Figure 5.1.

Figure 5.2.

whereas no fiber deflection was detected within the mismatch region (mean + SD, n
=38).

Contraction waveforms for the MYBPC3 cardiac tissue on a hybrid matrix. The
contraction waveforms were listed as total contraction (left column), X-axis
contraction (middle column) and Y-axis contraction (right column) for (a) low
stiffness region, (b) high stiffness region, (c) mismatch region L and (d) mismatch
region H.

Effect of mechanical environment on expression of hypertrophic biomarkers. hBNP
expression decreased for WT cardiac microtissues on both (a) 5 um and (b) 10 pm
matrices, but increased for MYBPC3 cardiac microtissues only on (b) 10 um
matrices (mean = SD, n = 4). (¢) Gene expression profiling of human NFAT &
cardiac hypertrophy for WT and MYBPC3 showed differential gene expression for
WT and MYBPC3 cardiac microtissues with variation of tissue mechanical
environment by normalizing the gene expression of the tissues on 10 pm matrices
over 5 pm matrices (n = 4)

The motion-tracking waveforms were recorded for LQT3 iPS-CMs on F/5-50
matrices with drug testing: (a) control without treatment, (b) treatment with

100 nM caffeine, (c) treatment with 200 nM nifedipine, (d) treatment with 200

nM E4031, (e) treatment with 30uM propranolol. LQT3 iPS-CMs treated with
E4031 and propranolol experienced with irregular baseline contraction (pointed by
red arrows) and uncoordinated beating (framed by red boxes)

The LQT3 iPS-CMs response to 30 uM propranolol was tested on three different
substrates: general culture plate (2D) and F/10-50 and F/5-50 matrices (3D_. The
change of (a) BF, (b) MCV and (c) BD resulted from drug treatment was calculated
relative to control groups, and LQT3 iPS-CMs experienced higher changes on F/5-
50 matrices than 2D surfaces and F/10-50 matrices. (d) The uncoordinated beating
also measured within individual trace of motion-tracking waveform for different
substrates and dose of propranolol (10, 30 and 60 uM)

The LQT3 iPS-CMs on F/5-50 matrices were tested the contractility changes (BF,
MCYV, and BD) to four different chemicals (caffeine, nifedipine (L-type Ca>" channel
blocker), E4031 (hERG K" channel blocker) and propranolol (3-adrenergic
antagonist))

High aspect ratio tube structure fabrication (a &b) side view of tube structure and (c)
top view of tube array for cell trapping (scale bar : 100 pm)

Application for high-aspect ratio structure (a) 3D structure on MEA for collagen
trapping, (b) Fiber on the rod structure for single cell traction force measurement and
(c) Single hiPS-CM on the fiber (scale bar : 100 pm)

Diverse possible applications of 3D confined polymeric materials (BCP)

Revised diblock copolymer phase diagram (Q229 and CPS : spherical phases, Q230 :
gyroid, H : cylindrical and L : lamella)
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Figure 5.3.

Figure 5.4.

Figure 5.5.

Figure 5.6.
Figure 5.7.

Figure 5.8.

Figure 5.9.

Figure 5.10.
Figure 5.11.
Figure 5.12.
Figure 5.13.
Figure 5.14.
Figure 5.15.
Figure 5.16.

Figure 5.17.

Figure 5.18.

Figure 5.19.

Figure 5.20.

Types of confinement with different dimensionality and modification by chemical
and physical method

Energy diagram of one-, two-, and three-photon absorption (1PA, 2PA and 3PA)
(Solid lines : real energy quantum state / Dashed lines : virtual energy quantum state)

Comparison of single-photon and two-photon absorption and integration of the
intensity by focused laser beam

Normalized Gaussian intensity profile for 1PA, 2PA and 3PA
Relation between intensity and voxel sizes (Red : 1PA, Green : 2PA and Blue : 3PA)
Quencher effect and diffusivity. Normalized intensity profile in the material without

quencher (Red) and with quencher (Yellow) and quantitative normalized quencher
concentration profile (Blue).

Profiles in threshold polymerization regime for different intensity (left) and profiles
in model of stationary quencher diffusion (right) for different irradiation times and
fixed irradiation intensity

Materials for SZ2080 preparation

Reaction of Zirconium propoxide with Methacrylic acid into MAZPO

Hydrolysis reaction of MAPTMS

Condensation reaction and formation of the inorganic network

Schematic of the experimental setup for two-photon polymerization

Schematic of unit woodpile structure of single unit block

Drop casting method for block copolymer loading into 3D woodpile structure

SEM images of 3D structure by two-photon polymerization (a) woodpile (b) spiral
structure.

SEM image for verification of quencher quantity for 3D 2PP structure fabrication (a)
10%, (b) 15%, (c) 20%, (d) 25%, (e) 30% DMAEMA (10pm/s in scanning speed

and 1.25mW in laser power) and (f) 3D woodpile structure with optimal condition
(522080 with 30% DMAEMA. 10pm/s in scanning speed and 1.5mW in laser power)

Block copolymer loading property with drop casting method with (a) low speed
solvent evaporation and (b) high speed solvent evaporation

Result of block copolymer loading into 3D woodpile structure using spin coating
(4000 rpm, 30 sec) method
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Figure 5.21.

Figure 5.22.

Figure 5.23.

Figure 5.24.

Figure 5.25.

Figure 5.26.

Figure 5.27.

Figure 6.1.
Figure 6.2.

Figure 6.3.

Figure 6.4.

Figure 6.5.

Figure 6.6.

Figure 6.7.

Figure 6.8.

Hydrophobicity measurement of SZ2080 coated surface with 0% and 30%
DMAEMA

BCP self-assembly of the thin structure with 1-2-3-4 layers of WPS

SEM images of block copolymer (PS-b-PDMS (31k-b-14.5k) in dioxane)
microdomains in the higher 3D structure after solvent vapor annealing followed by
CF4 and O2 plasma etching

SEM images of block copolymer (PS-b-PDMS (31k-b-14.5k) in acetone)
microdomains in the higher 3D structure after solvent vapor annealing followed by
CF4 and O2 plasma etching

SEM images of cleaved 3D structures with PS-b-PDMS (31k-b-14.5k)
microdomains in all direction (Top, inside and sides) after acetone vapor annealing
followed by CF4 and O2 plasma etching

SEM images of self-assembly of block copolymer (PS-b-PMMA (38k-b-36.8k))
within the confined line shape pattern. (a) on the line pattern, and (b) edge of
woodpile structure (scale bar : 500nm)

SEM images of self-assembled block copolymer (PS-b-PMMA (38k-b-36.8k)) with
specific shape with confined structure (a)in-plane ring structure in 3D structure with
650-nm pitch and, (b) in-plane rectangular structure in 3D structure with 1000-nm
pitch

Schematic of experimental setup

TEM images : Silver nanoparticle generation (a) without gelatin and (b) with gelatin

Sintered silver (Ag) pattern images. (a) objective microscope (scale bar : 20pm), (b)
SEM and (c¢) EDX (scale bar : 1um)

Sintered copper (Cu) pattern images. (a) objective microscope (scale bar : Sum), (b)
SEM and (c¢) EDX (scale bar : 1um)

Bi-nodal sintered silver pattern with SuW laser power and different scanning speed
(a) 20pm/s, (b) 10um/s, (¢) Spm/s and (d) 1pm/s (scale bar : 2um)

SEM imaged of sintered silver pattern with different concentration of silver ion (with
44 uM of tyrosine, 5 pW in laser power and 20 pm/s in scanning speed)

Conductivity of sintered silver pattern with concentration of silver ion (with 44 uM
of tyrosine, 5 pW in laser power and 20 pm/s in scanning speed). (a) conductivity
from 1.2 to 4.7 M of Ag(I) ion, (b) conductivity from 1.2 to 3.5 M of Ag(l) ion.

SEM imaged of sintered silver pattern with different concentration of tyrosine (with
4.7 M silver(I) ion, 5 pW in laser power and 20 um/s in scanning speed
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Figure 6.9. Conductivity of sintered silver pattern with concentration of tyrosine (with 4.7 M
silver(I) ion, 5 pW in laser power and 20 pm/s in scanning speed). (a) conductivity
from 6.3 to 44 uM of tyrosine, (b) conductivity from 6.3 to 25.1 uM of tyrosine.

Figure 6.10. Cleaning of un-patterned region with deionized water : before washing(a) and after
washing(b)

Figure 6.11. Conductive pattern on flexible substrate and bending test. (a)before bending and (b)
after bending
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Nomenclature

A Area

a(x,y) Spatial shape

a Distance between for parallel rods of woodpile structure
as Force deflection position

Ay Lateral resolution

a, Axial resolution

a, Distance between for adjacent layer of woodpile structure
b(z) Attenuation term

B Magnetic induction field and

C Heat capacities of lattice subsystems
Ce Heat capacity of electron

Cy Speed of the refraction wave

Cheat Heat capacity coefficient

c Speed of light

Cp Specific heat at constant pressure

D Thermal diffusivity

D Electrical displacement vector

Dapi Ablated crater diameter

D, Conjugate diameter of nucleus

D, Thermal diffusivity of electrons

Dy Diameter of fiber

D, Diffusion coefficient of the quencher

D, Transverse diameter of nucleus

d; Displacement of the tipless AFM cantilever
ds Relative deflection of the fiber

E Intensity of electric field

E

Electric dipole moment

Er Fermi energy

Er Area energy

Ef Young’s modulus

E, Bandgap energy

E; Line energy

e Charge of electron

F Fluence

Fpoint Individual fiber point force

Fip Threshold Fluence

Fiissue Generated force by the cardiac microtissues
f Volume fraction of one block of block copolymer
]ic)ﬁst Distributed forces

H Magnetic field

AH, Enthalpy
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Convection heat transfer coefficient
Hatch spacing
Laser intensity

Laser beam intensity at the central axis in the focus plane

Free current density vector
Modified Bessel function

Spring constants of tip-less AFM cantilever

Thermal conductivity

Boltzmann constant

Thermal conductivity of the material
Thermal conductivity of the air
Propagation constant

Thermal conductivity of the solid
Reaction rate

Domain spacing of block copolymer
Electron energy transfer depth
Fiber total length

Optical penetration depth
Thermal diffusion length

Fiber length

Effective penetration depth
Initial number of monomer
Effective mass of electron

Total number of repeating units
Characteristic plasma density
Electron density

Refractive index

Linear refraction index

Polarization vector

Critical power for self-focusing
Laser power

Polymerization rate

Volumetric heating rate

Initial quencher number density
Internal heat

Average heat flux on the laser spot
Laser spot size

Radius of nanoparticle

Pulse repetition rate

Radial distance

Radius of laser beam

Radius of the quencher-free domain
Source

Cardiac tissue thickness
Temperature
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Ambient temperature

Temperature (electron)

Fermi temperature

Glass transient temperature

Melting temperature point

Initial temperature of substrate

Required temperature for nanoparticle melting
Diffusion timescale

Temporal shape

Phase change (i.e. latent heat) or chemical reactions
Velocity of the substrate relative to the heat source (scan speed)
Cardiac tissue width

Position tensor

Absroption coefficient

Valance ionization coefficient

Half angle of the light cone

Keldysh parameter

Electron-phonon coupling strength

Fiber deflection

Effective two-photon cross-section for radical generation
Electric permittivity

Thermal radiation coefficient

Avalanche ionization rate

Wavelength

Magnetic permeability

Solid fraction (= p/ps)

Magnetic permeability in the vacuum

Density

Density of radicals

Stefan-Boltzamnn constant
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Chapter 1 Introduction

Major advantages of surface treatment by laser include high processing speeds, precise
hardening depth control, minimization of structural distortion and cracking, elimination
of separate quenching medium, and the ability to selective-site hardening with small size
at where hard to reach areas (e.g., inside surface of small holes). Especially, femtosecond
laser direct writing (FS-DLW) has been considered as a promising nanofabrication tool
for diverse materials. Micro-/nano- fabrication and material processing by femtosecond
laser has become important in recent years for many fields such as electronics[1-5],
optics[6], chemistry[7] and biomedical[8] engineering. Due to the non-contact fabrication
nature, laser ablation allows micromachining and surface patterning of materials with
minimal mechanical and thermal deformation[9, 10]. The advantage of femtosecond laser
fabrication compares to the other laser (e.g., nanosecond laser) lies in its ability to deposit
energy into a material in a very short time period, before thermal diffusion can occur. As
a result, the heat-affected zone (HAZ), where melting and solidification occur, is
significantly reduced, leading to structural features that are smaller in size and have
higher resolution. Rapid heating of the surface can be achieved with little thermal
penetration. [10, 11]

First of all, FS-DLW can be used for the manipulation of biomaterials for tissue
engineering[ 12]. Tissue engineering is defined as the discipline which applies the
principles of engineering and life sciences toward the development of biological
substitutes that restore, maintain, or improve tissue function or a whole organ. Creating
an engineered tissue requires imitating the extracellular matrix (ECM)[13]; this entails
finding a material suitable for the fabrication of a scaffold for a specific tissue
engineering application, fabricating the scaffold, and seeding it with cells for cell
culturing in vitro or in vivo. Micro- and nano-topography have been found to influence
cell adhesion[14], proliferation[15] and differentiation[ 16]; this is the one reason why the
use of FS-DLW in scaffold fabrication has found explosive increase over the last few
years. Cells adhere to surfaces and form anchorages of a variety of forms in different
tissues of micro-/nano and mesoscale patterns[17]. In particular, the nanoscale patterning
has received much attention since most surfaces in or on the natural tissues are in
nanometer length scale[18].

Nanoscale modifications in topographical and chemical patterns elicit diverse cell
behavior, ranging from adhesion, cytoskeletal organization, nucleus orientation and
directional migration. Controlling of spatial biomolecules arrangement is critical for focal
adhesion formation/distribution for cell fate and functions[14, 19, 20]. Thus scale and
type of patterns (symmetry, spatial distribution) shows different effect on cell behavior.
Biocompatible three-dimensional (3D) scaffolds play a pivotal role in tissue
engineering.[21-26] These scaffolds are fabricated with controlled mechanical and
biological properties so that they can support new tissue formation by providing physical



and chemical cues that promote various cellular responses such as differentiation,
proliferation and migration. Specifically, the architecture of tissue-engineered scaffolds is
designed to mimic the organized structure and biological function of native ECM. Thus, a
favorable ECM-like microenvironment for cells is crucial for achieving the desirable
scaffold integration, cell-material interactions and tissue ingrowth[27]. Electrospinning is
a popular technique used to fabricate ECM-like scaffolds. Electrospun scaffolds have
great potential in that their structures, especially in nanoscale networks, not only
resemble natural ECM but also exhibit high surface-area-to-volume ratios favorable for
attachment of cells and bioactive molecules to fiber surfaces[28-33]. Fabrication on this
electrospun fibers is possible by focused femtosecond laser beam to reduce the
denaturation of materials.

Direct laser writing by multi-photon polymerization is a nonlinear optical technique
which allows the 3D structures fabrication with a high resolution beyond the diffraction
limit[10]. The polymerization process is initiated when the ultrafast laser beam is focused
into the volume of a transparent, photo-curable material and multi-photon absorption
takes place within the focal volume[34]. By moving the focused laser beam in arbitrary
direction (x-y-z direction), polymerized 3D structures can be fabricated[35-37]. The
materials used in this work are photo-curable organic-inorganic hybrid materials,
prepared by the sol-gel process. Focused laser beam induce the -bond generation with
nearby double bond of molecules, this propagation makes it possible to fabricate 3D
structure[38-43].

Combination of self-assembly property of block copolymer (BCP) and high precision 3D
structure by multi-photon polymerization, advanced 3D mesoscale structure fabrication
was possible. Self-assembly of BCP is broadly considered an attractive means of
generating nanoscale structures and patterns over large areas with nanoscale domain
sizes.[44] However, the spontaneous formation of equilibrium nanostructures in response
to temperature and solvent concentration changes must be guided to yield the long range
order and orientation. Direct self-assembly (DSA) of BCP with 3D confinement is also
important for diverse applications such as optics[45, 46], electronics and
photovoltaics.[45, 47]

We have shown some of the versatile capabilities of laser processing for

1. Modification the surface properties of materials in order to enhance their
performance (Ablation)

2. 3D complex structure fabrication with nanoscale resolution for diverse platforms
with functionalities (Multi-photon polymerization)

Furthermore, these techniques can be combined with other materials such as BCPs
for realizing unique functionality. The laser is a flexible tool that allows precise
deposition of energy into the material at a confined area. A variety of different material
responses can be achieved depending on the material and the laser parameters. It is
allowed to design and optimize to alter the material’s surface chemistry, morphology to
get the desired function, and features which expand their applications. Material
modifications can occur over many different length scales, adding complexity to the
surface and a new dimension to surface optimization. Laser surface processing has been a
key element in a number of operations and will continue to improve the performance of



materials in existing applications opening open the door to new materials and novel
device concepts[10, 11].

Chapter 2: In this chapter, I will give an introduction of the femtosecond laser direct
writing technique.

Chapter 3 : In this chapter, I will explain about the surface modification and
functionalization (via Ablation). Multiphoton ablation-based nanoscale surface patterning
with various aspect ratios and pitches not only altered the cells' focal adhesion size and
distribution[48], but also affected cell morphology, migration and ultimately localization.
As a result, nanocrater pitch can disrupt the formation of mature focal adhesions to favor
the migration of cells toward higher-pitched regions, which present increased planar area
for the formation of stable focal adhesions. Moreover, by designing surfaces with
variable pitch but constant nanocrater dimensions (diameter / depth), we were able to
create diverse cellular patterns. Our surface-patterning approach that does not involve
chemical treatments and can be applied to various materials represents a simple method
to control cell behavior on surfaces. Advanced nanofabrication methods have led to
creating superb resolution of the patterns, allowing more precise quantitative
experimentation. Addition to femtosecond laser ablation can be used to increase cell
infiltration into nanofibrous scaffolds[49]. Laser ablation can not only create desired
features in micrometer length scale but also presents a new approach in the fabrication of
three-dimensional porous constructs for tissue engineering.

Chapter 4 : In this chapter, we used the two-photon polymerization(2PP) technique to
create a cohort of 3D filamentous matrices to regulate the structural organization of
cardiomyocytes and their functions[50, 51]. We successfully created fibrous matrices
with different fiber diameters and spacing, and found that fiber spacing predominantly
determined the formation of 3D tissue and cardiomyocyte alignment. Cardiomyocyte
alignment is associated with the cardiomyocyte contractile function and dysfunction in
the cardiac tissue. The parallel registration of sarcomeric Z-line and calcium metabolism
was strongly correlated with the range of cardiomyocyte shapes, and cytoskeleton and
sarcomeres play an important role in modulating ion channel kinetics and calcium
transient. The spatial alignment of cardiomyocytes enhanced the parallel coupling of
myofibrils to maintain the polarity of cardiomyocytes and intracellular network which is
responsible for the spatio-temporal coordination of cellular contractility. Compared to 2D
substrates, these 3D matrices showed much stronger similarity to the topographic
complexity in vivo. In particular, our matrices could be fabricated over a wide range of
dimensions, and bending stiffness also can be tuned. Since these fibers were rhythmically
deformed by the beating cardiac microtissues, we could quantitatively evaluate the
contraction forces on this platform. And we also established an in vitro model of 3D
human cardiac tissue by populating synthetic filamentous matrices with healthy wildtype
and patient-specific disease type. Our studies highlighted the possibility of exploiting the
mechanical load to the cardiac tissue, which will hopefully lead to a more comprehensive
understanding of the role of mechanical equilibrium in cardiac tissue homeostasis and
pathogenesis. This model is also a pioneering testbed for assessing drug efficacy for



patients with rare genetic disorders, moving drug discovery and development into the era
of personalized medicine.

Chapter 5 : A wide variety of high performance and functional materials have been
developed for applications in electronics, photonics, and biomaterials. Scalability is
perhaps the biggest challenge within BCP DSA for applications in nanotechnology. There
has been greater emphasis on advanced instruments are required to scale-up existing
methods and develop new technologies that are inherently more scalable by design. In
this chapter, we review laser-based nanoscale fabrication technique(2PP) and self-
assembled polymeric morphologies (frustrated phases) of BCP in the 3D confined
structure with nanoscale, which is distinctly different from those in the bulk phase.

Chapter 6 : Nature provides cues for configuring bio-mimetic systems. In this chapter, I
will show conductive pattern fabrication using concept of electron transfer system (ETS)
in nature[52, 53]. Especially, on the leaf, there are unique ETS for photosynthesis which
is composed by amino acid with aromatic ring that can transfer the electron adjacent
molecule by the photon. Ultraviolet light irradiated into a thin film of precursor solution
consisting of tyrosine based mixture with silver ion can efficiently generate and transport
free electrons and large amount of silver nanoparticles. This patterning process is
promising for environmental-friendly conductive patterning technique, because non-
sintered pattern can be removed easily by water without any other toxic organic solvents.



Chapter 2 Fundamental of Femtosecond
Laser Direct Writing (FS-LDW)

Fundamental studies of material processing by femtosecond laser have revealed the time-
dependent dynamics of ultrafast electron excitation and energy transfer to the lattice
system[10, 11]. For femtosecond laser pulses, the electrons and the lattice are driven far
out of equilibrium, and induce lattice disorder. During the interaction of an ultrashort
pulse with a transparent material, the laser energy is first deposited into the electrons and
transferred to the lattice, via electron excitation and relaxation. In contrast to this, laser
pulses of nanoseconds duration can be used to anneal the lattice by thermal processing.
Due to the nonlinear nature of multi-photon absorption, tightly focused femtosecond laser
beam can be strongly absorbed. The interaction between laser pulse and material occurs
only near the focal volume where the peak intensity is sufficiently high to induce
multiphoton absorption. This is fundamentally different to the possible avalanche
ionization process that can induce breakdown in the case of interaction of longer laser
pulses[10, 11]. For long pulses, avalanche ionization mainly caused by impurities and
dislocations in the focal volume. Therefore, it occurs stochastically and is irreproducible.
In contrast, the multiphoton absorption dominated process induced by femtosecond lasers
is only seeded by multiphoton/tunnel ionization, allowing reproducible and controllable
processing.

(a) \ (b) BB yitrashort
| Long — | . pulse
| pulse EEE
\ | |

| —— \'-‘\
".
|
Lens / Lens
AN / ‘,"
Surface debris : -
L]
VS I-!éa't-aﬁectecl ~ Heat-affected

Migrocrack // zone zone

/’?./‘_\ )} — ¥ ”:\>\1
*~I227-8hockwave

Figure 2.1. Schematic of interaction between laser pulse and transparent materials (a) long laser
pulse, (b) ultrashort laser pulse



2.1 Reduction of thermal effect

Femtosecond laser processing has several advantages. First of all is the
minimization of thermal diffusion that can significantly reduce thermal effects during
material processing[10, 11]. An important scaling quantity is the thermal diffusion length

(Ir)
l; ~ Dt

where D = k/pc, is the thermal diffusivity of the material, and 7 is pulse duration. The
thermal diffusion length characterizes the distance wherein temperature changes
propagate in some characteristic time(t). Typically, T is considered to be the laser beam
dwell time or temporal pulse width. Hence, thermal diffusion length considered as a
measurement of how far the energy spreads during the laser irradiation. Following this
initial interaction, further thermal propagation leads to elevated temperatures at distances
beyond this length. The spread in energy during the laser pulse combined with that of
after the pulse can lead to changes in the material properties. The region over which these
changes occur is denoted the heat affected zone (HAZ). For femtosecond laser pulses, the
energy deposition is much shorter than the mechanical relaxation time (t,,) defined as

(Lp+Le)
M CM

where L, is the optical penetration depth, L, is the electron energy transfer depth and Cy,
is the speed of the rarefaction wave in the solid target. In other words, the pulse duration
is shorter than the time needed to initiate a collective motion of the atoms within the
absorbed volume. Very fast heating of the near surface region of the target (top layer of
the solid), the energy absorption is so high that vaporization occurs. And rapid
“atomization” following the rupture of the atomic cohesion in the solid due to extreme
absorbed energy. Such process leads to the expansion of a plume composed of atoms and
ions along the normal of the target with very low angular aperture and with velocities.

2.2 Heat transfer modeling

Thermal effect on the material can be explained as a result of temperature change. The
temporal and spatial temperature field of a material are governed by the heat equation.
The heat equation is derived from the conservation of energy and Fourier’s law of heat
conduction with fixed laser beam. The heat equation can be written as :
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(x,T)

p(x,T)c,(x,T) aTat = V[k(x, T)VT (x, T)] + p(x, T)c, (x, T)VsVT (x,T) = Q(x,T)

where p is the mass density, ¢, is the specific heat at constant pressure, k is the thermal
conductivity, and vy is the velocity of the substrate relative to the heat source. The left
side of equation describes the effects of thermal conduction and material convection. The
right side, incorporates the contribution of heat sources and sinks through the volumetric
heating rate (Q(x, T)). However, for the case of shallow surface absorption, this
contribution can approximately be separated into a spatial shape a(x, y) determined by
the profile of beam, attenuation term b(z) and temporal shape t(t), which could be a
constant for continuous wave, or quantify the temporal distribution of an isolated pulse
and even a train of pulses. Phase change (i.e. latent heat) or chemical reactions (i.e.
released or consumed energy) can be accounted for by the term U(x, t) and the
volumetric heating term becomes as

Qx,t) = alx,y)b(2)t(t) + U(x,t)

In some cases of extremely rapid material heating or very small material
dimensions, the continuum assumptions of heat equation may not appropriate during the
initial laser-material interaction and requires alternative modeling including molecular
dynamic simulations and even ab-initio modeling of the fundamental energy transport.
However, in most cases, right after the initial interaction, the heat equation remains valid.
In certain cases, there are simplifying assumptions that can be applied to enable analytic
solutions, such as treating material properties as constants, incorporating laser heating
through the boundary conditions for the case of surface absorption, or treating the laser
shape term as a delta function for the case of a tightly focused laser spot.

2.3 Two-temperature model

Most of the pulse energy is deposited into electrons before being transferred to the lattice
when the pulse duration is shorter than the electron-phonon coupling time (generally,
electron-photon coupling time ~tens ps)[10, 11]. The free-electron temperature increases
rapidly and becomes much higher than the lattice temperature, a process that can be
characterized by a two-temperature model (TTM). Thermalization between the electron
subsystem and the lattice is usually much longer (1~100 ps), depends on the electron-
phonon coupling strength (T,_,). Thus, ultrafast laser excitation generates a hot electron
gas that is highly not in equilibrium with the lattice. Typically, the electron-phonon
coupling is also much faster than the heat diffusion. Hence, the melting or ablation depth
is determined by the maximum of the optical and ballistic electron heat penetration depth.
The transient non-equilibrium between the hot electrons and the lattice can be described



by two temperatures T, and T, which can be calculated from the corresponding heat
equations. The (coupled) nonlinear equations for T, and T can be written as

d
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where C, is the heat capacity of electron and C is heat capacities of lattice subsystems. In
a 1D approximation the source term can be written as

Q(z,t) = aAl(t)exp(—az)

With femtosecond pulses, heat conduction within the lattice subsystem, V[k(T)VT] term
can be ignored. Heat conduction occurs much rapidly through the free electron gas than
via phonons. For medium levels of excitation C, < C and the electrons can be heated to
very high transient temperatures. If T, is much lower than the Fermi temperature (T =
Er/kg), the heat capacity of electrons can be approximated by C, = CyT, where C, =
2N, kg /2Ty is constant where E is Fermi energy and kp is Boltzmann constant. C can
be assumed to be constant for temperature above the Debye temperature. For the
femtosecond pulse regime, the pulse duration is shorter than the characteristic time for
cooling of the hot electron gas due to energy exchange with the lattice:

Ce
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Fort K 1., Te_ppTe K C.T¢/t, the electron-phonon coupling can be ignored. If we also
ignore heat conduction by electrons, which is a reasonable approximation with
DeTe_pn < a2 where D, = k,/C, is the thermal diffusivity of electrons, and can be
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where ¢, (t) = [ Ot 1,(t")dt’, Ty is the initial temperature. At the end of the pulse, t = 1,
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The evolution of the temperature for times , t = 7; is described by nonlinear equation
with Q = 0. In this regime, T, rapidly decreased due to the electron energy transfer to the
lattice. As heat conduction can be ignored, lattice temperature describes as

aq
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by employing the energy balance
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If CT = pc, T =~ AH,, ablation occurs. This approximation can be employed as long as
T, < Er/kg. And we can get the ablated depth as

1
an=lm®

a Py
with ¢, = AH, /aA.

Material in the laser interaction region is then ejected in a very short time in the form of
hot dense plasma, leaving the local lattice still cold. This effect is obvious for
femtosecond lasers with a low repetition rate (a few kHz or less). This process can
effectively suppress the formation of a heat-affected zone enabling micro/nanoscale fine
structure fabrication. On the other hand, for laser pulse duration significantly longer than
the electron-phonon coupling time, although the radiation energy is first transferred to the
electrons, the electrons transfer it to the lattice before the pulse has terminated. This
allows the electrons and the lattice to reach an equilibrium state, and the laser simply
heats the solid to its melting temperature within the duration of the pulse. This gives rise
to significant thermal diffusion and consequently a reduction in fabrication quality and
resolution.

2.4 Multiphoton absorption

Since multiphoton absorption only occurs in the beam focal volume, where the light
intensity is high another important benefit of femtosecond laser direct writing is the
capability of machining transparent materials in a 3D space-selective manner. For



nanosecond laser, because single photon absorption is involved, modification always
begins at the surface and then moves inward. Even if a nanosecond laser with wavelength
sufficiently long for the material to be transparent is used, 3D processing still has
difficulties, because radiation intensity sufficiently high to induce multiphoton absorption
will also lead to strong thermal effects such as cracking.[48, 54-57] The ability to create
arbitrary 3D structures within transparent substrates by the use of femtosecond lasers
enables the production of novel device architectures with enhanced functionality and
improved compactness. Hence, the multi-photon absorption makes it possible to fabricate
high-resolution structure with sub-diffraction limit. The effective processing profile of a
femtosecond laser beam can be much narrower than its Gaussian intensity profile. This is
because the distribution of absorbed energy for n-photon absorption is proportional to the
n" power of the laser intensity (n is the number of photons simultaneously absorbed by
the material to transmit the electron from valance band to conduction band). Suppression
of the heat-affected zone restricts the laser-modified region to within a few nanometers of
the volume where the laser fluence is above the threshold for inducing multiphoton
absorption. This makes it easy to achieve a fabrication resolution far beyond the optical
diffraction limit by adjusting the intensity at the center of the Gaussian beam profile as
close as possible to the threshold intensity for modification[10, 58]. As a result, it is
possible to modify precisely or change the physical and/or chemical properties of the
material in a spatially selective manner including surface (2D) and bulk (3D)
micro/nanofabrication (machining) [2, 49, 59, 60], ablation, multi-photon
polymerization[51, 61-65], selective metallization can be achieved by FS-LDW, which
enables multifunctional integration in a single substrate.

2.5 Ablation

Laser ablation is the removal of material from a substrate by direct absorption of laser
energy. Typically, laser ablation occurs by the pulse laser irradiation (ablation is also
possible with intense continuous laser irradiation). The onset of ablation occurs above a
threshold fluence, which depends on the absorption mechanism, material, substrate
properties (morphology, micro-/nanostructure, presence of defects) and laser pulse
properties (pulse duration and wavelength). With multiple pulses, the ablation thresholds
decrease due to defect accumulation. Above the ablation threshold, the depth or volume
of material removed per pulse typically shows logarithmic linear relationship[66].

At low fluences, photo-thermal mechanisms for ablation include material evaporation and
sublimation. For multicomponent systems, the more volatile species may be depleted
more rapidly, changing the chemical composition of the remaining material. With higher
fluence, heterogeneous nucleation of vapor bubbles leads to normal boiling. If material
heating is sufficiently rapid for the material to approach its thermodynamic critical
temperature, rapid homogeneous nucleation and expansion of vapor bubbles lead to
explosive boiling (phase explosion) carrying off solid and liquid material fragments.
When the excitation time is shorter than the thermalization time in the material, non-
thermal, photochemical ablation mechanisms can occur[10, 58].
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The temporal pulse length of laser significantly affects the dynamics of the ablation. As
the pulse length is shortened, energy is more rapidly deposited into the material leading
to fast material ejection. The volume of material that is directly excited by the laser has
less time to transfer energy to the surrounding material before being ejected. Therefore,
the ablated volume becomes more precisely defined by the laser spatial profile, optical
penetration depth, and the remaining material has less residual energy, which reduces the
heat affected zone. The effect of short pulses (femto to picosecond) is most apparent in
the ablation. In contrast, materials of large thermal diffusivity and relatively low melting
points will exhibit extended heat affected zones and deep molten regions when ablated
with nanosecond laser pulses.

The ablation threshold fluence for a material reduces at shorter pulse lengths and
becomes more sharply defined. However, even for these ultrashort pulses, there is excess
energy remaining in the material that can still cause thermal effects in the surrounding
material after the pulse has ended. Additionally, femtosecond pulses can cause optical
breakdown, which reduces the optical absorption depth and can even cause strong
absorption in otherwise transparent wide-bandgap materials. Another distinction of
femtosecond and picosecond ablation is that the laser—material interaction is separated in
time from material response and ejection. In contrast to this, during nanosecond ablation,
shielding of the surface by the ejected ablation plume can reduce the amount of energy
absorbed by the material.

2.6 Multi-photon photo-polymerization

The thresholding characteristics observed extensively in various materials are the most
important factors contributing to spatial resolution improvement in femtosecond laser
direct writing. In the particular case of photopolymerization of resins, the unpolymerized
monomer or photoinitiator molecules or molecular segments are removable from the
polymer network. The combined action of optical, chemical and material nonlinearities
makes it possible to achieve reproducible fabrication resolution of tens of nanometers that
is much smaller than the optical diffraction limit. Theoretically, voxels may be further
reduced in size only if the laser pulse energy is regulated closer to but still above the
threshold level. However, this is tough to experimentally confirm since individual voxels
produced by low exposure are mechanically too weak to resist the rinsing necessary for
removal of the unexposed portion and survive electron beam exposure. The femtosecond
laser direct writing fabrication accuracy is generally determined by the smallest
achievable voxel sizes. More details will be given in Section 4.2.[37, 61, 65, 67-69]
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Chapter 3 Surface Patterning and
Functionalization by Femtosecond Laser
Direct Writing (Ablation)

3.1 Introduction

3.1.1 Conventional surface patterning

Micro-/nanofabrication techniques enable us design the diverse functionalized platform
or substrate. Generally, most micro-/nanofabrication techniques are based on
photolithography and soft lithography. Photo-curable material (i.e., Photoresist) can be
cured by the illumination of light with specific wavelength. The cured structure can be
used for fabricating master mold for soft lithography.

Microscale patterned surfaces were widely used for efficient functionalization, although
applications maybe limited due to low resolution. Hence, nanoscale patterning on the
substrate with precision has been attracting increasing interest. Several techniques have
been employed for nanoscale structure formation, including electron beam
lithography[70], microcontact printing and electrospinning.

3.1.1.1 Electron beam lithography

Electron beam lithography (EBL) is a direct patterning method. Taking advantage of the
development of scanning electron microscopy (SEM), it has also been possible to
advance the high-resolution patterning technique using electron beam. This method has
enabled fabrication of high precision photomasks for photolithography, and is also used
for physical/chemical patterning. However, patterning using EBL must meet
requirements such as conductive plate, stable and ultra-high vacuum condition. However,
this fabrication process takes long time, and the cost is also high.

3.1.1.2 Micro-/Nano-contact printing

Micro-/nano-contact printing is a convenient and widely used soft lithography technique.
Using micro- and nano-scaled patterned elastomer stamps[20, 71, 72], target material can
be transferred and printed on the recipient substrate. Advantages of this technique are the
high throughput and ease of use. However, pattern on the mold should have high
precision resolution chemical patterning. For mold fabrication, other lithography
techniques are generally used such as dip-pen lithography, EBL and focused ion beam
(FIB) lithography[30, 32, 33, 73-77]. This method also costs high and is slow.
Furthermore, this technique is subject to deformation of the mold.
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3.1.1.3 Electrospinning

The electrospinning technique can generate nanoscale fibrous structures with high
strength and large surface area. High surface area to volume ratio of those electrospun
matrices can be beneficial with respect to the diffusion and delivery of material
molecules due to the mesh-like structures with micro- or nanosize pore structure[28, 29,
75, 78, 79]. This backbone structure can be used in diverse applications for biological
structure and efficient energy system. Especially these structures mimic the native
extracellular matrices (ECM) and can be applied to enhancement of 3D tissue
formation[59, 78-82].

3.1.2 Cell migration

The migration of cells has been described as a multistep process. For cells to migrate,
actin polymerization at the leading edge pushes the plasma membrane forward and forms
new regions of actin cortex. New points of anchorage are formed between the actin
filaments and the surface filopodia. Contraction at the rear of the cell then draws the body
of the cell forward. Old anchorage points are released at the back as the cell crawls
forward. This multistep process is repeated for cell migration.

In the real tissue, cells are in the environment with diverse mechanical, physical and
chemical stimulations efc. The cells can sense and respond to those stimulations. Stiffness
differences also effect on the migration (durotaxis). Directional mechanical force
(mechanotaxis), and chemical gradient (chemotaxis) also affect directional migration.
Cell migration can be effected by outer biomolecules that react with ECM, and the
gradient of density of ECM protein would enhance the migration (haptotaxis).
Controlling the cell migration is important to figure the mechanism of biofilm formation.
Formation of biofilm on the medical devices (aggregation of cell cluster) induces
additional medical cost. Cataract of after artificial lens implant surgery is one of the
unwanted cell migration. Cell migration is an essential cellular response for a variety of
physiological and pathological phenomena[83-90]. For example, leukocytes migration
mediates immune responses. Migration of fibroblasts, vascular endothelial cells, and
osteoblasts contributes to wound healing, tissue regeneration, and metastasis. In contrast
to this, it also can lead to implant failure of percutaneous devices due to epithelial down-
growth on the implant surface as migration is dependent on cell-materials
interactions[91-93].

3.1.2.1 Cell migration by mechanical(physical) condition

3.1.2.1.1 Topography

Cell can sense the surface topography upto few nanometer scales. Generally, it is known
that cell filopodia sense the topography and accordingly react. Controlling cell adhesion,
orientation and migration is possible using microscale topography structures. For
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example, cell sense the groove/ridge topography structure, they are aligned along groove
structure and migrate in this direction. Deeper and narrower structures are more effective
on the controlling the alignment and migration[94-96].

3.1.2.1.2 Mechanical force

Other factors controlling the cell migration and alignment are mechanical forces.
Mechanical stress and strain are able to regulate the cell behavior. The shear stress by
external flows enhances the cell migration toward to shear stress direction. For example,
mechanical strain in a vascular wall is anisotropic in its circumferential direction, and cell
also aligned by the cyclic uniaxial strain. In a cardiovascular system, shear stress induced
by blood flow regulates endothelial cell migration[18, 97-100]. They migrate toward the
lower shear stress region, and also change their shape for efficient reduction of stresses.
This also affects gene expression (transcription and translation) to react in response to
these external stimulations. Turning cell behavior into stem cell broadens the possibility
of application into regenerative medicine.

3.1.2.1.3 Rigidity

Cells also sense the rigidity or stiffness of substrates, as there is a diverse rigidity range
from soft (brain (~1kPa)) to rigid (bone (~100kPa)) in the body. After sensing the
substrate stiffness, focal adhesion and intracellular cytoskeleton structure formed
according to outer environments. On the softer substrate, stable and mature focal
adhesion is formed. Cells exert less tension on softer surface and consequentially crawl
faster. Hence, cells tend to migrate to a stiffer substrate owing to the stronger traction
force between the cells and the substrate[ 101-104].

3.1.2.2 Cell migration by chemical condition

Chemical gradient is another important factor for directional cell migration toward to
favorable region (chemotaxis)[105-107]. In the presence of a spatial chemical gradient,
intracellular sensory systems impose a bias on cells random walk behavior in a manner
that yields net migration toward a preferred direction. In contrast to this uniform chemical
condition, cell motility can be controlled without directional migration (chemokinesis)[86,
108]. For immune system, inflammatory response, white blood cell intrusion into infected
region with high concentration of interleukin. This is representative example of
chemotaxis.

3.2 Ablation for surface functionalization using
femtosecond laser direct writing

FS-LDW is applied to functionalized surface fabrication. There is increasing demand for
developing new techniques for nanometer length scale patterning. In this chapter, we will

14



discuss how a femtosecond laser can be used to modify and pattern the material
(particularly transparent material). We recall the basic principles that govern the
interaction of femtosecond laser pulses with transparent materials[34]. A femtosecond
laser pulse has extremely high peak power and intensity due to ultrashort pulse width.
When highly intense ultrashort laser pulses are focused into transparent dielectric
material, only the localized region within the focal volume absorbs the laser energy by
nonlinear absorption processes such as multiphoton initiated avalanche ionization. There
is no or minimal heat exchange during femtosecond laser pulse irradiation, which results
in minimizing thermal stress and distortion of materials. The nonlinear optical
characteristics and minimized heat and shock effects are particularly beneficial to
fabrication stable high-resolution [10, 11].

3.2.1 Principles and characteristics of femtosecond laser
processing

3.2.1.1 Non-thermal processing

In contrast to processing by nanosecond and longer pulses for which thermal processes
dominate, femtosecond laser pulses enable non-thermal processing, allowing high-
precision material processing [10, 11]. This characteristic is attributed to rapid energy
deposition in the material. It takes a few hundred femtoseconds to a few picoseconds for
the electron distribution to reach thermal equilibrium after femtosecond laser irradiation.
In contrast, the time to transfer energy from the electron subsystem to the lattice, which
induces thermalization, is of the order of 1-100 ps (depending on the electron—phonon
coupling strength of the material). Thus, femtosecond lasers can efficiently cause electron
heating and generate a hot electron gas, which is far from equilibrium with the lattice.
Consequently, only a very small fraction of the laser pulse energy is converted into heat,
resulting in non-thermal processing that enables high-quality microfabrication to be
performed.

3.2.1.2 Minimization of heat-affected zone

Even though femtosecond laser pulses mainly induce non-thermal processes, they may
still generate heat [10, 11]. However, femtosecond laser pulses suppress the formation of
a heat affected zone due to their extremely short pulse widths. This permits high-quality
microfabrication, even for metals with high thermal conductivities.

When the laser pulse width is shorter than the electron—phonon coupling time in laser—
matter interactions, thermal diffusion to the interior of the material can be almost ignored.
Most metals have an electron—phonon coupling time of the order of picoseconds, which is
sufficiently long compared with the pulse width of femtosecond lasers. In this regime,
when the material is heated to near the melting point T;,, by femtosecond laser irradiation,
the thermal diffusion length [; is given by
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where k is the thermal conductivity, C is the lattice heat capacity, I,_,, is the electron-
phonon coupling constant, C,’ is defined as C," = C,/T,. C, is the electron heat capacity
and T, is the electron temperature. On the other hand, when the laser pulse width 7 is
much longer than the electron-phonon coupling time, [; can be approximately estimated

using [; = VDt where D is the thermal diffusivity. Hence, femtosecond laser processing
can clearly reduce the thermal diffusion length, reducing heat affected zone formation in
the processed region.

3.2.2 Interaction between transparent material and femtosecond
laser pulse

High intensity of laser light can initiate an ablative material removal. Laser ablation
encompasses several mechanisms such as photo-thermal, photo-chemical, hydrodynamic,
and exfoliation ablation mechanism. [10,11]

The photo-thermal ablation occurs via bond breaking of atoms by the lattice vibrational
energy that is transferred from irradiating laser light. In contrast, the photo-chemical
ablation occurs via bond breaking of atoms by laser-induced electronic excitations. Both
mechanisms enhance the liberation of atomic materials. On the other hand, hydrodynamic
and exfoliation mechanisms enhance the liberation of bulk materials. The hydrodynamic
ablation occurs via fluidic motion of micrometer scale droplets by laser-induced melting
of material and the exfoliation ablation is mediated via separation of flakes from the
surface by energy-absorbing defects.

For the femtosecond laser ablation, photochemical ablation process predominantly occurs
since the pulse duration of femtosecond laser is shorter than the electron-phonon
relaxation time. (i.e. heat exchange between irradiating laser pulses and the material
barely occurs during the femtosecond laser material interaction.) Therefore, we can
diminish the thermal effect and fabricate precise structures on the material.

Femtosecond laser irradiation induces electron excitation and relaxation processes in
transparent material with wide bandgap (Figure 3.1). Electrons are initially excited from
the valence band to the conduction band by multiphoton absorption or tunneling
ionization. [10,11]

For relatively low laser intensities of the incident femtosecond laser beam, generated free
electrons contribute to photo-chemical reactions (e.g., photo-reduction of ions) and
excited electrons can sequentially absorb several photons in the same laser pulse so that
they are excited to higher energy states which free carrier absorption is efficient. This
sequential excitation is termed electron heating and it results in non-thermal bond
breaking.
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At sufficiently high laser intensities, excited electrons are accelerated by the intense
electric field of the ultrafast laser beam and collide with surrounding atoms, generating
secondary electrons (avalanche ionization), which cause Coulomb explosion and
eventually non-thermal ablation. Some of the generated free electrons relax to localize
the energy stored in electron-hole pairs, which form self-trapped excitons (STEs). This
relaxation often commences within 1 ps after laser irradiation. Some self-trapped excitons
relax to form permanent defects within a few hundred ps. Glass heating occurs a few tens
of picoseconds after laser irradiation due to free electron relaxation and the irradiated
area returns to room temperature after several tens of microseconds, causing modification
or damage.

Free carrier absorption
(Electron heating)

Surface lonization
Coulomb explosion
!

Bond breaking
Non-thermal ablation

Laser
Conduction band -

Self-trapped Excitons

|

Defect formation

Generation of fee (seed) electrode

by MPA or tunneling ionization ( Free carrier relaxation

Reducing reaction Heat generation

(atom precipitation)

Impact ionization
(Avalanche ionization)

Figure 3.1. Interaction between transparent material and ultrafast laser pulse

3.2.2.1 Multiphoton absorption

For single photon absorption, the laser applies the energy into the material by generating
electron-hole plasma. However, for wide bandgap material (i.e. dielectric), the cross
section of the linear absorption is relatively small. In contrast to this, non-linear
absorption (multiphoton absorption, tunnel ionization and avalanche ionization) can be
dominant by creation of free carrier in the materials under irradiation of intense
femtosecond laser pulses. [10,11]

17



Single photon Multi photon

absorption abso}r\ption
1PA © 2pA 3PA
A Conduction band
hvs
hv,
hvy —--k-=--  huy
th
hv;
Valence band

Figure 3.2. Single- (1PA) and multi-photon absorption (2PA and 3PA)

Single-photon absorption occurs when the single photon energy (hw) of laser pulse is
bigger bandgap energy (E,) of material. For the wide bandgap materials, absorbed energy
by single photon absorption of the femtosecond laser pulses with wavelength near the
visible is not sufficient to excite an electron from the valence band to the conduction
band.

Contrast to this, multiphoton absorption occurs when the photon energy (hw) of laser
pulse is smaller than bandgap (Ej). Simultaneous absorption of multiple photons must be
involved in excitation of valence band electrons depending on laser intensity. Thus, the
laser absorption occurs only within a focal volume, where the intensity exceeds the
multiphoton absorption thresholds. The rate of multi-photon absorption can be expressed
as

P(Dypa = omm

where I is the laser intensity, 0™ is the cross section of n-photon absorption, and m is
the smallest number of photon to satisfy the relation as

m(hw) > Eg,
3.2.2.2 Interaction between femtosecond laser and polymer

With ultrafast laser pulses, direct ionization and dense electron-hole plasmas formation
can lead to non-thermal phase transformations, direct bond-breaking, and explosive
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disintegration of the lattice through electronic repulsion (Coulomb explosion). In certain
nonmetals such as polymers and with relatively long thermalization times, photochemical
ablation can still occur with short wavelength nanosecond lasers, producing well defined
ablated regions with small heat affected zones.

In all cases, material removal is accompanied by a highly directed plume ejected from the
irradiated regime. The dense vapor plume may contain solid and liquid clusters of
material. At high intensities, a significant fraction of the species may become ionized,
producing a plasma. Also, with pulses longer than ps, interaction of the laser light with
the plume may be significant. The plume can absorb and scatter radiation, changing the
actual flux received by the surface. Recoil from the plume can generate shockwaves in
the material, causing plastic deformation and workpiece hardening. The recoil can also
cause further expulsion of any remaining molten material as well as initiate shock waves.
Resolidification of expelled liquid and condensation of plume material into thin films and
clusters of nanoparticles can alter the topography at the rim and surrounding areas of the
ablated region.

3.2.2.3 Tunneling ionization and Keldysh parameter

The tunneling ionization can be enhanced with extremely intensive femtosecond laser
pulse irradiation into wide bandgap materials. Under this condition, the laser pulse energy
induce periodic distortion of binding atomic potential (Figure 3.3), which allows direct
tunneling of electrons from valence band to conduction band in a shorter than the laser
pulse period. The crossover between multi-photon and tunneling ionization can be
determined by Keldysh parameter (y,) as

B w,/2m.E,

}/Ke - E’E

where m, is effective mass of electron, e is the charge of electron and E is intensity of
electric field oscillating at frequency of laser pulse (w).

Multi-photon process is dominant : yg, > 1.5

Tunneling process is dominant : yg, < 1.5
Coexist of the multi-photon and tunneling processes : yg~1.5
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Figure 3.3. Tunneling ionization. (Left) natural behavior of atoms (Right) the tunneling ionization
initiated by laser pulse energy induced distortion of binding atomic potential.

3.2.2.4 Avalanche ionization

The avalanche ionization involves free-carrier absorption followed by impact ionization.
For this successive process, it requires seed electrons which is already present in the
conduction band. This can be provided by photo-ionization, thermally excited carriers, or
ionized impurity. Electrons in the high energy state can linearly absorb more photons
sequentially, ionizing electrons from the valence band. Once the photon energy by the
sequential absorption of n photons exceeds the band gap energy (n(hw) > E;), they
impact more valence-band electrons by collisional ionization. If laser field is present and
intense enough, the conduction band population grows by the avalanche process [10,11].
The electrons experience the intra-band transitions within the conduction band. The
kinetic energy of the intra-band transit electrons can be transferred to electrons in valance
band. If the transferred energy is greater than bandgap of material (E, > Ej), the
electrons are excited to conduction band (avalanche ionization). The electron density
(Ngp) in the conduction band can be described by the following rate equation as

dt = NawNgp = QI Ngp

where 1,,, 1s the avalanche ionization rate, «,, is the valance ionization coefficient, and
the avalanche rate depends on the laser intensity as :

Nav = Al
Combining with multi-photon ionization, above equation can be extended as :

dNgp
dt

= O(avINED + O-(m)NEDIm
Note that electron population in conduction band depends on laser intensity (I).
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Figure 3.4. Avalanche ionization. (Left) absorption of irradiating laser energy by excited
electrons, (Right) kinetic energy transfer from excited electrons to valance band electrons (E,:
kinetic energy of excited electrons in conduction band)

3.2.2.5 Ablation threshold of material

The femtosecond laser processing induces regular structures on materials due to
aforementioned characteristics. There is minimum pulse energy fluence (J/cm?) to initiate
the material removal of ablation process [10,11]. Ablation threshold (Fy;) is one of the
useful parameters for laser processing. Gaussian beam waist (w,) can be determined from
relation between the square of ablated crater diameter (Dg;;°) and logarithm of pulse
energy fluence (InF) [66]as

F
Dablz = Za)ozln <F_(:l)
t

For the multi-photon absorption and relatively high pulse energy fluence, the effective
penetration depth should be considered to determine the ablation threshold of material.

F
Xabt = lLygXIn <a)

where ygp; 1 the depth of ablated crater and [, is the effective penetration depth. The

effective penetration depth can be affected by intensity of laser pulse. The ablation
threshold can be a guideline for effect surface patterning fabrication.
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3.2.2.6 Optical breakdown in dielectric materials

The femtosecond laser-induced damage in dielectric materials is known as a nonlinear
process [10,11]. The damage in pure wide bandgap materials is associated with rapid
buildup of conduction electrons. The mechanism of the optical breakdown can be
explained by understanding the relative roles of various ionization and relaxation
channels, particularly near the damage threshold. Once a dense electron-hole plasma has
been generated in a bulk of dielectric materials by femtosecond laser irradiation, several
mechanisms can be anticipated such as melting or vaporization of the solid, following
strong phonon emission as well as generation and accumulation of intrinsic defects. The
majority of previous studies for determining the damage mechanisms has focused on
damage thresholds depending on laser pulse duration according to a ,/tyyse scaling. It is

well known that thermal diffusion is dominant by 10 ps or longer laser pulse duration. In
contrast, laser processing using femtosecond lasers, the pulse duration is much shorter
than the characteristic time of thermal diffusion, and the damage threshold deviates from
the square root scaling.

3.3 Experimental

3.3.1 Material preparation

3.3.1.1 Sample (Quartz and Polystyrene) preparation for ablated pattern

Fused silica (fused quartz ; 0.5-mm thick 4-in diameter) and tissue culture polystyrene
(TCPS) were used for this experiment. For quartz, square pieces with 8§ mm by 8 mm
dimensions were prepared by dicing. For the cleaning, we cleaned the quartz samples
ultrasonically with acetone for 1 hour before and after ablation processing and with
methanol for 1 hour additionally after the processing. For TCPS, this material can be
deformed by acetone easily, to reduce the change of material, we put the sample in the
ethanol for sonication for 1 hour before and after ablation processing. TCPS samples
were sonicated in DI water for 30 min after patterning, subsequently exposed to 70%
ethanol for 1hr under UV light, and finally dried in 60°C oven for 30 min prior to cell
seeding[48].

3.3.1.2 Nanofibrous scaffold fabrication

Electrospun scaffolds were fabricated using a customized electrospinning setup. Poly(L-
lactide-co-carprolactone)/Poly(ethylene oxide) (PLCL/PEO)[109, 110] and Poly(L-lactic
acid)/Poly(ethylene oxide) (PLLA/PEO) [111-113]scaffolds were electrospun as
membranes on a rotating collector substrate. PLCL and PLLA were dissolved in
hexafluoroisopropanol (HFIP) at 15% and 1% w/v concentrations, respectively. PEO was
dissolved in 90% ethanol. PLCL/PEO and PLLA/PEO scaffolds were electrospun as dual
fiber formulations by electrospinning separate jets of PEO and PLCL/PLLA solutions at a
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single rotating substrate. The salt sodium acetate was added to all polymer solutions to
aid in electrospinning. Controlling the quantity of precursor, we used the programmable
syringe pump. Precursor loaded syringe was connected with flexible and long silicon
tubing. And end of this tubing, the stainless needle with 1.5 in long and 500 pm diameter
was connected. A high-voltage supply was used to apply a 15 kV voltage to the needle.
The distances between needle end and collector plate was controlled by linear stage. For
this experiment, we set the distance as 8.5 cm. PLLA/PEO and PLCL/PEO fibers with
diameters ranging from 200-nm to 3-pum were ejected from the charged needle towards
the grounded collector surface. The PLLA solution was delivered with a Iml/hr flow rate
by automated syringe pump. To get the approximately 150-um thickness nanofibrous
scaffold, we run this experiment for 45 min. And thickness of nanofibrous scaffold was
measured by thickness gauge (Mitutoyo America, Aurora). After whole process, for
removal of solvent (HFIP) in the electrospun sheets, we placed this scaffold into vacuum
oven overnight with room temperature to remove any residual HFIP solution.

3.3.1.3 Microscale resonator platform fabrication

This process performed by Professor David Horsley’s group of the University of
California at Davis. The process flow is shown in Figure 3.5, where steps (a-d) were
performed in the Sandia National Labs AIN MEMS fabrication process and steps (e)
were performed at the UC Berkeley Marvell Nano Lab. This process incorporates a
sacrificial polysilicon release pit that precisely defines the PMUT diameter, thereby
enabling a small device size (25 um and even smaller) with close spacing (5 pm) and
eliminating the need for through-wafer etching. The sacrificial polysilicon is etched by
vapor phase XeF,, releasing the PMUT membranes as shown in step (). The etch holes
must be small to enable them to be sealed without filling the cavity beneath the PMUT
membrane. Dense arrays having etch holes as small as 2 um x 4 um were successfully
released. Reducing the density to 155 transducers/mm? allowed successful release using
smaller 1-um diameter etch holes, suggesting that XeF, depletion occurs during the
release of dense arrays.
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Figure 3.5. Fabrication process of microscale resonator platform
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3.3.2 Diverse ablation pattern fabrication

3.3.2.1 Nanoscale crater fabrication

We fabricated nanoscale topographical patterns by exploiting the optical breakdown of
dielectric materials induced by femtosecond laser pulses. We used a Ti:Sapphire
regeneration amplifier system (Spectra-Physics, US; with 100 fs pulse length [at full
width half maximum (FWHM)] and fundamental wavelength of ~800 nm), and a
wavelength of ~400 nm was obtained by frequency-doubling using a nonlinear crystal.
Patterned nanoscale features by user-designed rastering of the sample across the beam
path. And laser pulses emission was synchronized with the sample translation. The
experimental apparatus is shown in Figure 3.6. We adjusted the laser fluence with an
attenuator comprised of a half wave plate (4/2) and a polarizing beam splitter (PBS). As
the laser pulse energy required to ablate high-resolution features is extremely low, we
inserted a neutral density (ND) filter into the beam path. To generate user-designed
patterns, we loaded samples on a precise 2D motorized stage (ANT130, Aerotech Inc.,
US) with a synchronized laser firing system controlled by a programmable computer. The
stage was driven by its own driver (NDrive ML) and software (A3200, Aerotech Inc., US)
controlled by a computer. The driver has digital input and output ports that can generate
TTL signal configured by the software. The sample was precisely aligned perpendicular
to the incident laser beam by adjusting the tilting angle of the sample. To fabricate
various nanocrater features, we used long working distance objective lenses with three
different numerical aperture sizes: 20x objective lens (Mitutoyo M Plan Apo, NA= 0.45),
50x objective lens (Mitutoyo M Plan Apo, NA= 0.55) and 100x objective lens (Nikon
CFI 60 LU Plan Epi ELWD Infinity-Corrected, NA= 0.8). We ablated bare quartz
samples with single pulses using the computer-controlled system[48].

Since the interaction of the laser with TCPS is significantly different from that on quartz,
we conducted an independent parametric analysis on TCPS to optimize the laser
parameters for fabrication of the nanocraters for this new material. We optimized the
laser ablation parameters by changing the laser power and number of laser pulses. For
TCPS ablation, the required power for a single laser pulse is significantly lower than for
quartz. We used a 50x objective lens (Mitutoyo M Plan Apo, NA = 0.55) to fabricate the
small diameter craters on TCPS[48].
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The present study was performed to investigate cell morphology and motility on
microscale anisotropic ablated pattern different aspect ratios (1: 3-5-7-9). Hypothesis is
this research is that anisometric pattern also effect on the focal adhesion distribution and
cell migration directionality. We also prepared an anisotropic pattern with different
aspect ratio. To fabricate the different ratio pattern, overlapped patterning method was
used. Number of laser shot was determined by aspect ratio (AR) as ‘Number of laser shot
= (2 x AR) + 1’ (Figure 3.7). Addition to this, ‘enhance’ and ‘hinder’ pattern fabricated
the structure between guiding pattern with parallel (enhance) and perpendicular (hinder)
direction.
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Figure 3.7. Schematic of anisotropic pattern fabrication. Enhance and hinder anisotropic pattern

3.3.2.2 Line ablated pattern fabrication on electrospun nanofibrious scaffold

The ablation characteristics of the PLCL-based scaffolds were first evaluated, using the
procedure previously described for poly(L-lactide) (PLLA)-based scaffolds, to determine
optimal parameters for generating the desired ablation patterns. A Ti:sapphire amplified
laser system (Spitfire, Spectra Physics, Irvine, CA) and 5x objective lens (Mitutoyo M
Plan Apo, NA= 0.14) was used to perform femtosecond laser ablation. Briefly, single
discrete pulses of varying laser energy (ranging from 7 nJ-91uJ) were shot onto the
scaffolds to first observe how pore size generated varied with laser energy. Next, pulse
number was varied (1-9 times) at 2 constant pulse energies (28uJ and 49J) to determine
resulting change in depth with increasing number of pulses. Finally, stage migration
parameters were varied to determine degree of overlap between pulses required to
produce a uniform channel. Using data derived from the ablation characterization,
ablation channels of approximately 50 um pore diameter were fabricated on one side of
each scaffold using pulses of 49 pJ laser energy.
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3.3.2.3 Laser trimming on microscale resonator platform

Due to the thin thickness of piezoelectric layer, minimization of thermal accumulation is
important for this experiment. Minimizes thermal effects occurring within the short pulse
duration (~100fs), reducing the thermal stress and damage to the piezoelectric layer
during the trimming process. Trimming was conducted using an automated system with
computer control over stage motion and laser pulse firing. We applied 12.7nJ laser pulse
energy with 50x objective lens (Mitutoyo M Plan Apo, NA= 0.55).

3.3.3 Cell culture and imaging

NIH-3T3 cells were maintained in Dulbecco’s Modified Eagle Medium (DMEM) (Gibco
Invitrogen), with 10% fetal bovine serum (FBS) (Gibco Invitrogen) and 100 units/ml
penicillin and streptomycin (Gibco Invitrogen) in 75-cm” culturing T-flask (Corning) at
37°C and 5% CO, culture incubator. Before experiments, samples were coated with
fibronectin (Sigma Aldrich) with 20pg/ml concentration in phosphate buffered saline
(PBS) (Gibco, Invitrogen) to enhance the adhesion between quartz substrate and cells for
1 hours. The samples were then rinsed with PBS for several times. Confluent cells were
detached from the flask through treatment with 0.05% Trypsin-EDTA (Gibco Invitrogen)
and seeded onto the patterned substrate in sterile polystyrene well plates with CO,-
independent media (Gibco Invitrogen), 10% FBS, 100 units/ml penicillin, and 1%
GlutaMAX (Gibco Invitrogen) and placed on an inverted fluorescence microscope (IX71,
Olympus) that was covered by a chamber to maintain temperature and humidity. Phase-
contrast images were taken every 5 minutes with a digital CCD camera (Retiga 2000R
cooled, Qimaging) for about 2-3 days [48].

3.3.4 Immunofluorescence staining

For visualizing vinculin, F-actin, and nucleus, fibroblast cells plated on patterned surfaces
and a flat surface for 15 hours were washed with pre-warmed PBS. Samples were fixed 1
hour and 12 hours post seeding with 4% paraformaldehyde (Santa Cruz Biotech) for 15
minutes. Cell were permeablized using 0.2% TritonX (Sigma) in dPBS. Blocking and
fixation were done with a solution of 2% bovine serum albumin (Sigma), 0.3 M glycine
(Sigma), 0.2% Tween-20 (Sigma) in dPBS for at least 30 minutes. Samples were
incubated with a primary mouse-anti-vinculin antibody (1:200) (Sigma) overnight at 4°C
then washed. Anti-mouse 633 secondary (1:100) (molecular probes) and Actistain-555
(1:500) (Cytoskeleton, Inc.) were incubated for 1.5 hours at room temperature then
washed. The nucleus was stained with 300nM DAPI (Molecular Probes) for 5 minutes
and washed. Samples were kept in PBS and turned over for the inspection by an upright
fluorescent microscope (Axiolmager M1, Zeiss). Samples were inverted onto coverslips
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just before imaging. Images were acquired using the Zeiss 710 Axio-Observer with 40x
oil immersion objective. For immunofluorescence imaging of fibroblast cells on TCPS
ablation patterns, a 40x water immersion objective was used [48].

3.3.5 Talin overexpression

Overexpression of the first 405-amino-acid sequence of the globular N terminus of Talin-
1 was accomplished using the Lonza Nucleofector 2B. GFP/Talin-1(1-405) plasmids
included the entire FERM domain and were shown to over-activate the asp; and asf3
integrins in transfected cells. For each transfection, approximately 10 million cells were
suspended in 100 pl of Nucleofector 2 Solution R with 8 pg of plasmid and transfected
using program U-030. Immediately after transfection, 500 pl of DMEM (ATCC)
supplemented with 10% fetal calf serum (ATCC) was added to the cell solution. The
sample was then incubated at 37°C for 15 min. Cells were gently transferred into culture
flasks and seeded at ~90% confluency in normal growth medium. After 24 h, transfected
cells were sorted using flow cytometry for GFP fluorescence. Cells were seeded on
patterned samples 48 h after transfection [48].

3.3.6 Blebbistatin treatment

To explore the effect of cell migration on cell patterning, cells were treated with 50 uM
blebbistatin, which inhibits the binding of myosin II to actin and therefore interferes with
myosin II contractility and cell migration. Treatment solutions were prepared by
suspending (-)-blebbistatin (Sigma) in dimethyl sulfoxide (DMSO; Sigma). This solution
was added to the cell media immediately after cell seeding [48].

3.3.7 RGD (Arg-Gly-Asp) peptide coating

A number of combinations of albumin blocking, media conditions, and avidin derivatives
were deposited onto ablated surface in an attempt to minimize non-specific cell adhesion.
Biotinylated bovine serum albumin (BSA) and avidin derived proteins were adsorbed
from PBS (pH 7.2) at 0.1 mg/mL for 1hr. Biotin-containing molecules were conjugated to
the avidin derivatives for 1 hour at 0.05 to 0.1 mg/mL in PBS, and rinsed three times.
Surfaces were kept bathed in PBS until cell seeding. (RGD sequence: 15 amino acid
peptide containing the sequence RGD ; biotin-CGGNGEPRGDTYRAY-NH,)[114].

28



3.3.8 Quartz Crystal Microbalance with Dissipation

The adsorption kinetics of fibronectin (bovine, Sigma Aldrich) to TCPS and SiO, sensor
crystals was characterized using the standard flow module of a Q-Sense E1 QCM-D
(Biolin Scientific, Sweden). To create the TCPS interfaces, polystyrene sensor crystals
were activated by an oxygen plasma treatment (Plasmatic Systems) at 1 Torr and 150 W
for 1 min. Adsorption to both SiO, and TCPS surfaces was determined by recording the
frequency shift of the fifth and seventh overtone at 23°C for a fixed time interval
(50min). The QCM-D was set up and calibrated in buffer (1X PBS, pH 7.4, flow rate =
100 pul/min). After obtaining a stable signal (Af = 0), the peristaltic pump was stopped and
the protein sample (20 pug/ml in DMEM) was introduced (flow rate = 100 pl/min). 50 min
after injection, the sensor was rinsed with 1xPBS for 10 minutes to remove non-
specifically-bound protein [48].

3.3.9 Characterization of electrospun scaffolds

Top-down and transverse cross-sectional views of the ablated scaffolds were imaged
using a scanning electron microscope to visualize changes in resultant fiber morphology,
as well as pore diameter and pore depth generated by femtosecond laser ablation
treatment. All images were captured at various magnifications with an accelerating
voltage of 10kV. Images were processed and analyzed using the open source software
ImageJ (National Institutes of Health, MD, USA).

3.3.10 In vivo Subcutaneous Implantation

The biological performance of the various ablated electrospun scaffolds was assessed
using a rat subcutaneous implant model at sub-chronic time points. All animal study
procedures were approved by the Institutional Animal Care and Use Committee at the
University of California, Berkeley. Adult male Sprague-Dawley rats were anesthetized
with 1.5% isoflurane in 70% N,O / 30% O. Incisions were made on the left and right
lower abdominal regions and 3x7mm samples of each ablated scaffold (n=3) were
implanted subcutaneously and secured to the fascia using non-resorbable 8-0 nylon stay
sutures. The wound was closed using resorbable 4-0 nylon sutures. All animals were
given Buprenorphine post-surgery. The animals were sacrificed at 2-week sub-chronic
time points and the samples were explanted and processed as described below.
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3.3.11 Histology & Immunofluorescent Staining

Upon explantation of the samples and prior to cryosectioning, tissue samples were
embedded and frozen in optimal cutting temperature compound (OCT). Sectioning was
then conducted using a Leica cryotome. All tissue sections were taken in the transverse
plane with respect to the long axis of the implanted sample. Masson’s trichrome staining
was performed to assess cell penetration and tissue integration.

Immunostaining was used to identify cell types present in the sections. Images were
processed and analyzed using the open source software ImagelJ (National Institute of
Health, MD, USA). The samples were immunofluorescently stained for the following cell
markers: vimentin (Abcam), CD68 (ABD Serotec) and CD31 (Abcam). Fluorescence
images were obtained with a Zeiss Axoiscope epifluorescent microscopy and Axiovision
software. Images were analyzed using ImageJ software.

3.3.12 Characterization of ablated pattern

3.3.12.1 Atomic force microscopy (AFM)

The ablation craters were examined by atomic force microscopy (AFM, Nanoscope Illa,
Bruker) with high aspect ratio tips (Nanosensors, AR5-NCHR, Aspect ratio = 5:1) in
tapping mode. To analyze the relationship between the ablated crater dimensions and the
laser energy, we generated craters with various energies and scanned a 3x3 pm? area of
the substrate with the AFM. The cross-section profiles of ablation pattern were obtained
via the AFM software (Nanoscope analysis; Bruker) [48].

3.3.12.2 FEI-Scanning electron microscopy (FEI-SEM)
The craters were also analyzed using FEI-scanning electron microscopy (FEI-SEM;
Zeiss). To reduce the charging effect, 10-nm thickeness gold layer was coated [48].

3.3.12.3 Measurement of mechanical properties of electrospun fibrous scaffold

To determine the mechanical property of the nanofibrous scaffolds, scaffolds were first
cut into pieces approximately 0.5 cm 1 cm and subjected to uniaxial tensile testing in the
lon- gitudinal direction using an Instron 5544 tester (Instron, Canton, MA). Prior to
testing, three thickness measurements along the length of each sample were taken with
the thickness gauge and averaged; likewise, three width measurements were acquired
using a digital caliper and averaged. After placing the sample in between the grips, the
gauge length was measured with a digital caliper. Each sample was extended until failure
at a rate of 0.1 mm/s, and the applied force and deformation were recorded every 1 s via
Bluehill software (Instron). The elastic modulus was calculated by determining the slope
based on the applied load and scaffold deformation in the linear region of the stress—
strain curve and the dimensions (thickness and width) of the samples
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3.4 Results and discussion

Attempts to control cell behavior at cell-material interfaces have employed chemical and
physical properties of surface, such as surface chemistry, topography, stiffness, and
combinations of these properties. Regarding topographical cues, it is well known that
interfaces with micro/nanoscale topographical features strongly modulate cell behavior
such as adhesion, migration, proliferation and differentiation. Although topographical
cues on the microscale have been shown to be powerful to control cell behavior, they are
limited by the inability to independently control physical inputs to cells on the length
scale of focal contacts (e.g., ~ 100-200 nm depending on maturity).

The present study uses multiphoton ablation lithography (via ablation) to create
nanocrater patterned with different topography (diameter and depth) and distribution
(spacing) interfaces that control focal adhesion formation and migration, rendering
surfaces cell repellant under specific conditions. Intense femtosecond laser pulses can
damage in transparent dielectrics through nonlinear absorption such as multiphoton
initiated avalanche ionization. Ablation process by femtosecond is stable and
reproducible, since there is no heat exchange during the femtosecond laser pulse
irradiation, minimizing thermal stress and collateral damage.

Although laser machining is an attractive approach for many biomedical applications, a
major concern using this process biomaterial scaffolds has the potential for thermal
effects. However, femtosecond lasers are considered promising tools to rapidly process
and create complex structures on electrospun scaffold due to minimal thermal and
physical stress. Femtosecond laser processing superior to other laser machining process
lie primarily in its very rapid creation of vapor and plasma phases that lead to negligible
heat conduction and the absence of liquid phase. Thus, femtosecond lasers processing
offers the possibility of precise material processing with clean surfaces and reduced
thermal damage. The diameter and depth of fabricated pattern can be controlled precisely
using FS-DLW [48].

3.4.1 Characterization of patterned surface

3.4.1.1 Nanascale crater pattern

We fabricated nanoscale features in quartz with various shapes (depth versus diameter)
by adjusting the pulse energies and focusing with objective lenses of different numerical
apertures (NA). For quartz samples, there was no evidence of melting or capillarity
assisted material movement around the crater, and we checked by SEM. The thermal
exposure was minimized during the short pulse regime, and this attribute allowed us to
fabricate nanocraters in quartz without the addition of a lip structure at peripheral of the
ablated areas. Minimization of positive topography is critical this research to eliminate
roughness effects on their cell behavior [48].
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To demonstrate the generality of our observations, we also evaluated the directional cell
migration with another substrate that is widely used for cell culture, tissue culture
polystyrene (TCPS). Using the same fabrication technique as for quartz, similar
nanocraters were fabricated on polymer (polystyrene). The polymer-laser interactions,
however, complicated thermal absorption processes. Atomic force microscopy (AFM)
revealed a rim of ablated material surrounding the craters that was not formed on quartz
substrates. Although we did minimize the rim dimensions, it was not possible to prevent
entirely their formation, leading to some deviations of the cell behavior compared to
quartz. However, we were able to successfully reproduce the cell repellant effect on the
patterned TCPS[48].

Figure 3.8. Optical microscopy image of ablated pattern on the quartz

(@) (b)

()

Figure 3.9. SEM image of the ablated pattern (a) Quartz and (b) Polystyrene (scale bar : 10um)
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Figure 3.10. SEM image of the anisotropic ablated pattern with aspect ratio = 1, 3, 4 and 5 (scale
bar : 10um)
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Figure 3.11. AFM contour scans presenting cross sectional images for three different nanocrater
dimensions (depth and diameter) (on the quartz) fabricated by x100x, x50, and x20 objective
lenses

Diameter Area of crater bottom Laser power Objective lens

(nm) (um?) (nJ)

1000 350 0.96 30 50x
1000 100 0.80 35 20x
1000 30 0.79 30 20x
600 350 0.43 25 100x
600 110 0.30 25 50x
500 45 0.20 20 50x

Table 3.1. Dimensions of nanocraters for creating ablated patterns on quartz surface
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For characterization of the ‘lip’ features adjacent to the crater of ablated pattern on
polystyrene, we measured their height and FWHM. We observed wider (larger FWHM)
and taller lips as the laser power increased. And similarly, with increasing number of
laser shots, it also shows the deeper ablated pattern and higher FWHM of lip feature. To
generate nanocraters matching the size on quartz, we used single laser pulses with 3 nJ
via 50x objective lens. Thereby, the width and height of the lip was kept relatively small
compared to the diameter, depth, and pitch of the craters. We created patterns in TCPS
similar to those in the previously studied quartz substrates [48].
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Figure 3.12. Cross sectional profiles at the center-line of the ablated nanocraters (on the
polystyrene) depending on (a) pulse energies and (b) laser shot number with 3nJ using the x50
objective lens

Diameter Depth Height of margin FWHM of margin Laser power Number of Objective
(nm) (nm) (nm) (nm) (nJ) Laser pulses Lens
690 250 30 82 1.5 1 50x
1100 420 120 140 3 1 50x
1500 480 150 400 4.5 1 50x
1230 450 140 275 3 5 50x
1500 500 200 470 3 10 50x

Table 3.2. Dimensions of nanocraters for creating ablated patterns on polystyrene surface

3.4.1.2 Line ablated pattern on electrospun nanofibrous scaffold

Electrospun scaffolds are used extensively in tissue engineering applications due to
ECM-like microenvironment. However, one major limitation is the poor infiltration due
to dense fibers, small pore size. Small pore size of electrospun scaffolds results from the
dense network of fibers, and this hinders cell infiltration, reduces their use in replacing
large tissues that require ample vascularization and nutrient diffusion. The various
techniques to overcome limitations have been investigated, introducing the incorporation
of sacrificial fibers and porogens, modification of fiber diameter, and photopatterning
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processing by UV radiation treatment to increase pore size and overall porosity. Here, we
employ a femtosecond laser ablation method to create microscale groove (line) features
on electrospun PLLA/PEO and PLCL/PEO nanofibrous scaffolds. To characterize the
ablation of electrospun PLLA/PEO and PLCL/PEO scaffolds, the effects of varying laser
energy and pulse number on ablated pore size and depth, respectively, were examined.
Our plots show that the diameter of ablated pores increased linearly as laser energy
increased, and the resulting depth was linearly proportional to the pulse number. For
PLLA/PEO, with single laser pulse the average diameter of ablated pores increased from
about 30 to 110 um as the laser power before objective lens was increased from 8 to 96
wJ. And with a 18 pJ femtosecond laser, the average depths of ablated pores increased
from about 30 to 275 um as the number of pulses was increased from 1 to 9, with
complete through-holes achieved beyond 10 pulses. For PLCL/PEQO, with single laser
pulse the average diameter of ablated pores increased from about 20 to 40 um as the laser
power before objective lens was increased from 8 to 96 pJ. And with a 28 pJ
femtosecond laser, the average depths of ablated pores increased from about 23 to 125
um as the number of pulses was increased from 1 to 9, with complete through-holes
achieved beyond 10 pulses. And with a 49 puJ femtosecond laser, the average depths of
ablated pores increased from about 26 to 162 um as the number of pulses was increased
from 1 to 9. We demonstrated that the scaffold material could be removed controllably
layer by layer and that well-defined pore size and spacing could be easily produced in a
rapid format.

Our SEM visualization confirmed that femtosecond laser ablation of electrospun scaffold
resulted in minimal thermal stress and collateral damage. The PLLA/PEO and
PLCL/PEO fiber architecture, especially in regions immediately adjacent to the ablation
site, did not reveal molten morphology. The ablated scaffolds maintained an overall intact
fibrous structure and provided a more porous structure, not only because of the patterned
arrays of holes, but more importantly due to the relatively larger pore sizes on the post-
ablation edge compared to the pores on the scaffold surface. Thus, our findings suggest
that the process of femtosecond laser ablation can impart beneficial features in addition to
patterned holes to electrospun scaffolds in order to increase not only pore size and
improve bulk porosity but also to provide the path for cell infiltration between layers of
electrospun fibers.
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Figure 3.13. SEM image of the patterned craters on the electrospun nanofibrious scaffold
(PLLA/PEO and PLCL/PEQ) with single laser shot
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Figure 3.14. Relation between laser pulse energy and ablated pore diameter of the electrospun
nanofibrious scaffold (PLLA/PEO and PLCL/PEQ) and fitting line
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Figure 3.15. SEM image of the patterned craters on the electrospun nanofibrious scaffold
(PLCL/PEO) with multiple laser shot using x5 objective lens
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Figure 3.16. Relation between laser pulse number and ablated pore diameter of the electrospun
nanofibrious scaffold (PLLA/PEO and PLCL/PEO) with different laser pulse energy and fitting
lines
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Figure 3.17. SEM image of the ablated pattern with line pattern on the electrospun nanofibrious
scaffold (PLCL/PEO and PLLA/PEO) with different pulse energy (Left) and overlapped pulse
number (Right)
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Figure 3.18. SEM image of the ablated line pattern and cross-sectional on the electrospun
nanofibrious scaffold: (Left) PLCL/PEO, (Right) PLLA/PEO
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3.4.2 Interaction between nanoscale ablated pattern and cell

Features and spatial distribution of the nanoscale craters in quartz affected cell
adhesion, morphology, migration, and spatial organization. We observed cellular (NIH-
3T3 ; fibroblast cells) adhesion and spreading on isometric patterned surfaces with same
craters (1 pm in diameter, 350 nm in depth), and different nanocrater distribution (2, 4
and 8 um pitch). After cells were allowed time to migrate, areas of low pitch (2 and 4 pm)
exhibit smaller cell densities than larger pitched (8 pm) nanocrater surfaces or unablated
areas. Cells on the smaller pitched surfaces also appeared refractile and weakly attached.
Furthermore, the morphology and focal adhesion distribution of cells were also altered
depending on pattern pitch. Cells on surfaces with the smaller pitches had decreased and
less pronounced focal adhesions that were primarily distributed at either the leading or
trail edge of the cell (Figure 3.38). These cells also appeared to have a greater degree of
polarization and fewer multiaxial protrusions [48].

w/o\pattern /24 2um
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Figure 3.19. The nanocrater pattern spacing alters cell adhesion and morphology. Cells were
plated on the nanocrater-patterned quartz surfaces in serum-containing medium for 15 hours on
the pattern (1 pm in diameter, 350 nm in depth)

We further quantify and compare the repellant efficiency of the isometric patterns with a
constant (2 and 4 um pitched isometric pattern) and with a gradient spacing (from 2 to

4 um with constant increase). When cells were cultured on nanoscale topographical
patterns (800 nm in diameter and 300 nm in depth), they moved away from the patterned
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surfaces and migrated towards non-ablated areas, and forming line patterns of cell
clusters between the patterned areas. Our hypothesis is that the cells sensed the non-
ablated surface, they tended to migrate toward to non-ablated region for easiness for focal
adhesion [48].
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Figure 3.20. Time-lapse has-contrst images of NIH-3T3 cells cltured on isometric pitch (2
and 4 um) and a spacing gradient (from 2 to 4 um) pattern (800 nm in diameter, 300 nm in depth
nanocraters)

Due to the polymer-laser interaction, nanocraters in TCPS were surrounded by a lip,
which prevented the fabrication of pattern with pitches less than 2 pm. We prepared
patterned samples with isometric pitches of 2, 4, 6, and 8 um. On the 2 um spacing area,
a trend of cell migration is similar to the one on quartz was observed as cells migrated
away from the ablated region. In contrast, on the wider spacing pattern (4, 6 and 8 um)
area, there was no significant directional migration or repellent effect, which we attribute
to the increased roughness due to the lip and thereby enlarged available area for focal
adhesions [48].
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7350 pm
Figure 3.21. Time-lapse phase-contrast images of NIH-3T3 cells cultured on (a) isometric pitch
(2-4-6-8 um), and isometric pitch (2-2-2 um) patterns (on TCPS) (1100 nm in diameter, 420 nm
in depth nanocraters)

3.4.2.1 Normalized cell number density on the isometric pattern

The number of cells in a surface (160 pm x 2000 pm) was counted from three
independently repeated experiments. For every hour, we calculated the normalized cell
number (the number of currently residual cells / the number of initially attached cells).
Subsequently, ten or more cells, spatially isolated from each other, were randomly
selected for quantitative analysis. After 25 hours from the cell seeding, the normalized
cell numbers are 0.43+0.08 (mean of normalized value + SD) for 2 um spacing pattern,
0.45+0.10 for 4-pm spacing pattern and 0.25+0.03 for spacing-gradient pattern,
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respectively. Cells on the spacing gradient pattern shows higher tendency to migrate
toward to favorable region (non-ablated region) [48].
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Figure 3.22. A plot of normalized cell number (the number of currently residual cells / the
number of initially attached cells) on the quartz with time shows the repellent effect on the
isometric pattern (2 and 4-pum spacing) and spacing-gradient patterned area (from 2~4 um with
constant increase pitch)

Figure 3.23. A plot of normalized cell number (the number of currently residual cells /
the number of initially attached cells) shows the repellent effect of each pattern after 25h
from the cell seeding on TCPS ablated pattern. The pattern with 2 pm spacing, we could
see significant migration trend and generating the line pattern with cell colonies. In
contrast, cells on the 4-6-8 um spacing pattern, cells were adhering on the substrate and
spread, didn’t migrate. After 10 hours later of cell seeding, number of cell increased
dramatically. After 15 hours, the normalized cell numbers are 0.46+0.09 (normalized
value + SD) for 2-um spacing pattern, and keep increasing with time passage. Cells on
the 4-6-8-pm spacing pattern shows increase of normalized cell number (upto 1.35+0.06
after 20 hrs) with time, and cell migration trend is not distinguishable [48].
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Figure 3.23. A plot of normalized cell number (the number of currently residual cells / the
number of initially attached cells) on the polystyrene with time shows the repellent effect on the
isometric pattern (2-4-6-8um spacing).

3.4.3 Enhancement of directional migration on gradient pattern

We next prepared a different spacing-gradient pattern along x-y axis of nanoscale craters
in quartz, and observed cell morphology after adhesion, migration, and spatial
organization patterning. The spacing between nanocraters varied between 1 and 10 um,
and each patterned area with the same pitch was approximately 20~40-um wide [48].
Hence, attached cells can spread and sense the neighboring crater features with
differential pitch. The spacing-gradient pattern effectively guided cell migration and
created cell repellant interfaces. By spatially defining nanocrater patterns over a large
substrate area, cells migrated to avoid areas of the surface with high nanocrater density
(small pitch region). High densities of the nanocraters perturbed the coordination of
leading edge protrusion, cell body translocation, and trailing edge retraction during
migration. Cells on the small pitch regions therefore migrate to regions of the surface
where normal 2D coordination of these events can occur [48].
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Figure 3.24. Schematic diagram of full pattern design representing the pitch gradient. The spacing
between nanocraters varied between 1 and 10 um, and each patterned area with the same pitch
was approximately 20~40-um wide

On the gradient patterns, the cell-repelling effect was more pronounced. Since the
cells migrated towards larger pitch areas, (i.e. from the center to the periphery of the
gradient pattern), which provided the cells greater probability to contact the “nanocrater-
free” surface. Most of the cells on the gradient pattern migrated towards borders without
dramatically with time [48].

Figure 3.25 Time-lapse phase-contrast images of NIH-3T3 cells cultured on a gradient pattern as
shown Figure 3.24 (1,000 nm in diameter, 350 nm in depth nanocrater).
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For the anisotropic pattern, at the overlapped region, double laser pulse applied in the
same spot. To get the same shape of ablated pattern with single laser pulse, we had to
decrease the laser pulse energy. On the anisotropic patterns (1 pm in diameter and 350nm
in depth) with different aspect ratio, compare to the normal isometric pattern, the cell-
repelling effect was more pronounced. When cells were cultured on the different aspect
ratio pattern, they moved away from the patterned surfaces and migrated towards non-
ablated areas within shorter time than single laser shot pattern (aspect ratio = 1). Our
hypothesis is that anisotropic patterns enhance the directionality. To verify this, we took
the immunofluorescence image for visualization of focal adhesion, and calculated the
directionality relatively to direction of anisotropic pattern using nucleus image (DAPI).

Figure 3.26 Time-lapse phase-contrast images of NIH-3T3 cells cultured on an anisotropic
pattern (Aspect ratio = 3-5-7-9) (1,000 nm in diameter, 350 nm in depth nanocrater)

Same Surface Area index, we could see the similar trend on the cell adhesion. To
quantify the effect of anisotropy of pattern on migration, normalized cell number was
calculated. Comparison with isometric pattern (without anisotropy), cell migrate faster on
anisotropic pattern(AR=5) than dot pattern (AR=1).
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Figure 3.27. A plot of normalized cell number (the number of currently residual cells / the
number of initially attached cells) on the quartz with time shows the repellent effect on the
anisometric pattern (without in-between pattern) and pattern win in-between pattern (enhanced
and hindered pattern)

3.4.3.1 Effect of nanocrater morphology

To understand how the nanoscale interface affects cell patterning, we fabricated six
different nanoscale topographical (diameter and depth) patterns using 100x, 50x and 20x
objective lenses. At the early stage (within 1~2 hours after cell seeding) of cell spreading,
no significant migration was observed between patterned and the non-patterned surfaces.
However, they showed the different adhesion trend depending on the location of pattern
(i.e. different pitch of ablated pattern). Cells at the center of spacing-gradient patterns did
not spread compared to cells at the perimeter. Approximately 5 hours after cell seeding,
the cell density at the center of the pattern decreased, an observation that was most
pronounced for the larger diameter nanocraters (1000 nm in diameter and 350 nm in
depth). After 10 hours, cells clearly migrated from the highest density of nanocraters,
small pitch toward the lower density of nanocraters, creating a region on the surface that
repelled cell colonization. After 25 hours, the formed boundary lines of the repellent
region did not show significant changes. After this point, cells were spread on the
substrate, doesn’t not migrate. (Figure 3.25).

As aresult, the depth and diameter of nanocraters affected the area of the cell repellent
zone (Figure 3.28) : the area increased with larger craters and decreased with the smaller
features. Guided migration, and ultimately cell repellence, was not observed for the
smallest patterns of 500/45 nm in diameter/depth.

For quantitative analysis, we defined a non-adherent zone ratio (non-adhesion ratio)
representing the area of cell repelling zone (A,) to the total area of spacing-gradient
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patterns (A.). The non-adherent zone ratio decreased with decreasing depth and diameter.

Within nanocraters of constant diameter, the deeper craters had significantly greater areas
of the surface that repelled cells [48].

Non-adhesion ratio (AJA)

Figure 3.28. Effect of

nanocrater topographies (diameter and depth) on cell migration and
formation of a cell-repellent zone. (a) Phase-contrast images of cell migration 25 h after cell
seeding on spacing-gradient patterns with 6 different nanocrater dimensions (diameter nm/depth
unit [nm]) and (b) The non-adhesion ratio was defined as the area of repelling zone (Ay) / the

total area of patterned surface (Ay). The non-adherent zone ratio decreased with decreasing
nanocrater diameter and depth

On the polystyrene surface, the depth and diameter of nanocraters also affected the area
of the cell repellent zone (Figure 3.29) : the area increased with larger craters and
decreased with the smaller features. Guided migration, and ultimately cell repellence, was
not observed for the smallest patterns of 400/120 nm in diameter/depth. For quantitative
analysis, we defined a “non-adherent zone ratio” representing the area of cell repelling
zone (A,) to the total area of spacing-gradient patterns (A ;). The non-adherent zone ratio
decreased with decreasing depth and diameter (Figure 3.29 (s)). Within nanocraters of

bigger in diameter and deeper craters had significantly greater areas of the surface that
repelled cells [48].
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Figure 3.29. Time-lapse phase-contrast image of NIH-3T3 cells cultured on a patterned TCPS
depending on different ablated diameter and depth. (a-f) Cells on the patterned TCPS in media
containing 1100 nm / 450 nm (diameter / depth) (g-1) 690 nm / 250 nm. (m-r) 400 nm / 120 nm. (s)
Non-adhesion ratio (the area of repelling zone (Ay) / total area of patterned surface (Ar))
decreased. (*p< 0.05, **p< 0.01, ***p=<0.001, ****p<0.0001 (Kruskal- Wallis))

3.4.3.2 Quantification of ablated pattern density

To determine the effect of the nanocrater dimension on the cell repellant region of the
spacing-gradient patterns, we also defined a “Surface Area Index” (SAI) as the ratio of
crater area versus exposed surface area [48]

SAI = A
Ay — A + A

where area of a nanocrater opening (A.), area of a unit plane surface(A,) and surface area

inside of nanocrater (Ay). For calculation of surface area of inside of nanoscater, we
assumed that it’s shape is conical shape based on measured diameter and depth. Even
though its real shape is not conical shape, rather part of sphere, we used this assumption
for easiness of calculation. According to the result of previous section result, the
boundary line of the repelling zone resembles an arc. Along this arc, the ratios of planar
surface versus nanocraters area are constant, which shows that the repelling effect from
the nanocraters is independent of the distribution of the planar surface. However,
considering the depth effect, the SAIs at the repellent boundary depends on the depth of
the craters, suggesting a critical depth for the bottom of the crater to be inaccessible for
cellular interrogation. These observations support the hypothesis craters of a critical
depth, i.e. ~100 nm in this study, prevent cells from reaching the crater bottom to form
stable focal adhesions [48]. This result is consistent to the real experiment (Figure 3.28
and 3.29).
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Figure 3.30. (a) Cell repelling zone (red colored area) and boundary lines (black dashed lines) are
overlaid an image of the gradient pattern. The same Surface Area Index (SAI) applies to cells
along the boundary lines

0.25 -

—=— 1000 nm
= —e— 600 nm
ffs 0.20 -

%

()

2 0154

]

o

< 0.104

[<}]

e

‘g 0.05 -

n ————

0.00 —

v T v T v T v T T T T T J
0 50 100 150 200 250 300 350
Depth (um)

Figure 3.31. Calculation of surface area index for verification of nanocrater depth effect. Smaller
than 100 nm in depth, SAI increased sharply regardless of diameter
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3.4.4 Migration speed

From each image, identified cells were tracked and matched, and relative cell
displacement (d, and d,) between the matched centers of nucleus of cells were measured
for each time step. Migration trajectories was tracked (by connecting the positions of
single cells in time sequence during migration) in order to provide the time history of cell
migration. The initial position of each cell is assigned to a common origin. Experiments
were repeated 3-5 times independently for different patterns. From the measured
displacement and the applied time interval between successive two images used for
calculation (At = 5 min), migration vectors (V, and V) and migration speed (Spigration)
are calculated for each time step, and average values are calculated for the entire
migration periods [48]:

d
Ve=—2
At
d
=7
At
Smigration = V;cz + Vy2

The average cell migration angle (0. grqtion) 18 also calculated in similar way using the

_ |dy|
emigration = arctan d
|d,

The Omigration takes values between 0° and 90°.
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Figure 3.32. Migration speed on the ablated pattern of quartz

Regarding cell migration speed, cells on the spacing-gradient pattern showed
significantly higher migration speed compared to those on the non-ablated surface
(p<0.0001).

On the anisometric pattern, the cell migration speed was measured on substrate with
ablated pattern with different aspect ratio (AR=1-3-5-7). As a result, cells on the pattern
with aspect ratio shows the highest migration speed. Based on this, we choose 5 as an
aspect ratio for guiding pattern and in-between pattern for enhanced and hindered pattern.
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Figure 3.33. Migration speed on the different aspect ratio pattern

3.4.5 Persistent random walk model (Persistent time and distance)

Cell migration was examined by cell tracking and fitted using a persistence random walk
model. From each image, specific cells were tracked and matched, and relative cell
displacement (d, and d, ) between the matched nuclei centers of the cells were measured
for each time step. From the measured displacements, migration speeds were calculated
(Section 3.4.4). For the persistence random walk modeling, mean square displacement,
(d?), versus time increment was calculated by using the overlapping time interval sample
method and averaging all the squared displacements [48]:
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where x and y are the coordinates of each position, and N is the total number of time
intervals over the entire cell migration track. Persistent time (P) and random migration
coefficient () were obtained by fitting the mean squared displacement data acquired
from cell tracking experiments to the following theoretical equation[48, 50]:

(@2 () = Zn,u{t _p (1 - e—%)}

where n represents the number of dimensions (n = 2 in this study). Persistent time (P)
represents the average time length between drastic changes in the direction of the cell
migration. The random motility coefficient (@) is a quantitative measurement of random
migration of the cell population.

_ Smigrationzp
H= n

To reduce calculation error, the experimental data for time up to one third of the entire

time period of the cell migration were used. Because, the true path of cell migration

cannot be observed at longer time period.

For the calculation of persistence distances, it was defined by the migration length

exceeding 10-um before a cell changes direction significantly (over 70°). Furthermore, if

the migration distance was shorter than 2 pm between two successive images, that data

was neglected, and assumed as error.

Comparing the persistence time, cells on the non-ablated pattern shows longer persistence

time than cells on the gradient-spacing pattern. In contrast to this, persistent distance
wasn’t significant for the conditions tested.
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Figure 3.34. Persistent time and distance on the ablated pattern of quartz

Comparing the persistence time, cells on the anisotropic pattern with different aspect
ratio doesn’t show significant change for the condition tested. However, persistent
distance, cells on the anisotropic pattern with aspect ratio as 5, it shows the significantly
longest persistent distance than other pattern.
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Figure 3.35. Persistent time and distance on the of the anisotropic pattern of quartz

However, enhanced and hindered patterns show significantly different persistent time and
migration. Persistent distance of cells on the enhanced pattern is higher than that of
hindered pattern. In contrast to this, persistence time of cells on the hinder pattern is
higher than that of enhance pattern. Based on this, we could see the effects of in-between
pattern type.
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Figure 3.36. Persistent time and distance of the different aspect ratio in-between pattern for
enhanced and hindered pattern

Hence, the anisotropic pattern shape (direction of in-between pattern) is also critical
factor for persistent migration. If direction of in-between pattern is perpendicular to guide
pattern, that reduce the persistent migration. In contrast, direction of in-between pattern is
parallel to the guide pattern, it enhances the persistent migration. Comparing the
persistent distance and time, it shows the higher persistent migration speed on the
enhanced pattern that that of hindered pattern.
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3.4.6 Directionality calculation

To calculate directionality of the cell migration, we took the symmetry of the patterns
into account. On the ablated pattern, we defined the center featuring 1 um spacing as the
origin (0, 0) of a Cartesian coordinate system with X- and Y-axis through the symmetry
axis of the pattern. Four quadrants are created featuring bilateral symmetry. In other
words, if a cell moves from the center to the left-up in the 2™ quadrant, it has the same
migration properties as a cell moving from the center to the right-up in the 1* quadrant, to
left-down in the 3™ quadrant and right-down in 4™ quadrant. Within each quadrant, there
is an additional symmetry about the |y|=|x| axis. Hence, we can map the entire pattern on
the region between the positive Y-axis and the y=x axis, and this defined as the unit
region. To calculate and characterize the persistent migration (persistent time and
distance) mapped on this unit region, two position mappings were necessary: First, we
replaced the position data with their respective absolute values thereby flipping all
quadrants onto the 1st quadrant. Second, we mirrored the resulting position data along the
ly|=|x| axis. Considering the whole cell migration, this is composed of persistent and non-
persistent migration segments. To calculate directionality of cell, we differentiated
between persistent and non-persistent migration, and only considered the persistent
motion. By assigning the starting point of the persistent migration segment to the origin
(0, 0), we obtained directionality metrics such as the angle between X-axis and persistent
migration distance. By normalizing the occurrence frequency of each angle with the total
number of persistent segments, we then obtained the angular frequency. The angular
graph for gradient ablated patterned interfaces shows a higher frequency of migration
direction at 45¢ + 15. However, the angular graph shows no preferential migration
directionality on non-ablated regions [48].

90

0.25

Figure 3.37. The angular gréph for hanocrater-pattemed interfaces shows a higher frequency of
migration direction (a)gradient ablated region (b)unablated region
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3.4.7 Characterization of cytoskeleton structure

3.4.7.1 Focal adhesion analysis

Vinculin is a focal adhesion protein recruited slightly after initiations of focal adhesion
formation. To measure and calculate the focal adhesion size, we used the vinculin
fluorescent image using ImagelJ. First of all, background fluorescence was removed by
subtracting background with a 4 pixel rolling ball radius. Only cells completely on
patterns at the time of fixation were used for measurements. Kruskal-Wallis tests were
performed for statistical analysis.

Over-expression of the first 405 amino acid sequence of the globular N- terminus of
Talin-1 was accomplished using the Lonza Nucleofector 2B. GFP/Talin- 1(1-405)
plasmids described by Bouaouina and others include the entire FERM domain and were
shown to over-activate the 5 1 and 5 3 integrins in transfected cells. For each transfection,
approximately 10 million cells were suspended in 100 of Nucleofector 2 Solution R with
8 of plasmid and transfected using program U-030. Immediately after transfection, 500 of
Dulbecco’s Modified Eagle Medium (ATCC) supplemented with 10% Fetal bovine
serum (ATCC) was added to the cell solution. The sample was then incubated at 37 © for
15 minutes. Cells were gently transferred into culture flasks and seeded at ~90%
confluency in normal growth medium. After 24 hours, transfected cells were sorted using
flow cytometry for GFP fluorescence. Cells were seeded on patterned samples 48 hours
after transfection. Focal adhesions of the cells located on small pitch area or near the
nanocraters look nascent, while elongated and mature focal adhesions were observed on
non-ablated controls [48].

w/o pattern

4 um pitch P

Figure 3.38. Immunofluorescence images of fibroblast cultured on patterned quartz surfaces with
craters (1pm in diameter, 350 nm in depth) and un-patterned surface 2-4-6-um isometric spacing
with inverted DIC (scale bar : 10um)
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The nanocraters distort the focal adhesions formation. The cells were plated on the
patterned surfaces in serum-containing medium for 1 hour. Depending on pattern pitch,
cells reveal different morphology and focal adhesion distribution, where cells on surfaces
with the lowest pitch have smaller and less pronounced focal adhesions that are primarily
distributed at the leading and trailing edges of cells. Focal adhesions located on low pitch
area or near nanocraters look nascent while larger and mature focal adhesions were
located in on the planar “pitch” of the nanocraters. In contrast, focal adhesions of the
cells on flat surfaces were scattered throughout the cell body [48].

Figure 3.39. Focal-adhesion size distribution correlates with migration descriptors
Immunofluorescence image of cells on a spacing-gradient pattern coated with fibronectin fixed 1
h after seeding. Blue inset showing small focal adhesions imaged through vinculin staining. On
un-ablated control substrates, cells are able to form large focal adhesions. F-actin in green;
vinculin in red; DAPI in blue (scale bar : 10um)

We quantified focal adhesion maturity by the measurement of focal adhesion size, which
moderately predicts cell speed and persistence. Cells were seeded on both gradient and
isometric patterns with 2, 4, 6, and 8 um spacing. After 1 hour of cell seeding, cells were
able to form focal adhesions and spread on all patterns. In contrast, focal adhesion area of
2-pum (p<0.05) and 4 pm (p<0.0001) spacing patterns was significantly smaller. This is
consistent of non-adhesion experiment of isometric pattern. As a result, formation of
focal adhesion is important factor for cell migration. Mature focal adhesion formation of
cells on non-ablated pattern doesn’t induce the cell migration. In contrast, immature focal
adhesion formation enhances the directional migration from ablated pattern toward non-
ablated pattern [48].
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Figure 3.40. Focal-adhesion interquartile distributions on 4 um and 2 um isometrically spaced
patterns were significantly different from the unablated control, but 8 um and 6 um patterns
showed focal adhesion distributions similar to control samples. Cells were fixed after 1 h seeding.
(NS: p>0.05,*p<0.05, %% p <0.01, #** p<0.001, **x* p <0.0001 (Kruskal-Wallis))

To investigate cell behavior on the patterned TCPS, we again used immunofluorescence
staining of vinculin to characterize focal adhesion size on isometric patterns. Focal
adhesions located on 2 um pitch isometric pattern were distributed at the leading and
trailing edges of cells, and appeared less mature compare to those on larger pitch patterns.
These results are similar to quartz surfaces result, but the 2 pm pitch patterns on TCPS
seem more mature, which we attribute to surface topography of a rim formed during laser
ablation [48].
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Figure 3.41. Immunofluorescence image of fibroblasts on ablated pattern of TCPS. (a)
Immunofluorescence image of fibroblasts on isometric pitch (2 um) patterns of TCPS. (b)Red
inset from a showing focal adhesion distribution imaged through vinculin staining. (c-e)
Immunofluorescence image of cells on different isometric pitch 4, 6 and 8 pm pitch pattern
respectively. Distribution of focal adhesion on these patterns doesn’t show significant
directionality. F-actin in green; vinculin in red; DAPI in blue

Anisotropic patterns exhibit distinguishable focal adhesion formation, aligned parallel to
the pattern. This focal adhesion distribution also effects on the cell migration and
directionality. By reconfiguration of the cytoskeleton, the fibroblast cell nuclei also
reoriented along the pattern direction. Quantification of nucleus direction in respect to
pattern will be shown in the next section.

~y S

Figure 3.42. Immunofluorescence image of fibroblasts on ablated pattern of anisotropic pattern
(AR=5). Cell aligned along the anisotropic pattern direction. Distribution of focal adhesion on
these patterns show significant directionality. F- actin in green, Vinculin in red, DAPI in blue

3.4.7.2 Nucleus directional alignment analysis

To compare the alignment of cell on the isometric and anisometric patterns, we compare
the nucleus alignment on each pattern. We set the axis of anisotropic pattern as reference
axis (0°). For the calculation, we used the homemade MATLAB code for the image
process. To obtain the outline of nucleus, we read the only blue data from
immunofluorescence image. Using the fitted ellipsoidal shape, it is possible to determine
the major axis and calculate the angle between the major axis of DAPI and the reference
axis. According to this analysis, we can see that anisotropic pattern also enhance the focal
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adhesion distribution, and also effect on the cell migration. We conclude that ablated
pattern affect the focal adhesion distribution and direction, as well as the cell alignment
along the axis of ablated pattern direction. Combining the results (persistence distance,
time, immunostaining and nucleus directional alignment), indicates that cells on the
‘Enhanced’ pattern enhance the directional & persistent migration.

DAPI image After image-processing
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Figure 3.43. Calculation of nucleus direction with respect to major axis of anisometric pattern on
the different type of anisometric pattern (w/o in-between, enhance and hinder pattern)

3.4.7.3 Talin overexpression (on the isometric pattern)

To test if integrin activation could re-stabilize focal adhesion formation disrupted by
patterned nanocraters, cells were transfected with DNA plasmids encoded with Talin-
1(405)/GFP. Talin is a focal adhesion protein that regulates integrin affinity for ligands in
the ECM during cell adhesion, migration, and assembly. The first 405 N-terminal amino
acids of Talin-1 are sufficient to activate both the o, and a,f3, integrins. Cells
overexpressing Talin-1(405) are capable of forming stable and mature focal adhesions
with a smaller adhesive pad area compared to wild type cells through Talin’s ability to
increase integrin affinity for adhesion ligand. Cells transfected with Talin-1(405)/GFP
overcame the 4-pum pattern disruption and exhibited focal adhesion size distributions
similar to unpatterned control samples. Most important, the Talin-1(405) transfected cells
on a spacing-gradient pattern do not show any directional migration, and have larger
focal adhesion areas compared to their respective wild type controls, suggesting cell
patterning is critically dependent on cell migration [48].
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Figure 3.44. Time-lapse phase-contrast images of Talin-1(405) transfected NIH-3T3 cells
cultured on the gradient pattern on the quartz with nanocraters (1 pm in diameter and 350 nm in
depth)

w/o pattern 4 um pitch

Figure 3.45. Talin-1(405) transfection enhance focal adhesion maturation. Immunofluorescence
images of fibroblasts transfected with Talin-1(405) cultured on isometric patterned surfaces
(quartz) with nanocraters of 1 pm in diameter and 350 nm in depth. (Scale bar : 10 pm)
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Transfection with Talin-1(405) plasmids increased over focal adhesion formation
throughout the cell body. Cells on patterns have focal adhesions concentrated in the
leading and trailing edges that are much larger and mature in size than in wild type cells.
Hence, focal adhesion formation (mature & immature) is critical factor for cell migration
on nanocrater pattern [48].

1.5+ *kkk
ns
P ns
£
© 1.04
c
o
»n *
o £
%3 0.54 Jede ek
©
3
3 —
“ 00 N : —— . :
(,\\.\o b‘\}@ %Q@ &&0 b&@ Q@
OO $& $& (o) .(\x .Qx
\$« «{b'\\(\x ,\Q}\ '\'b\\

Isometric spacing

Figure 3.46. Talin-1(405) transfected cells showed significantly larger focal adhesion area
compared to wild type cells. The cells were fixed 1 hour after seeding. Control surfaces were
unpatterned (ns = p>0.05,*p< 0.05,**p< 0.01, ***p<0.001, ****p<0.0001 (Kruskal- Wallis)).

3.4.7.4 Blebbistatin

To explore the effect of cell migration on cell patterning in more detail, cells were treated
with the small molecule inhibitor (blebbistatin), which has high affinity to myosin I and
hinders binding of myosin II to actin. To prevent cell spreading while still allowing
adhesion, we treated the cells with blebbistatin. This interference of binding results in
inhibition of myosin II contractility and cell migration. In the blebbistatin treated sample,
dendritic extensions appeared with deficient stress fibers and focal adhesions, resulting in
lower cell motility, and directionality was not observed [48]. Cells seeded on the quartz
patterns and treated with 50uM blebbistatin developed dendritic extensions with deficient
stress fibers and focal adhesions but did not migrate. They adhered and remained at one
position without significant movement (migration speed = 0). Hence, distinct physical
data such as migration speed, motility coefficient (= 0), persistent time (= infinite) and
persistent distance (= 0) were non-existent. This finding confirms that the observed cell
repellant effect is indeed due to migration and not to adhesion [48].
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Figure 3.47. Time-lapse phase-contrast images of NIH-3T3 cells cultured on the gradient patterns
(quartz) in medium containing 50 uM Blebbistatin. Directional migration was not observed
(1,000 nm in diameter, 350 nm in depth nanocrater)

Figure 3.48. (a) Immunofluorescence image of fibroblasts on isometric pitch (2 um) pattern of
quartz in medium containing 50 uM Blebbistatin. (b) Immunofluorescence image of fibroblasts
on spacing-gradient pattern of quartz in medium containing 50 uM Blebbistatin. The dendric
extensions appeared with deficient stress cytoskeletal fibers and focal adhesions. F-actin in green,
Vinculin in red, DAPI in blue (scale bar : 20 um)
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Figure 3.49. Time-lapse phase-contrast images of NIH-3T3 cells cultured on the gradient patterns
(TCPS) in medium containing 50 uM Blebbistatin. Directional migration was not observed (1,000
nm in diameter, 350 nm in depth nanocrater)

Figure 3.50. (a) Immunofluorescence image of fibroblasts on isometric pitch (2 um) pattern of
TCPS in medium containing 50 pM Blebbistatin. (b) Immunofluorescence image of fibroblasts
on spacing-gradient pattern of quartz in medium containing 50 uM Blebbistatin. The dendric
extensions appeared with deficient stress cytoskeletal fibers and focal adhesions. F-actin in green,
Vinculin in red, DAPI in blue (scale bar : 20 um)
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3.4.8 Characterization of protein adsorption

To characterize the protein adsorption to quartz and TCPS surfaces, we performed quartz
crystal microbalance with dissipation monitoring (QCM-D) experiments. The protein
adsorption studies to quartz and TCPS surfaces (oxidized polystyrene) did not show
significant differences in the absorption kinetics or total mass for protein (fibronectin)
[48]. Protein adsorption at interfaces is influenced by the surface chemistry of the
material. In order to further characterize the adsorption kinetics of fibronectin on both
surfaces, we performed QCM-D measurements using SiO; and O, plasma-treated
Polystyrene (oPS) sensors. Both surfaces yielded comparable results regarding frequency
shifts after 50min incubation indicating a similar mass of fibronectin on both surfaces.
The Af values on the SiO, surfaces were 30 Hz, and adsorption to oPS resulted in a shift
of 29.5 Hz [48].

3.4.9 Functionalization of surface on ablated pattern

To see the change of migration trend on the different chemical different concentration of
environment, we applied the RGD peptide sequence concentration. Haptotaxis is the
other example of directional migration controlled by surface density and distribution of
ECM proteins[115-118]. When cells adhere to substrates, primary sites are focal
adhesions that link the ECM to cytoskeletons via membrane-bound receptors. The focal
adhesions are known to be capable of providing strong cell adhesion to the ECM and are
regions of signal transduction regulating cell growth. The adhesion forces have a
significant influence on motility. Initial cell-substratum attachment strength is a central
variable governing cell migration speed and maximal speed can be obtained by cells
moving on surfaces offering intermediate attachment strength. The gradient adhesion
force due to the gradient of surface density of ECM proteins can regulate directional cell
migration and specifically from the area of low-density to high-density of the ECM.

3.4.9.1 Migration speed

To figure the relationship between RGD peptide concentration (ligand density) and
migration speed out, we made ablated pattern with same morphology (1um in diameter
and 350nm in depth), different spacing. After processing we coated the surface with
different concentration of RGD-peptide sequence. For the consistence of experiment, we
assumed the depth of nanocrater is enough deep that cell cannot sense the RGD peptide
sequence at the bottom of crater.

Based on the result, cells migrate faster on the pattern with low ligand density (smaller
pitch), and at higher RGD concentration they won’t migrate with high speed. This result
is consistent to that of on quartz and TCPS.
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Figure 3.51. Migration speed on the substrate which coated different ligand density

3.4.9.2 Persistent random walk model (Persistent time and distance)

For calculation of persistence distance, it doesn’t show significant differences by RGD-
peptide concentration. However, persistence time of cells on ligand density with 1000
pmol/cm® show higher.

30 = Persistent distance (um)
Fitting line

Persistent distance (um)

16 4

0 ' 10'00 ' 20l00 ' 30'00 ' 40'00
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Figure 3.52. Persistent distance on the substrate which coated different ligand density
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Figure 3.53. Persistent time on the substrate which coated different ligand density

Figure 3.54. Time-lapse phase-contrast image of NIH-3T3 cells cultured on a patterned quartz
coated 1000pmol/cm” with 1100 nm / 450 nm (diameter / depth).

However, it is hard to conclude that certain ligand density affects migration significantly.
We expect that RGD-peptide sequences are filled into nanocrater with some thickness. In
other words, there are not significant differences between the ablated and non-ablated
patterns. For verification of RGD-peptide distribution on the pattern, we need additional
tools such as very sensitive AFM with high resolution etc.
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3.4.9.3 Directionality

On this result, we could not see the specific trend of migration on the different
concentration of RGD peptide. Hence, comparing the effect of ablated pattern and ligand
density, biophysical impact such as focal adhesion distribution is more effective for
directional, and persistent migration.

3.4.9.4 Talin overexpression
Similar to the result of fibronectin-coated surface, it is hard to observe distinguishable
migration of Talin transfected cells.

3.4.9.5 Blebbistatin
Similar to the result of fibronectin-coated surface, it is also hard to observe significant
migration with blebbistatin treatment.

3.4.10 Enhancement of cell infiltration into electrospun fiber
with ablated pattern

In order to better characterize the biological response to the microscale hole features, we
demonstrated through our rat subcutaneous cell infiltration model that effective cell
infiltration into electrospun scaffolds in vivo could be achieved and significantly
enhanced by utilizing a femtosecond laser system to create desired ablations and increase
scaffold porosity. We observed a noticeable increase in endothelial cell ingrowth of the
ablated scaffolds. In a study aimed at elucidating the effects of pore size on tissue
response to porous biomaterials[49]. Tightly controlled pore size promoted vascular
ingrowth in which the degree of intra-matrix vascularization increased with decreasing
pore size. However, as shown in CD31" staining indicated endothelial cell infiltration
within the ablated holes after 1 week in vivo. In addition, the extent of endothelial cell
ingrowth with respect to increased CD31" staining within the holes of the ablated
scaffolds was more prominent after 2 weeks in vivo. This is suggestive of angiogenesis as
endothelial cells were able to migrate into the holes and sprout new blood vessels. In
contrast, regions without ablations, such as the spacing between adjacent holes as well as
the control scaffold, showed no signs of endothelial cells within the scaffolds; instead, the
distribution of CD31" staining was concentrated mainly in the surrounding tissue. These
findings concur with previous studies that specifically engineered pore size is
proangiogenic and can potentially induce more vascularization, although additional
studies need to be conducted to investigate and better understand the process. Thus,
because this approach can be extended not only to various polymers that may have
different effects on inflammatory responses but also combined with other techniques such
as the incorporation of sacrificial fibers in composite scaffolds, the appropriate selection
of polymers or matrix proteins for fabricating electrospun scaffolds is important and
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needs to be customized for various tissue-engineering and regenerative medicine
applications.

Cell infiltration was significantly higher in the scaffold regions of ablated scaffolds
compared to the control scaffold. We speculate that the ablations facilitated overall cell
infiltration as the cells were able to better migrate through the ablated holes and infiltrate
between layers of electrospun fibers into the scaffold from the post-ablation edges rather
than from the relatively less porous surface.

Figure 3.55. in vivo tissue response to channel at 2 weeks later after implantation

Figure 3.56. Enhancement of direct angiogenesis into scaffold. CD31" staining indicated
endothelial cell ingrowth into the ablated channels (scalebar = 100 micron)
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3.4.11 Resonance frequency change on microscale resonator

Femtosecond laser direct writing technique can be used for passive modification of
micro-/nano-scale structure. For example, it can be used for frequency offset tuning in
micromechanical resonators. Laser trimming is rather common in IC manufacturing, but
micro- mechanical resonators are considerably more delicate and complicated than metal
resistors. An advantage of laser trimming system is that it can be predictable and
compatible with full automation. Here, we show that trimming locations can be selected
using an FEM model to achieve a desired trim increment and that the Al top metallization
can be removed via femtosecond laser without damaging the underlying AIN.

Width-Extensional mode piezoelectric AIN Resonators (WXR) were designed and
fabricated. The resonator consists of a rectangular plate supported by two anchor beams
attached at the sides. An array of interdigitated electrodes is used to excite two-
dimensional plate acoustic waves within the thin piezoelectric layer.

Top : Al electrode
AIN

Bottom
Al electrode

Bottom oxide

100 nm 40 nm

Figure 3.57. Schematic of WXR (Top Al (150 nm thickness) / AIN (750 nm thickness) / Bottom
Al (100 nm thickness) / Bottom oxide (40 nm thickness)) and the direction in which acoustic
wave travels

For this experiment, only Top Al layer should be ablated without damage of AIN layer.
To optimize the laser condition, we did parametric study, found the optimal condition. To
verify and characterize the ablated pattern, we took the SEM. This ablation process by
femtosecond laser can eliminate interference by the ejecta, minimizing thermal effects
occurring within the short pulse duration (~100fs), reducing the thermal stress and
damage to the piezoelectric layer during the trimming process. Trimming was conducted
using an automated system with computer control over stage motion and laser pulse
firing. We applied 12.7nJ laser pulse energy with a long working-distance 50x objective

72



lens (Mitutoyo M Plan Apo, NA= 0.55) at the frequency double wavelength of 400nm,
producing a 1.5um diameter trim spot.

Figure 3.58. (a) Ablated pattern with same spacing (3.8 um). (b) Ablation of top Al layer without
damage of AIN layer. (c) AIN layer damaged pattern with high laser fluence. (d) Side view of
damaged pattern (c)

Figure 3.61 shows the trimming pattern and the FEM model used to estimate the
frequency shift. SEM images of a trimmed resonator, demonstrating removal of the Al
layer without damage to the AIN. The FEM model predicts that both positive/negative
frequency shifts can be achieved and the frequency shift varies sinusoidal depending on
the ratio of the trimmed width to the electrode width (x/W,). The origin of this effect is
that the trimmed area changes both the local mass and stiffness. If the ratio x /W, is less
than 0.4, the mass reduction dominates over stiffness reduction and Af /f > 0. In
contrast to this, x /W, < 0, the stiffness reduction dominates and Af /f < 0. Frequency
shift also highly depends on the mode shape and trimming has maximum effect where the
displacement field is largest (electrodes edges).
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Figure 3.59. (a) WXR trimming pattern and cross-section of WXR which showing the trim
pattern. (b) FEM model of WXR mode-shape showing the displacement field. (c¢) Optical
microscope and SEM images of trimmed resonator
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Figure 3.60. FEM prediction of frequency shift from trimming as the normalized trim length
(X/We) is varied for WXR’s with different acoustic wavelength (L)

As aresult, WXR resonance frequency peak shift occur after laser trimming (Figure 3.62).
The measured frequency peak is 750 ppm.
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Figure 3.61. WXR frequency peak shift before and after laser trimming. The measured frequency
shift is 750 ppm.

Figure 3.62 shows the measured frequency of a number of similar WXRs with same
acoustic wavelength A=22um trimmed at two ratios: x/W,= 0.2and 0.8. The experimental
results are consistent with the FEM model. It is observed that when the trimming ratio
(x/W,) is fixed but the trimmed length is varied, the frequency shift is linearly related to
the trim length.
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Figure 3.62. The measured frequencies of several WXRs (A=22um) trimmed at fixed x/W,= 0.2
and 0.8.
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Figure 3.63. The frequency versus the trimmed mass at fixed trimming ratio (x/W,= 0.8)

In conclusion, the results demonstrate laser trimming can remove Al metallization from
the surface of AIN resonators to produce a predictable frequency trim increment.
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3.5 Conclusion and outlook

Our results suggest that nanocrater patterns can be effectively designed and fabricated to
generate cell repellant interfaces and induce guided cell migration into a desired shape
(i.e. line or arc) or area. The ablated patterns with spacing gradient can provide stable and
external stimuli to cells in order to control their adhesion and migration. And it can be
easily fabricated compared to other gradient stimuli platforms for directional cell
migration. We could exploit the induced migration phenomenon to demonstrate the
formation of cell colonies of different shapes. The nanocrater patterning by FS-LDW
(femtosecond laser ablation lithography technique)nanofabrication technique is of general
applicability and amenable to fabrication on any biomaterial such as glass, ceramics,
metals, and polymers, and even onto complex geometries under ambient processing
conditions. Topographical nanocrater patterns are used to direct cell migration. Varying
dimensions of nanocrater patterns were examined for effective cell migration and applied
mechanical forces. The cells on the spacing gradient nanocrater array move towards area
of lower ratio of texture versus plane (lower surface area of nanopits in a unit patterned
surface). We conclude that the cell repellant effect is dependent on disrupting focal
adhesion maturation, and this observation is robust and generic, but can be influenced by
the surface topography surrounding the nanocraters. We anticipate our findings will be
useful for surface patterning of biomaterials, controlling tissue formation with desired
shapes or patterns, and understanding fundamental mechanisms of cell migration and
sensing.

Guided cell migration also affected by chemically and topographically patterned surface
in nanometer length scale was demonstrated. Ligand concentration is required chemicals
for cell to adhere on the substrate. After ablated pattern fabrication, we coated the RGD
peptide sequence to induce the chemical concentration gradient due to the topography of
pattern. However, it is hard to observe the significant difference of cell migration on
those pattern. To verify the effect of chemical gradient, additional experiment and
characterization process be needed.

Moreover, porosity is a critical issue that must be addressed when utilizing electrospun
fibrous structure as tissue-engineered nanofibrous scaffolds. Here, we demonstrate that
FS lasers can be used to ablate electrospun scaffolds while preserving their overall
structural integrity and effectively improving cell infiltration. Femtosecond lasers allow
better control of laser power than nanosecond lasers and avoid fiber melting and
consequently blockage of the porous structure. The diameter of the holes increases
linearly with the laser energy, and the depth of the holes increases linearly with the
number of laser pulses. In addition to their effects on cell morphology in vitro,
electrospun PLLA/PEO scaffolds with femtosecond laser ablated holes of varying size
and density exhibit significantly better endothelial cell ingrowth and macrophage
infiltration compared to the control scaffold in vivo.

Ablation technique also can be applied to removal of structure on the MEMS structure.
For the precise tuning of frequency of AIN resonator, only Al top electrode material is
removed without removal of deformation of AIN piezoelectric layer beneath.
Femtosecond laser direct writing is a good method for this purpose. Optimal conditions
(i.e. pulse duration (~100fs), in 12.7 nJ per pulse), could be identified, minimizing
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thermal effects. Frequency tuning of AIN piezoelectric resonators is demonstrated in
steps as small as 400 ppm over a range of -3000 to 1500 ppm using a femtosecond laser
trimming. An FEM model is used to identify the required locations for laser trimming to
attain a desired shift in frequency, with the frequency increment proportional to the
resonator’s velocity at the trim location. On experiments, frequency change of up to 3000
ppm is measured for resonators with 275 MHz central frequency.
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Chapter 4 Fast 3D High Aspect Ratio
Structure Fabrication by Femtoseond
Laser Direct Writing (Two-photon
polymerization)

4.1 Introduction

Effective treatments for numerous cardiovascular diseases are in great demand. However,
one biggest challenge is the lack of an established in vitro cardiac tissue model which
would be useful for testing potential medical treatment. Although genetics play a critical
role in cardiac disease, non-genetic issue such as stress, forces[119, 120] and paracrine
factors normally experienced in the heart, or changes in those cues in the setting of drugs
or disease also makes an important contribution to cardiac pathology. Therefore,
developing a “patient-/disease-specific” 3D cardiac disease would be a significant
advancement for understanding the cardiac disease mechanism with medical treatment or
external stimulus in vitro. Native myocardial tissues [121-123] are organized and aligned
into parallel cardiac muscle fibers with aligned intracellular contractile myofibrils. And
gap junction complexes between contacting cardiomyocytes (CMs) are important for
integrated electrical, chemical signal generation and mechanical properties of heart. Cells
are surrounded by a 3D organization of supporting matrix[51, 124-126] in the natural
tissue environment and neighboring cells with gradients of electrical, chemical and
mechanical signals. Creating and forming a multi-cellular architecture with a highly
controlled cellular environment, it makes it possible to fabricate or standardize in vitro
models. Controlling the modulation of various parameters (e.g., cellular composition,
environmental factors) are amenable to drug screening (i.e. toxicity testing). In vivo CMs
polarize their intracellular structure for contraction, and align with neighboring cells to
facilitate the rapid spread of electrical activation. Hence, this alignment increases the
contraction force. However, due to the difficulty of replicating such 3D aligned tissue
microenvironments in vitro, cardiovascular pharmacology studies are particularly
challenging. And this may result in false readouts. The limitations of existing 2D cell
culture on the TCPS practices have therefore provided an impetus for the development of
alternative cell-based in vitro models that better mimic the complex cardiac cellular
architectures and functions of living hearts[126-128].

However, previous strategies for generating aligned 3D cardiac tissue relied on the
implementation of mechanical loading by pairs of cantilever posts to stretch 3D matrices
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with mixture between collagen I, fibrinogen[28, 126, 129] and CMs. By loading fibrin-
based hydrogels mixed with CMs onto microfabricated polydimethylsiloxane (PDMS)
cantilever post [130, 131], others have created a 3D cardiac tissue with aligned structure;
however, these animal-derived ECM based-scaffolds suffer from vial-to-vial variability,
inhomogeneous structure, inconsistent reproducibility and non-precise control over
essential scaffold parameters. Electrospun 3D fibrous scaffolds with aligned nanofibers
using synthetic polymers to structurally mimic the orientation of ECM in the
myocardium[132-136], which helped CMs self-organize into an anisotropic structure.
However, the electrospinning method results in small size (nanoscale) and uncontrollable
porosity cannot allow immediate cell infiltration into the matrix to create a 3D cardiac
cellular structure.

In order to systematically study stem cell behavior (i.e. hiPS) in a 3D environment, more
advanced fabrication methods are needed to produce scaffolds with accurately defined
mechanical/physical and micro-/nanoscale properties. Two-photon polymerization (2PP),
which is a laser direct writing based on the multiphoton absorption, can be polymerize
and cure the photo-curable material only near the laser focal volume, enabling arbitrary
3D structures fabrication with spatial resolution approximately 100 nm [67, 69, 137, 138].
We created a cardiac tissue model using precisely controlled 3D fibrous structure that
allowed for self-assembly and dynamic remodeling of CMs. Using 2PP, we created
different filamentous matrices by fabricating synthetic parallel fibers with different fiber
thickness (i.e., 5 um and 10 um) [51] and spacing. Because of their elastic modulus, the
thicker fibers (10 um) have a higher mechanical resistance to cardiac tissue contraction
than do the thinner fibers (5 um). We grew wild-type hiPS-CMs (WT hiPS-CMs),
transcription activator-like effector nuclease (TALEN)-engineered isogenic hiPS-CMs
with Ca*" reporter (GCaMP6f hiPS-CMs), and isogenic hiPS-CMs with loss-of-function
cardiac isoform of myosin binding protein C (MYBPC3 hiPS-CMs) on the filamentous
matrices to form anisotropic cardiac microtissues. Wildtype cardiac microtissues (WT
hiPS-CMs) were able to adapt their contraction velocity, force and calcium ion flux to the
alternations of mechanical resistance to the cardiac microtissues. MYBPC3 hiPS-CM
microtissues exhibited significantly lower contraction forces compared to WT hiPS-CMs
microtissues only when grown on the higher mechanical resistance matrices. Furthermore,
low mechanical resistance microenvironment (i.e. thinner fibrous matrices) directed
MYBPC3 cardiac microtissues to acquire a hypo-contractile phenotype that is an early
sign of hypertrophic cardiomyopathy, whereas high mechanical resistance
microenvironment directed MYBPC cardiac microtissues to manifest a cardiac failure
phenotype with impaired cardiac output. This suggested that tissue’s mechanical
microenvironment facilitated the modeling of contraction deficits associated with
MYBPC3 knockout (KO).
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4.2 Laser-based polymerization technique for fiber
fabrication

4.2.1 Nonlinear propagation

The system of Maxwell’s equations constitutes the basis for the theory of electromagnetic
fields and waves as well as their interactions with materials [66].

ﬁ oH
VXE = —U E

VxH =]+ME
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where ¢ is electric permittivity, E is electric dipole moment, u is magnetic permeability,
Uo 1s magnetic permeability in the vacuum, H is magnetic field, J is free current density
vector, D is electrical displacement vector, p is charge density, B is magnetic induction

field and P is polarization vector.
Recalling vector identity equations and operations, we can get a wave equation:
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In the linear regime when the electric field strength is small, the polarization is linearly
related to the electric field by

P(6) = xWeoE(®)
x @ is the electric susceptibility and those equations can be simplified as
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where ngis the index of refraction (linear), defined as

no == /1+X(1)

However, at high field strength, the relations between P and E described above are no
longer valid. The nonlinear dependence of the polarization on the applied electric field
can be described as

P = go[xWE + yPEE + y®EEE + - |

The light absorption rate of a material is described by the susceptibility y ™. The greater
the susceptibility, the greater is the ability of a material to polarize in an electric field and
reduce the field inside the material by absorbing energy from it. The length of the

material polarization P can be written as
P — X(l)E +X(2)E2 +X(3)E3 +X(4’)E4’ +X(5)E5 + .-

where y( is linear susceptibility, and ¥y ® and y® is second and third order
susceptibilities. Simultaneous absorption of two photons is a resonant process and in
those processes the terms y®, ¥, and higher order y ™ can be neglected

4.2.1.1 Nonlinear index refraction

When the high intensity laser pulses propagate through a material, the linear
approximation of the polarization and the electric field is not valid, thus, resulting index
of refraction (real part) can be derived as [66]

n= \[1 +X(1) +ZX(3)E2
where y is the linear susceptibility and ¥’ is the nonlinear susceptibility. This
equation can be described as more convenient form,
n=mngy+ n,l

where n, is the linear refraction index, n, is the nonlinear refraction index and I is laser
intensity. Laser intensity(/) can be defined
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and n, is the nonlinear part of the refractive index defined as
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This nonlinear refractive index gives rise to nonlinear effects, such as self-focusing, when
an intense femtosecond laser propagates through transparent materials.

4.2.1.2 Propagation of laser beam

The propagation of intense laser beam in wide bandgap material induces microscopic
displacement of bound charges[66]. This displacement forms an oscillating of electric
dipoles and the polarization at the frequency of the incident laser field. The refractive
index of material accounting this nonlinear interaction (n = ny + n,I) can follow the
previous section. Even though the values of n, is very low, intense laser pulses should be
irradiated to enhance a nonlinear contribution (n,[) in refractive index of material. Hence,
irradiation of a Gaussian beam can generate spatially varying refractive index in wide
bandgap materials. In the Gaussian beam, the intensity along the center axis is higher
than that of the periphery, the beam center experiences larger refractive index than in the
periphery when the nonlinear refractive index is positive. As a result, the material acts as
a focusing lens.

However, the electron density at the focus does not infinitely increase. When the
nonlinear mechanisms that include multiphoton absorption and self-focusing effect
generate electron-hole plasma at the focus, modification of the refractive index occurs.
Adjusting to this change, the light diverges (plasma defocusing). The refractive index
modification due to electron-hole plasma can be described as following equation:

N
O 2nyN,

n=n

where N¢ is the characteristic plasma density when the plasma frequency is equal to the
laser frequency:

w?gym,
c= o2
The balance between self-focusing and plasma defocusing creates self-trapping or
filamentation of light in the material. Figure 4.1. depicts the self-trapping of light in a
wide bandgap material. The exact balance between self-focusing and plasma defocusing
elongates the depth of focus. Catastrophic collapse of the laser beam to a singularity is
predicted when the peak intensity of the femtosecond laser pulse exceeds a critical power
(P.,) for self-focusing is
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where A is the laser wavelength. The power of the irradiating laser pulse exceeds the
critical power (P,,.), laser light can break up into several narrow filaments (i.e. the so-
called filamentation). In real materials, other mechanisms such as defocusing due to
nonlinear ionization halt the beam collapse by balancing with self-focusing.
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Figure 4.1. Self-action of light in wide bandgap materials. (a) Self-focusing and plasma
defocusing, (b) Self-trapping, (c) Filamentation

4.2.2 Test panel fabrication drug screening for cardiac
electrophysiology

The substrate stiffness contributed to the maturation of neonatal CMs and regulated
sarcomere structure and calcium transient of adult CMs[139, 140]. Previous studies on
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the disease mechanisms of Long QT syndrome 3 (LQT3) and drug screening for
treatment were highly dependent on 2D culture[51, 141-143], which does not exactly
represent the real cellular environment within the myocardium. The interplay between
gene expression and environmental intricacies causes large functional variations of cells.
For example, an “in vivo-like” microenvironment with aligned CMs has been shown to
facilitate stem cell acquisition of cardiac-specific contractile cytoskeleton proteins, gap
junction protein , transcription factors distribution, and electrophysiological

properties[ 144, 145].

The CMs differentiated from LQT3 Induced pluripotent stem (iPS) cells were verified to
faithfully recapitulate the electrophysiological abnormality (delayed repolarization and
abnormal long QT signal). By seeding LQT3 iPS-CMs on such a highly controllable
filamentous matrix, we generated a disease-specific 3D cardiac tissue and studied the
contractility malfunctions associated with the electrophysiological consequences of
LQT3 syndrome. By the comparison with general 2D cell culture model (i.e. on TCPS),
we highlighted the different response of our 3D tissue model (i.e. on the fibrous structure
by 2PP) to a panel of drugs associated with cardiotoxicity

4.2.2.1 Long QT syndrome

iPS cell technology allows the recapitulation of disease models in vitro. This can be used
to both study “disease mechanisms” and “design and screening of personalized
therapeutics” prior to large animal experiment or clinical trials. Patient-specific iPS cell-
derived cardiomyocytes (iPS-CMs) have been shown to provide valuable models of
congenital cardiomyopathies (LQT3) caused by mutations in genes coding for ion
channels or ion channel-associated proteins. LQT3, with a mutation in the SCN5a gene,
enhances late Na' channel currents (In.+) that fail to inactivate completely and conduct
increased inward currents[51, 141-143]. This prolonged depolarization results in delayed
repolarization, eventually prolonged QT interval and increases the risk of fatal arrhythmia.

4.2.2.2 Loss of function mutation of myosin binding protein C (MYBP(C3)

The integration of complex in vitro cardiac tissue models with hiPS cells and genome
editing tools (i.e. TALEN) has been shown to enhance the physiological phenotype,
improve CMs maturity, and recapitulate the disease pathologies[146]. In this work,
isogenic hiPS-CMs harboring loss-of-function (premature STOP codon) mutations was
used which is mutation of the sarcomere associated protein, myosin binding protein C
(MYBPC3). Cardiac microtissues derived from WT hiPS-CMs were able to adapt to the
mechanical environment with increased contraction force and enhanced calcium ion flux.
And this phenomena also depends on the stiffness of the fibrous structures [139, 147,
148]. In contrast, MYBPC3 cardiac microtissues exhibited impaired force development
compared to WT tissues only when grown on matrices with higher fiber stiffness. This
suggesting that biomechanical cues facilitated contractile deficits due to the MYBPC3
gene KO[139, 147-150]. By examining force and power generated from CMs, we
discriminated hypo-contraction and impaired-contraction by variation of mechanical
resistance to the MYBPC3 cardiac microtissues. Hence, choice of different tissue
microenvironment will provoke different disease phenotype with the same genetic defect.
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4.2.2.3 3D CM contraction force and mechanical environment

Contraction force is a key component of cardiac function. This is continuously regulated
by the surrounding environments. The contraction force of CMs derived from hiPS-CMs
has been deemed as one of the essential parameters for the evaluation of normal cardiac
function, disease phenotypes, and response to pharmacological treatment[151-155].
Based on microfabricated cantilver posts, soft substratec which can be deformed by the
contraction of CMs, traction force microscopy (TFM) has been widely used for single-
cell force measurement at nano-Newton (nN) scale. Although 2D arrays provided
substantially higher spatial resolution of the forces generated by individual CMs.
However, the cells were forced into a 2D array is lacked 3D architecture, and cell-cell
interactions occurring at the tissue level. Given the 3D nature of tissues and organs, 2D
models are intrinsically limited for delivering physiological-relevant cell
microenvironment and recapitulating the dynamics of the tissue-level responses.

To circumvent those problems with 2D cardiac celluar model, 3D engineered cardiac
tissues that mimic native tissue structures have been developed using a variety of
methodologies and materials. This share a common process of hiPS-CMs encapsulation
into external hydrogels[28, 151]. To promote hiPS-CMs alignment and formation of
physiologically relevant tissue structures, the 3D cardiac tissues were normally stabilized
between two flexible cantilevers. And this structure also served as a force sensor to
measure contraction force with tissue scale. However, this measurement was
compromised by the mechanical properties of external hydrogel for CM trapping, which
altered the tissue mechanical/physical properties (i.e. cellular contractile force). To solve
the error by synthetic hydrogel encapsulation, self-assembled cardiac tissues relying on
secretion of their own ECM are being explored to better assess measurement of
contraction forces which allow for the consistent tissue remodeling. In parallel, the force
sensors used to measure cardiac tissue contraction not only reported the contraction
forces from hiPS-CMs, but also naturally became the external mechanical stimuli that
regulated the cardiac tissue formation, remodeling and function[119, 151, 156, 157]. In
TFM, variation of substrate stiffness altered the myofibril organization of hiPS-CMs,
demonstrating physiological stiffness could improve the contractile activity of patterned
hiPS-CMs. Flexible cantilevers used to anchor the cardiac tissue may also represent the
rigidity of the external structure against the tissue contraction and consequently has been
used to mimic in vitro cardiac tissue afterload[120, 130, 157-160]. Increase of the
afterload to cardiac microtissues derived from patient-specific and genome-engineered
hiPS cells has facilitated better modeling of dilated cardiomyopathy (DCM) associated
with TITIN gene mutations[161-163]. In contrast, optimal mechanical load was critical
for the 3D maintenance and maturation of hiPS-CMs with highly organized
sarcomeres[164], as well as increased adherents and gap junction formation. Collectively,
these studies indicate that 3D in vitro cardiac tissue models provide a high-controllable
mechanical microenvironment that incorporates key niche elements to enable regulation
of cardiac functions and disease phenotypes.
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4.3 Experimental

4.3.1 Material preparation

4.3.1.1 Glass scaffold preparation

The UV-curable organic-inorganic hybrid polymer (ORMOCLEAR®, Micro resist
technology) was spin-coated onto two glass plates (25 mm in length, 3 mm in width, and
I mm in thickness) at 4000 rpm for 60 s, pre-baked on a hotplate at 80°C for 2 min, and
cured under UV light lamp for 30 min. After completion of UV-curable material, those
two glass plates were assembled with two 500um-thick spacers at the ends and
subsequently hard baked at 110°C for 1.5 h. Without this hard-baking process, glass
scaffold tend to break during the development.

4.3.2 Experimental setup

The filamentous matrices were fabricated via the system based on a femtosecond laser
beam irradiated vertically to the UV-curable organic-inorganic hybrid polymer
(ORMOCLEAR®, Micro resist technology). The glass scaffold filled with UV-curable
organic-inorganic hybrid polymer (ORMOCLEAR®) was mounted on the PC-
controllable X-Y-Z motorized stages (Aerotech, ANT95-XY-MP for x-y direction and
ANT95-50- L-Z-RH for z direction) with high precise positioning. Single fibers were
fabricated along the laser beam path with a high-repetition rate femtosecond laser
irradiation. The femtosecond laser (pulse duration: <400 fs, repetition frequency: 1 MHz,
wavelength: 1045 nm, FCPA mJewel D-400, IMRA America, Inc.) was frequency-
doubled to the wavelength of 522 nm by lithium triborate (LBO) second harmonic
nonlinear crystal (Newlight photonics). And this femtosecond laser was focused onto the
glass scaffold and ORMOCLEAR® interface with a 5x objective lens (Mitutoyo M Plan
Apo, NA= 0.14). The different thickness of fibers could be fabricated by changing the
laser power and exposure duration. Exposure duration was controlled by mechanical
shutter which is connected to function generator. The laser power emitted downstream of
the objective lens was measured by a power meter and controlled by a half-wave plate
and a polarizing beam splitter (PBS). (Figure 4.2. (a))
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Figure 4.2. Schematic of fiber fabrication system for filamentous matrices by femtosecond laser

4.3.3 3D high aspect ratio structure fabrication with femtosecond
laser pulse

4.3.3.1 Fiber structure fabrication

The filamentous matrices were fabricated by two-photon polymerization (2PP) of photo-
curable organic-inorganic hybrid polymer (ORMOCLEAR® (Micro resist technology)).
Individual fiber was fabricated after filling of by ORMOCLEAR® into glass scaffold the
single laser radiation to the uncured ORMOCLEAR® through a high repetition rate
femtosecond laser. Fiber diameter was determined by the laser power and exposure
duration, which was controlled through mechanical shutter. 5 pm fibers were fabricated
by 3.7 mW laser irradiation for 0.9 seconds, whereas 10 pm fibers were fabricated by 5.2
mW for 2 seconds. Fiber spacing was controllable by a 3D axis motorized stage with high
precision of positioning (Aerotech, ANT95-XY-MP and ANT95-50-L-Z-RH). To
fabricate several matrices within one set, we shut the laser irradiation during the
movement from end point of previous fibrous matrix to the start point of next matrix.
After fiber fabrication process, samples were hard-baked at 110°C for 30 mins, and
developed for 1 hours with a mixture of 2-Isopropyl alcohol and 4-Methyl-2-pentanone
with ratio 1:1. After developing process, samples were rinsed with 2-Isopropyl alcohol
and distilled water several times subsequently, and dipped in 70% ethanol for sterilization.
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4.3.3.2 High aspect ratio tube fabrication

The tubular structures with high aspect ratio were also fabricated by two-photon
polymerization (2PP) of photo-curable organic-inorganic hybrid polymer
(ORMOCLEAR® (Micro resist technology)). For the visualization for tube formation,
we used the similar glass scaffold with 1-mm thickness spacer. Each tube structures were
able to fabricated by the rotation with circular trajectory (x-y direction) with 1mm/s
scanning speed. After one-layer fabrication, stage was moved to z-direction for next layer
fabrication. At starting point, laser beam focused at the interface between glass coverslip
and ORMOCLEAR® with 5x objective lens (Mitutoyo M Plan Apo, NA= 0.14). Spacing
of high-aspect ratio tube was controllable by a 3D axis motorized stage with high
precision of positioning (Aerotech, ANT95-XY-MP and ANT95-50-L-Z-RH). After tube
fabrication process, samples were hard-baked at 110°C for 30 mins, and developed for 1
hours with a mixture of 2-Isopropyl alcohol and 4-Methyl-2-pentanone with ratio 1:1.
After developing process, samples were rinsed with 2-Isopropyl alcohol and distilled
water several times subsequently, and dipped in 70% ethanol for sterilization.

4.3.4 Cell culture and imaging

4.3.4.1 Cardiac differentiation from iPS cells

The CM cell types (WT, LQT3, hiPS, TALEN-engineered isogenic hiPS cells with Ca**
reporter (GCaMP6f) and loss-of-function of cardiac isoform of myosin binding protein C
(MYBPC3)) were obtained from Dr. Conklin’s lab at the Gladstone Institute of
Cardiovascular Research. A small molecule WNT-mediated protocol was used to derive
iPS-CMs. Briefly, iPS cells were maintained on 6-well plates coated with Matrigel in
mTeSR1 medium. On Day 3, cells were dissociated with Accutase (Invitrogen) for 5 min
at 37°C and seeded onto Matrigel-coated cell culture plates at 25,000 cells/cm’ in
mTeSR1 containing 10 uM Y-27632. After 24 h later of cell seeding, the medium was
changed to mTeSR1 without Y-27632. Cells were maintained in mTeSR1 for additional 2
days. On Day 0, cells were treated with 12 uM of a GSK3 inhibitor in RPMI 1640
medium containing B27 supplement without insulin for 24 h. The medium was changed
on Day 1 to RPMI/B27-I and incubated for 48 hours, followed by a 48 hours treatment
with 5 uM of an inhibitor of WNT production beginning on Day 3. On Day 5, the
medium was changed to RPMI/B27-I for two days, and then changed to RPMI 1640
containing B27 complete supplement (RPMI/B27-C) on Day 7.

4.3.4.2 Isogenic heterozygous GCaMP5f hiPS-CMs

The isogenic heterozygous GCaMP6f knockin (KI) hiPS cell line was generated by
inserting GCaMP6f open reading frame into AAVS1 locus under the control of CAG
promoter and a puromycin resistance gene. The isogenic homozygous MYBPC3
knockout (KO) hiPS cell line was generated by inserting an artificial early stop codon
into exon 1 of MYBPC3, which resulted in early transcript termination. Stable clones
were selected using Puromycin (0.5 pg/ml) and screened via mCherry fluorescence. The
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iPS cells were maintained on 6-well plates coated with growth factor reduced Matrigel in
Essential 8 (E8) media (Life Technologies)[50, 51]
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Figure 4.3. The schematics showed generation of MYBPC3 knockout hiPS cell line from WT
through TALEN-mediated genome editing method

hiPS cells were plated at a density of 1.25-5x10" cells/cm® onto Matrigel coated 12-well
plates in E8 with 10 uM Y-27632. hiPS cells were maintained in E8 for additional 2 days,
and then started the differentiation “Day 0 with one treatment of 10 pM WNT agonist
CHIR99021 (CHIR, Stemgent) in RPMI 1640 media containing B27 supplement without
insulin (RPMI/B27-I). After 24 hour CHIR treatment, the cells were maintained in
RPMI/B27-1 media for one day, and then treated with 5 pM WNT inhibitor IWP-4
(Stemgent) in RPMI/B27-1 media for two days. Subsequently, on Day 5, the media was
exchanged to RPMI/B27-I for two days and replaced with RPMI 1640 media containing
B27 complete supplement (RPMI/B27+C) on Day 7 for the continuous culturing.
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Figure 4.4. Characterization of hiPS-CMs differentiation. The cardiac differentiation was
characterized at eight different stages from Day 0 to Day 20
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4.3.4.3 Generation of 3D cardiac tissue

Each filamentous matrix was placed into one well of a 6-well plate. The matrices were
rinsed with Dulbecco’s phosphate buffered saline (DPBS) several times to remove the 70%
ethanol which used for sterilization, and coated with 50 mg/mL fibronectin in DPBS for 1
h. The matrices were rinsed with DPBS several times before loading the cells.

Sheets of beating CMs were dissociated using a singularizing protocol. It included
incubation with 1 mg/mL collagenase II with 40 Unit/mL DNase I in Hank’s balanced
salt solution (HBSS) for 1 h and followed by 0.25% trypsin/EDTA treatment for 5 min at
37°C. The cells were collected, pelleted and re-suspended in EB20 media (Knockout
DMEM supplemented with 20% fetal bovine serum (FBS), 2 mM L-glutamine, 1 MEM
non-essential amino acids (MEM-NEAA), 400 nM 2-mercaptoethanol and 10uM Y-
27632). 500 uL cell suspension with a density of 1 million cells/mL was pipetted over
each fibrous scaffold matrix. After 2 hours of cell seeding, another 4 mL EB20 media
was added into each well to cover the whole matrix. The media was switched to
RPMI/B27-C the next day to reduce the non-CMs overgrowth and changed every 2 days.
Cryopreserved hiPS-CMs were thawed into EB20 media and plated onto Matrigel-coated
6-well plate with RPMI/B27+C media supplemented with 10 pM Y-27632. After 4 days
recovery in RPMI/B27+C media, the cells were singularized by 0.25% trypsin/EDTA,
quenched with EB20 media (over x2 quantity), and seeded into filamentous matrices with
1.5 million cells/scaffold in 500 uL. RPMI/B27+C media supplemented with 10 uM Y-
27632. After four hours, another 4 mL RPMI/B27+C media supplemented with 10 pM
Y-27632 was added into each well to cover the whole set of filamentous matrices. The
media was switched to RPMI/B27+C media on next day and changed every 2 days. To
enrich hiPS-CMs upto 80% of total cell population, on day 15, sheet-beating hiPS-CMs
were singularized by treatment of collagenase I in Hanks’ balanced salt solution (HBSS)
for 45 min and a following 0.25% trypsin treatment for 2 min, and quenched with EB20
media (Knockout DMEM media supplemented with 20% fetal bovine serum (FBS), 1X
L-glutamine, 1X MEM non-essential amino acids (MEM-NEAA), 400 nM 2-
mercaptoethanol, and 10 uM Y-27632), and re-plated onto Matrigel-coated 6-well plates
in RPMI/B27+C media. After 2 days recovery in RPMI/B27+C media, cells were treated
with glucose depleted DMEM media supplemented with 4 mM lactate for 2 days.
Purified hiPS-CM were cryopreserved in mixture of 90% FBS containing 10%
Dimethylsurfoxide (DMSO) and 10 uM Y-27632 with cell density of 2 million cells per
mL.

4.3.5 Calcium flux recording

For calcium imaging, GCaMP6f hiPS-CMs were differentiated, purified, cryopreserved
and seeded into the 2PP filamentous matrices for continuous calcium imaging for 20 days.
The calcium flux images were recorded at 40 fps for 10 seconds using a Nikon Eclipse
TS100F microscope and Hamamatsu ORCA-Flash4.0 V2 digital CMOS camera.
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4.3.6 Fiber characterization

The fiber stiffness is represented as the effective elastic modulus (Ef ) of the fiber, which
can be measured by atomic force microscopy (AFM, XE-100, Park Systems) with tip-less
AFM cantilevers (TL-CONT-SPL and TL-FM-SPL, Nanosensors). The shape of fiber is
assumed to be a cylinder with circular cross-section, and the elastic modulus of the fiber
can be calculated by :

64K d ¢
Er = 2

where [ is the fiber length, Dy is the fiber diameter, d is the displacement of the tipless
AFM cantilever, and d is the relative deflection of the fiber. The spring constants (K ) of
tip-less AFM cantilevers were determined using the thermal tune method and calculated
using AFM software (XEI, Park system) to be as 0.0636 N/m using AFM software.
Finally, Young’s modulus of the fibers were calculated as 183.9 + 11.7 MPa[165].

4.3.7 Finite element modeling

Finite element modeling for force-induced beam deflection was performed using
COMSOL for both 5 um and 10 pm-thickness fibers with length of 500 um. Fibers were
modeled with Young’s modulus of 183.9 MPa based on the AFM measurement (Section
4.3.6), and discretized into hexahedral mesh elements. Two ends of fiber were assigned
with fixed boundary condition, and the other area was assigned with free boundary
condition. The distributed contraction forces (1 uN for 5 pm diameter and 10 uN for 10
um diameter fibers) were applied perpendicularly to fiber axis with length of 200 pm to
the center of the fibers. The maximal stresses were calculated based on maximal
deflection of the fiber at the maximal contraction of the cardiac micro-tissues.

4.3.8 Quantitative analysis for contraction force on the fibrous
structure

To calculate the contraction forces of the whole cardiac tissue, we made three
assumptions:
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Assumption 1 : Forces evenly distribute across the tissue cross-section (tissue width (W)
multiplying tissue thickness (T))

Assumption 2 : All force vectors are parallel each other and perpendicular to the fiber
axis

Assumption 3 : Cross-section of fiber is circular.

Based on those assumptions, we integrated the distributed forces (f ;) along the fiber
and consider a point force at the position of maximal fiber deflection, so that we could
calculate the individual fiber point force (Fpn¢) based on the beam deflection theory.
Using the series of successive images recorded for cardiac tissue beating, we can measure
the fiber deflection (6y), tissue thickness and its applied force position (ay) between two
consecutive images, so that we can calculate the point force (Fpoin¢) applying to the

fibers based on the equation with Young’s modulus (Ef), length (Ls) and diameter (Df) of
the fiber.
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Figure 4.5. The schematics of the individual fiber point force calculation based on fiber deflection

Then, we can calculate the distributed force (fg;5¢) by dividing the point force (F,pin:) by
the area of the force applying to the fiber (tissue width (W) multiplying tissue thickness
(T)=W-T). Integrating the distributed force across entire tissue cross-section, we can
calculate the total force generated by the cardiac microtissues (Fy;s5y,¢ ). The static force
was calculated based on the preload fiber defection (measured with the diastolic cardiac
tissue in the resting state), and the contraction force was calculated based on the afterload
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fiber defection that was measured with systolic cardiac tissue at maximal contraction
(Figure 4.6).
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Figure 4.6. The schematics of the total force (F;,¢q;) calculation based on the assumption that
force are evenly distributed throughout the tissue cross-section

4.3.9 Motion tracking analysis

We recorded the cardiac tissue beating at 100 fps for 10 seconds using a Nikon Eclipse
TS100F microscope with temperature-controlled stage and Hamamatsu ORCA-Flash4.0
V2 digital CMOS camera. Videos of beating cardiac microtissues on both 2D culture dish
and 3D filamentous matrices were exported as a series of single-frame image files and
analyzed using in-house developed motion-tracking MATLAB software. The software
can automatically output the motion heatmap and contraction waveform for calculation of
beat rate and maximal contraction velocity[50, 51, 166, 167].

4.3.10 Immunostainning and microscopy

Cells were characterized using immunostaining and fluorescent microscopy. Samples
were fixed with 4% (vol/vol) paraformaldehyde (PFA) for 15 min, permeabilized with
0.2% Triton-X-100 for 5 min, and blocked with 2% BSA, 4% goat serum and 0.1%
Triton-X-100 for 30 min. The samples were then incubated with primary antibodies for 2
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h and secondary antibodies for 1.5 h. DAPI was used to stain cell nuclei in monolayer
cell culture and To-Pro-3 was used for filamentous matrices. Because fiber material was
auto-fluorescent under UV excitation, to differentiate the nucleus and fiber, we used the
different immunostaining material (To-Pro-3). For bright-field and epi-fluorescent
microscopy, the images were taken using a Nikon Eclipse TS100F microscope with
Hamamatsu ORCA-Flash4.0 V2 digital CMOS camera. For confocal microscopy, the
images were taken with a Zeiss LSM710 laser-scanning microscope.

4.3.11 Flow cytometry analysis

The pluripotency of iPS cells and efficiency of cardiac differentiation was evaluated
using flow cytometry. The iPS cells were dissociated with Accutase and stained using a
human pluripotent stem cell multicolor flow cytometry kit against Oct4, SSEA4, and
Sox2 (R&D system). hiPS-CMs were dissociated using the singularized with 0.25%
trypsin/EDTA for 5 minutes and quenched with EB20 media. After washing with DPBS
several times, fixed with PFA for 15 min, and incubated with primary antibody (mouse
monoclonal cardiac Troponin T, Thermo Scientific) and secondary antibody (Alexa488,
Life Technologies) for 30 min each in wash/permeabilizatin buffer. Flow cytometry
analysis of cardiac troponin T (cTnT) showed the increase of cTnT+ cells starting from
Day 6 to the final puritiy of CM ranging from 50% to 70%. The gene expression profiling
confirmed the cell fate transiting from pluripotency, to mesodermal cells, to cardiac
progenitors and finally to CMs. The monolayer sheet of hiPS-CMs vigorously beat in the
tissue culture plates, and contraction motion could be monitored and analyzed by the
motion-tracking software. The hiPS-CMs expressed cardiac specific sarcomere markers
(a-actinin and myosin heavy chain) and junctional markers (connexin43 and N-cadherin).
The labeled cells were analyzed by Guava easyCyte® Flow Cytometer (EMD Millipore).
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Figure 4.7. The flow cytometry analysis showed that cardiac differentiation started to produce
c¢TnT+ cells from Day 6.
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Figure 4.8. (a) The gene expression profiling showed cell fate transition from pluripotent stem
cells to mesoderm, to cardiac progenitor, and finally to CMs (n = 4). (b) hiPS-CMs expressed
cardiac specific sarcomere markers (a-actinin and myosin heavy chain) and junctional markers
(connexin43 and N-cadherin). (Scale bar : 10 um)

4.3.12 RT-gPCR analysis

The expression level of cardiac specific genes was analyzed using RT-qPCR at Day 12.
Adherent cells were washed with DPBS and homogenized with 1 mL TRIzol LS reagent.
Total RNA was collected and purified using RNeasy Mini Kit (Qiagen). The total RNA
concentration was quantified using a Nanodrop and integrity was determined using the
Agilent BioAnalyzer. Conversion of total RNA to cDNA was carried out using
SuperScript III Reverse Transcriptase with random primers. qPCR was performed on the
Applied Biosystems StepOnePlus instrument with customized target arrays in 96-well
format, using 10 ng cDNA per reaction and SYBR Green ROX MasterMix (Qiagen). The
data was analyzed using AC; method relative to level of the housekeeping gene. The gene
profiling was performed using RT-qPCR with customized target arrays for cardiac
differentiation and commercial available TagMan arrays for human NFAT & cardiac
hypertrophy (ThermoFisher Scientific). To profile the transient gene expression during
the cardiac differentiation, we normalized the expression of each gene at different days
(Day 0-12) to the maximal expression of this gene during the differentiation process. To
study the effect of mechanical environment on the gene expression for cardiac
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hypertrophy between WT and MYBPC3 cardiac microtissues, we normalized the gene
expression from the tissues growing on 10 um fiber matrices to 5 um fiber matrices.

4.3.13 hBNP production study

We used hBNP enzyme-linked immunosorbent assay (ELISA) kit (RayBiotech Inc.) to
quantitatively measure hBNP level in the cell supernatants every 5 days for 20 days using
a microplate reader SpectraMax i3 (Molecular Devices). The absorbance values of 10-20
days were normalized to the values of 5 days for both WT and MYBPC3 cardiac
microtissues growing on 5 pm and 10 um-thickness fiber matrices.

4.3.14 Quantification of sarcomere organization for iPS-CMs
classification

A high-throughout, automated and quantitative analysis on sarcomere alignment was
performed using an image-processing algorithm on 2D Fast Flourier transform (2D FFT).
Well-aligned myofibrils in hiPS-CMs contain a spatially repeating pattern of sarcomere
with a certain frequency. It can be extracted as a periodic signal by 2D FFT. Most of the
energy in the frequency domain is present in the center of the image. The peak bands
away from the center peak corresponding to the high-frequency data represented as the
signal from aligned sarcomere. These high-frequency peak values can be extracted to
calculate the ‘Sarcomere Alignment Index’, which is quantitative measurement of the
level of sarcomere alignment.

4.3.14.1 Image processing for sarcomere alignment

Myofibrils in the iPS-CMs contain a spatially repeating pattern of sarcomeres having
different orientations. Different classes of iPS-CMs have different spatial organization of
sarcomere. For novel automated classification of iPS-CMs, the basic formulation (2D fast
Fourier transform) for quantification of sarcomere alignment is used. Analysis based on
the Fourier transform is an effective tool to analyze the repeating pattern of sarcomere
organization. Fourier transform of a periodic signal results in peaky (impulse) functions
centered at integer multiples of corresponding base frequency in the frequency domain.
Similarly, 2D Fourier transform represents images, which is a linear sum of sinusoidal
waveforms of different spatial frequencies and orientations. 2D discrete Fourier
transform of a digital image f(m, n) can be describe as
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represents the image as a sum of 2D spatial frequency components, where the Fourier
transform component(F (u, v)) indicates the strength of the 2D spatial frequency pattern
(u, v) in the image. For calculation FFT2 function of MATLAB (2D Fast Fourier
Transform) was used. The value at the origin corresponds to the cell image average. The
other dominant frequencies along the radial direction correspond to the integer multiples
of the spatial frequency signature of the periodic striations. This is equal to the inverse of
the distance between two sarcomeres. Angular spread is determined by the directional
variations of the sarcomeres pattern and the shape of the iPS-CM.

4.3.14.2 iPS-CM score for sarcomere organization quantification

All of radial profiles have a predominant radially decaying background component. The
main difference is in the number of peaks and their strengths above the background decay.
To extract and quantify those distinguishable features, the iPS-CM score was determined
and calculated, following mathematical model for y(r), the radial profile curve

y(r) = [a + (bxe‘r/R)] + Zwixf(r —ixp) +n(r)

where (a, b, R,p, M and w; ,i =1 ... M) are the unknown model parameters. The first
two terms in the equation shows the exponential decay for increasing radial frequency r
(aperiodic component). The third term is a sum of unknown positive number (M),
Gaussian-like functions f(r — iXp) whose centers/peaks are periodically spaced with p,
unknown radial frequency spacing and with non-zero decreasing amplitudes (w; ,i=1 to
M). The last term (n(r)) describes the residual model noise.

To quantify the parameters of this model, fitting the non-linear model to the data was
used. However, there were too many parameters to obtain data fittings form the given
data. To quantify the observed variation in the periodic pattern sarcomere organization
and associate with their classification scale, identify the aforementioned peaks,
corresponding to the periodic component of equation, and then to estimate the unknown
number (M) and the amplitudes (w;, i = 1 to M) of peaks. For this, first of all, we need
to estimate the aperiodic component of equation. After that we can subtract this to match
up. Hence, we applied the Levenberg-Marquardt algorithm, which is one of the popular
iterative and non-linear optimization algorithm, to estimate the unknown parameters (a, b,
R) of the fist term (exponential decay). Upon convergence, the periodic component(ﬁ)
extracted as :
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After this process, to identify the spatially separated local maxima and respective radial
locations in periodic component, the local peak finding algorithm was applied, and
excluding the high residuals around the frequency origin. As w;values decrease for
increasing I, the maximum peak value and location are set to w, and p respectively.
Based on estimated p value and the other detected local peaks, M, the number of periods
and their amplitudes w; , i =2 to M can be derived. Based on those results, the iPS-CM
score is computed as

iPS — CM score = w;

M=

i=1
along with the detected number of peaks (M) and angular spread at the peaks.

Angular spread is also computed at the peak radial locations as the median absolute
difference (MAD) of the pixels on the corresponding circumferential contour. For fitting
of cell shape, “regionprops” function in MATLAB was used which is based on the
calculation of the major and minor axis of fitted ellipose shape.

4.3.15 Assessment of tissue formation

The formation of 3D cardiac tissue was assessed using fluorescent images from confocal
microscopy. The cells penetrating the top layer and spreading on the middle layer
(Nem)were counted by nuclei, and the total number of fibers (Ny) within the image was
counted. Tissue formation was quantified as cells per fiber (Ncw/Ng).

4.3.16 Assessment of iPS-CM alignment

The CM alignments along the fiber direction was assessed with respect to the cell’s
elongation and orientation in fluorescent images from confocal microscopy. The cell
nuclei were measured with transverse diameter (D, ) and conjugate diameter (D.). The
nuclei index representing the cell’s elongation (ratio of D./D;). The cell’s orientation was
measured with the acute angle between the fiber direction and nuclei transverse diameter
as 0 (0° < 8 <90°). The alignment index relative to fiber long axis was calculated by
cos 6.
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4.3.17 Assessment of iPS-CM electrophysiology

The CM electrophysiology was assessed with an Multiple electrode array (MEA) system.
The iPS-CMs on Day 15 were dissociated using the singularizing protocol described
above and re-plated on an MEA chip with a density of 1 million cells/mL. The cells were
cultured using RPMI/B27-C for 7 days before measurement start point. During the
recording, the cells were maintained at 37°C in a sterile environment. The electrical
waveform representing the field potential of CMs, and we can export the
electrophysiological parameters such as beating frequency (BF), field potential duration
(FPD) and field potential amplitude (FPA).

4.3.18 Assessment of iPS-CM contractility

The CM contractility was assessed based on the recorded video and motion tracking
software. The video was taken at 30 fps and exported as image stacks for motion tracking
analysis. The in-house developed motion tracking software (using MATLAB), based on
block matching algorithms, was optimized for tracking CM beating events. This software
can identify the contraction and relaxation events during the entire CM beating sequence
and export the contractility parameters, including beating frequency (BF), maximal
contraction velocity (MCV), maximal relaxation velocity (MRV), and beating duration
(BD).

4.3.19 Statistical analysis

Data were presented as mean = SD. For single comparisons, a two-sided student’s t-test
was used. For multiple comparisons, one-way analysis of variance was used with post-
hoc Tukey tests. p < 0.05 was considered significant.
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4.4 Results and discussion

4.4.1 Characterization of matrix fabrication

The filamentous matrices were fabricated using 2PP that produced scaffolds with
accurately defined micro-/nanoscale features. Independent control of matrix parameters is
essential for creating an enabling method capable of robust parametric analyses of the
effect of each feature on CMs alignment and contractility. The design of filamentous
matrices was divided into two classes as

Class 1 : Constant fiber spacing with varying fiber diameter (5 um and 10 um)
Class 2 : Constant fiber diameter with varying fiber spacing (25 um, 50 um and 75 um)

Three layers of fibers were fabricated for each matrix to form a 3D structure. The
filamentous matrices with different parameters were defined as “F/Diameter-Spacing”.
Based on previous studies, we concluded that the filamentous matrix with 500 pm fiber
length in Y-direction, 50 um fiber spacing in X-direction and 30 um layer spacing in Z-
direction generated 3D condensed cardiac microtissue (F/5-50) [51]. In this study, we
fabricated multiple matrices units within one pair of glass scaffold by separating cohorts
of fibers with matrix spacing (1 mm) in Y-axis. This design not only increased the
throughput of result, but also made it easier to measure the fiber deflection by CM’s
contraction. Scanning electron microscopy (SEM) confirmed a matrix with parallel fibers,
and the ability to control fiber diameter (e.g., 5 um and 10 um) and spacing.
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Figure 4.9. The schematic of one set of filamentous matrices with definitions of fiber spacing,
layer spacing and matrix spacing
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Top view

Side view

Figure 4.10. SEM images of a fabricated filamentous matrix and individual 5 pm and 10 pm
fibers. (Scale bar : 50 pm (left) and 10 pm (right))

These synthetic fibers scaffolds serve as the backbone of the 3D cardiac tissue that mimic
the perimysial collagen fibers of myocardium. Since their physical dimensions and
mechanical properties of material correlate with CM alignment and contribute to
myocardium nonlinear passive stiffness. Therefore, the fiber stiffness can mimic the
tissue stiffness of the 3D cardiac tissue, and this serve as the passive mechanical stimulus
to the CMs. Hence, mechanical properties such as stiffness has been considered as one of
the critical and dominant factors in how the cellular microenvironment regulates cell’s
fate and function. It has been known that CMs were able to sense the local tissue stiffness
through various cellular cytoskeleton system, and through mechanotransduction
pathways alter their electrophysiology and contractility consequently by controlling the
gene expression such as transcription and translation. By seeding and growing LQT3 iPS-
CMs and WT iPS-CMs on F/5-50 and F/10-50 matrices, we found that beating iPS-CMs
can easily bend the 5 um fiber, but not the 10 um fibers, and the iPS-CMs exhibited
significantly more contractile motion on the F/5-50 matrices than that of on F/10-50
matrices. Interestingly, we observed that LQT3 iPS-CMs exhibited longer beat duration
(BD) comparing to WT iPS-CMs only when they grow on the lower stiffness fibrous
scaffold (5 um-thickness fibrous structure), which suggested that variation of scaffold
stiffness was required to facilitate monitoring of the genetic deficiency in LQT3 iPS-CMs.
And it is also possible that scaffold stiffness itself plays a role in this etiology. Our work
suggested that the 3D in vivo-like tissue structure (with physiological relevant stiffness)
represented the significantly specific diseased phenotype and might be essential for
generating an 3D in vitro model for understanding and studying the mechanism of
cardiac diseases.

The differentiated sheet-beating CMs were dissociated and seeded directly onto the
filamentous matrices. It took 3 days to form the 3D cardiac tissue on the fiber scaffold
and restart the beating. The condensed and aligned cardiac tissue on the filamentous
matrix was visualized with cytoskeletal staining for SM22. The CMs within the matrices
were stained using an antibody against sarcomeric a-actinin specifically, imaged through
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confocal microscopy. And Connexin 43 was found between CMs growing on the fibers.
This ensure the electrical propagation though gap junction.

Sarcomeric
a-actinin

Figure. 4.11. Immunosfluoscence image of CMs on the fiber scaffold. (a) The entire 3D
condensed cardiac tissue was visualized by staining SM22 (b) Confocal images of CMs aligned
on one fiber showed the sarcomere structure stained by sarcomeric a-actinin and intercellular gap
junctions stained by connexin 43, which ensured the electrical integration within the cardiac
tissue (white arrow pointing to connexin 43 staining)

Confocal images of the middle layer of matrices were used to assess the 3D CM tissue
formation and alignment on the different fiber diameters (5 um and 10 um)

and spacing (25 um, 50 um and 75 um). The tissue formation within matrices with 50
um fiber spacing was significantly prominent than the other two types of matrices (25 um
and 75 um). The smaller fiber spacing scaffold (25 pm) made it difficult for cells to
penetrate from the top layer into inner layer to grow. Therefore, cells on these matrices
spread as a 2D structure on the top fiber layer instead of 3D CM structure formation. In
contrast, with the large fiber spacing scaffold (75 um), the spacing was too large for cells
to spread and connect to make bridge between adjacent CMs. As a result, the few cells
grew inside the matrices and also failed to form condensed and connected tissue structure.
Hence, the cells on F/5-50 and F/10-50 matrices were able to form highly connected
tissue relative to the fiber backbone.
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Figure 4.12. (a) The confocal images for LQT3 iPS-CMs growing on the middle layer of
filamentous matrices and aligning along the fiber direction with different fiber diameters and
spacing. The formation of 3D cardiac tissue was quantified by the cell number on the middle
layer relative to the fiber number, and we found (b) matrices with 50 um fiber spacing resulted in
highest value of cell per fiber

3D tissue formation was quantified by cell per fiber, and CM alignment was measured as
nuclei index and alignment index. CMs on the 75 um spacing fibrous scaffold shows the
largest nuclei index and alignment index. The nuclei index of CMs on the 50 um spacing
matrices was significantly larger than 25 um spacing matrices. However, this was not
true for alignment index. There was no significant difference between two fiber diameters
with the same spacing.

On F/5-25 and F/10-25 matrices, due to the packing of CMs on the top layer, the
alignment on the top layer was hampered. In constast, the cells that penetrated and grew
on the middle layer were still able to align due to the parallel topographic feature of fibers.
On the other hand, on F/5-75 and F/10-75 matrices, cells grew and elongated along single
fibers, which resulted in the best cell alignment. Although F/5-75 and F/10-75 matrices
had highest CM alignment, the wider spacing compromised 3D tissue formation.
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Figure 4.13. (a) Confocal images showed the cell nuclei within the filamentous matrix, and the
parameters used for calculation of nuclei index and alignment index. The CM alignment was
quantified by (b) nuclei index and (c¢) alignment index, and we found matrices with 75 um fiber
spacing resulted in highest value of CM alignment. (*p < 0.05)

According to all of those dates, 50 um spacing matrices (F/5-50 and F/10-50) were used
in the following experiments to determine the CM contractility and drug screening.

4.4.2 3D cardiac micro-tissue self-assembly and remodeling

We seeded hiPS-CMs (~1.5 million cells/scaffold) onto filamentous matrices without any
external hydrogels. Generation of 3D cardiac microtissues required relatively purified
hiPS-CM population and consistent cell handling procedures. As following the
biochemical purification procedure, it can result in highly purified CM population
(cTnT+ cells > 90%). However, previous studies on engineered cardiac microtissues
suggested that it need for stromal cell population to enhance the connectivity of tissue
and mechanical integrity. Instead of 4 days of treatment with purification media, we
treated our cells for 2 days. This resulted in a mixed hiPS-CMs population (cTnT+ cells ~
80%). After 6 days treatment of continual purification treatment, we could find that CM
purity decreased. The hiPS-CMs growing on the filamentous matrices were able to self-
assemble into 3D cardiac microtissues with approximately 60 pm-thickness, and
maintained a stable beat rate after 5-days of culturing.
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Figure 4.14. Generation of 3D cardiac microtissues on filamentous matrices. (a) The standard
hiPS-CMs handling procedure to ensure defined cell population and consistent cell processing for
generation of cardiac microtissues. (b) During the purification treatment, the CM purify (cTnT+
cells) increased from Day 0 to Day 4, but decreased at Day 6 (mean = SD, n = 4). (c) The
confocal fluorescent image showed a condensed cardiac tissue generated on a 5 pm-thickness
fibrous matrix. (Scale bar : 50 pm)

4.4.3 Characterization of cardiac differentiation

The LQT3 and WT iPS cells were seeded as single cells and grown as a monolayer in
defined mTeSR1 medium on Matrigel-coated 6-well plates. For the characterization of
pluipotency, expression of Oct4, Sox2, and SSEA4 was confirmed by flow cytometry on
both cell lines. The LQT3 iPS cells were further characterized by immunostaining with
antibodies against Oct4, Nanog, and Sox2 one day after passage, which showed
homogeneous expression of these pluripotent markers. Following the WNT-mediated
differentiation protocol, the beating CMs were observed as early as Day 8 and developing
CMs formed contracting sheets by Day 10.

(d) 04 Cardiac genes expression

03

0.2 oLam
owWTC
ol L1 = T

Nkx2.5 TNNT2 TNNI3 MYH6 MYH7

Relative expressio

106



Figure 4.15. LQT3 iPS cells were characterized with immunostaining methods with antibodies
against to (a) Nanog, (b) Oct4, (c) Sox2 and (d) Cardiac differentiation was characterized with
RT-qPCR methods and showed upregulation of cardiac specific genes NKX2.5, TNNT2, TNNI3,
MYH6, and MYH7 on both LQT3 and WT iPS-CMs at Day 12

According to RT-qPCR analysis at Day 12, it showed the upregulation of cardiac specific
genes such as NKX2.5, TNNT2, TNNI3, MYH6, and MYH7 on both cell types (LQT3
and WT iPS-CMs). These sheet-beating CMs stained positive for sarcomeric a-actinin,
cardiac Troponin T (¢TnT), and f-myosin heavy chain (f-MHC).
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Figure 4.16. (a) Characterization of LQT3 and WT iPS cells with pluripotent markers SSEA4,
Oct4 and Sox2 with flow cytometry method. The differentiated LQT3 iPS-CMs expressed cardiac
specific markers: (b) sarcomeric @-actinin and (c¢) cardiac Troponin T (¢TnT) and f-myosin
heavy chain. The differentiation efficiency was characterized using flow cytometry method, and
histogram

Flow cytometry with antibodies against cTnT demonstrated that the differentiation
efficiency. Differentiation efficiency of LQT3 was about 90% and that of WTC was 75%
CMs in the whole cell population.
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Figure 4.17. Differentiation efficiency (a) Selected cTnT+ population (red) represented the CMs
relative to isotype control (gray), (b) We obtained about 90% purity for LQT3 iPS-CMs
differentiation and 75% purity for WT iPS-CMs differentiation.

Using MEA analysis, LQT3 CMs exhibited prolongation of field potential duration
compared to WT CMs, and this is equivalent to the longer QT interval in
electrocardiography (ECG) measurement. Hence, LQT3 iPS-CMs can faithfully
recapitulate the LQT3 electrophysiological abnormality in vitro.
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Figure 4.18. Field potential and field potential duration (a) The waveforms of field potentials
measured using MEA system were plotted and showed elongated field potential duration (FPD)
of LQT3 iPS-CMs comparing to WT iPS-CMs. (b) We found the average FPD for LQT3 iPS-
CMs was 370 ms, whereas WT iPS-CMs was 250 ms
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4.4.4 Effect of fiber stiffness on CM contractility

CM contractility of LQT3 iPS-CM on the F/5-50 matrix has been determined by
simultaneously electrical measurement using the MEA system and motion-tracking
analysis using bright-field microscopy image by video recording.

According to electrical waveform and the motion vectors, those were correlated to show
that longer field potential duration (FPD) resulted in the longer entire contraction-
relaxation duration. Heatmaps were plotted to visualize the spatial motion profile of CM
beating on the filamentous matrix. The area with highest mean motion velocity was
selected to plot the motion-tracking waveform.
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Figure 4.19. (a) LQT3 iPS-CMs grew as 3D condensed cardiac tissue on an F/5-50 filamentous
matrix and were able to spontaneously beat, which was captured and analyzed by motion-tracking
software. (b) The heatmap was plotted to show the area with highest mean motion velocity during
the entire recorded video. (c) In the motion-tracking waveform, we can easily identify the
contraction and relaxation during one CM beating and measure the beating duration

Using the waveform, we easily determined physiological properties such as the maximal
contraction velocity (MCV), maximal relaxation velocity (MRV) and beating duration
(BD). The features of CM contractility (MCV, MRV, and BD) of WT and LQT3 iPS-
CMs were compared between two matrices with different fiber diameters (F/5-50 and
F/10-50). Because of the different resistance of bending of the fibers with different
thickness, the beating CMs were able to deform the fibers on F/5-50 matrices, but not on
F/10-50 matrices. The MCV, MRV and BD of both cell types growing on F/5-50
matrices were larger than growing on F/10-50 matrices. LQT3 and WT iPS-CMs growing
on F/10-50 showed no significant difference in contractility, but LQT3 iPS-CMs growing
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on F/5-50 exhibited higher MCV and longer BD than that of WT iPS-CMs. Growing only
on F/5-50 matrices, the LQT3 iPS-CMs exhibited contractility abnormality compared to
WT iPS-CMs. Therefore, we used F/5-50 matrices in the following experiments to create
tissue models from LQT3 iPS-CMs.
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Figure 4.20. According to motion-tracking waveform, iPS-CMs on F/5-50 matrices had higher (D)
MCV, (E) MRV, and (F) BD than the ones on F/10-50 matrices, and LQT3 iPS-CMs exhibited
significant higher (D) MCV and (F) BD than WT iPS-CMs only on F/5-50 matrices. (*p < 0.05,

N =10)

4 .45 Tissue mechanical environment affected cardiac tissue
functions

The cardiac microtissues continuously and progressively remodeled in the response to the
passive mechanical resistance of the fibers, and active tissue contraction. To track the
tissue remodeling associated with the change of functions, we measured physiological
properties such as beat rate, contraction velocity, contraction force, and tissue width of
the individual cardiac microtissues every 5 days. Since the individual fibers were fixed
onto the glass slides at both ends, the contracting cardiac microtissues were only able to
deflect the fibers in the X-direction (perpendicular to fibers), but not in Y-direction
(parallel to fibers). Those mechanical constraints (fixed two ends and free surface of
surfaces) resulted in the anisotropic contraction with higher contraction perpendicular to
fiber axis (X-direction) than parallel to fiber axis (Y-direction), as defined by contraction
heatmaps.
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Figure 4.21. Cardiac microtissues remodeling on filamentous matrices. Cardiac microtissues
growing on a 5 pm fiber matrix remodeled tissue shape Day 5-20. The contraction heatmaps
showed anisotropic contraction with higher contraction in the X-direction comparing to the Y-
direction (Scale bar : 100 pm)

We calculated the ratio of contraction velocity in the X and Y directions and found a
significant increase from Day 5 to Day 20. And we also observed that the microtissues
contracted along the Y-direction, but maintained the integrity along the X-direction. As a
result, there was a significant decrease in the tissue cross-sections from Day 5 to Day 10-
20. This suggested that the change in tissue shape occurred simultaneously with the re-
orientation of the contraction directions. Hence, during the tissue remodeling, anisotropic
contraction and tissue shape might mutually favor each other.

And we could change the fiber bending stiffness to modulate the mechanical resistance to
the cardiac microtissues by changing the fiber thickness. Based on AFM calibration of
our individual flexible fiber, we calculated the elastic modulus of the material as 183.9 +
11.7 MPa, and this refers to the linear relation between required force for deformation of
the fiber. Although the elastic modulus is the same for both fibers, the fiber mechanical
bending resistance to the cardiac microtissue contraction, is proportional to the 4™ order
of fiber diameter, thus 5 pm-thickness fibers are easier to be bent. We didn’t observe a
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significant difference in the beat rate of the cardiac microtissues on two different
filamentous matrices (5 um and 10 pm-thickness). However, beat rate slightly increased
from Day 5-10 to Day 15-20. Since 5 um-thickness fibers were easier to be bent, we
found that higher maximal contraction velocity for cardiac microtissues growing on the 5
um matrices compared to 10 um matrices. As a results, those data suggested that
modulating the mechanical/physical resistance of tissue microenvironment via changing
fiber bending stiffness, it can alters the contractile function of cardiac microtissues.
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Figure 4.22. Cardiac microtissues remodeling on filamentous matrices. The progressive tissue
remodeling manifested as (a) an increase of the ratio of mean contraction between X-axis and Y-
axis and (b) a decrease of the tissue cross-section by comparing Day 5 to Day 10-20 (mean = SD,
n = 8). By investigating the effect of tissue mechanical environment on cardiac contractility, we
found (c) no significant difference on beat rate (d), but much higher maximal contraction for the
cardiac microtissues growing on 5 um matrices than the ones on 10 um matrices (mean + SD, n =
8)

We used the deflection of individual fibers to calculate the contraction force of CMs. By
assuming all the forces throughout the tissue cross-section were evenly distributed and
parallel, we calculated the point force exerted on individual fiber based on the fiber
deflection and force position (where the deflection locates) measured in a series of
recorded images. Using this point force, we could also calculate the total force generated
by the cardiac microtissues. Through contraction force calculations, we found that the
cell’s contraction force on 10 pm-thickness fiber scaffold was around 10-fold higher than
that of 5 pm-thickness fiber. Therefore, artificially applying the forces at the center
region of the fiber with 1 pN to a 5 pm fiber and 10 puN to a 10 pm fiber, we could
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determine the stress generated on the fibers through COMSOL numerical simulation.
High stress occurred at the center region of the fiber, where the force was applied to, and
also occurred at the two ends of the fiber, where the fiber was fixed at the glass slides.
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Figure 4.23. COMSOL simulation showed von Mises stress generated by applying 1 uN and 10
uN forces on individual 5 pm and 10 pm diameter fibers respectively
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Figure 4.24. Theoretical analysis of force with position and deflection (a) Theoretical calculation
of individual fiber force with different force positions and fiber deflections for individual 5 pm
and 10 pm fibers. (b) Theoretical calculation of total force with different force positions and fiber
deflections for 5 pm and 10 pm fiber matrices
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When we took the cardiac microtissue image few days after cell seeding, it was possible
to see the small deflection during the resting state. That is, we need to make sure the
terms to characterize and analyze those phenomena.

Cardiac preload contraction is defined as end-diastolic myocardial wall tension. However,
in this study, we refer to preload as the tension exerted by the fibers at two edges of the
matrix to the diastolic cardiac microtissue in the resting state without any contraction
force. And load opposing shortening of the ventricular muscles is termed cardiac
afterload. However, in this study, the cardiac tissue afterload is defined as the fiber
tension induced by the systolic cardiac microtissue at the maximal contraction. The
afterload is considerably increased when the cardiac microtissues have to beat against
stiffer fibers. Based on equation relation between the fiber deflections and force in the
two-end fixed beam, we calculated the static forces (diastole) and contraction forces
(systole) for the cardiac microtissues growing on both 5 um and 10 pm-thickness
filamentous matrices. The forces measured for the 10 um-thickness filamentous structure
showed a 10-fold increase in force compared to the forces measured for tissues on the 5
pum-thickness filamentous structures. This suggested that cardiac microtissues produced
higher forces when growing on the matrices with high stiffness fibers (i.e. 10 pm-
thickness filamentous matrices). We found that the static forces increased significantly
from Day 5 to Day 20 for the cardiac microtissues growing on both 5 pm and 10 um
filamentous matrices, whereas the contraction forces increased significantly only when
the tissues grew on the 10 pm matrices. Self-assembled WT hiPS-CMs on the 10 pym
filamentous matrices were able to adapt to the high stiffness microenvironment and
increase the contraction force through long-term mechanical conditioning
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Figure 4.25. Force measurement based on fiber deflection. (a) The static force and contraction
force were calculated based on preload deflection at diastolic status and afterload deflection at
systolic status. The static forces increased during a long-term culturing for WT cardiac
microtissues growing on both (b) 5 um and (c) 10 um matrices. (d) The contraction forces
showed no significant increase for WT cardiac tissue on 5 pm fibers, (¢) whereas the increase
became significant for the tissue on 10-um matrices (mean+SD, n=8)
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4.4.6 Calcium flux of the cardiac microtissues

Current methodologies based on optical flow analysis do not directly allow for the
quantitative assessment of electrophysiology. However, calcium flux during the beating
is the key features of CM biology and physiology. traditional electrophysiological
assessment such as sharp electrode invasion and usage of voltage sensitive dyes are not
appropriate for long-term experiment and measurement due to their effect on the viability
of the CMs. To consider this, we monitored spontaneous calcium flux in the cardiac
microtissues formed by isogenic hiPS-CMs harboring the genetically-encoded Ca*"
reporter (GCaMP6f), which was inserted into the AAVS1 locus. High-speed imaging
captured the fluorescent fluctuation of calcium flux from the GCaMP6f cardiac tissue
growing on the filamentous matrices.

By tracking the contraction motion, fiber deflection, and GCaMP fluorescent signal and
intensity from the same cardiac microtissue, we could characterize the temporal
relationship among contraction velocity, force, and calcium flux simultaneously.
According to the waveform of the calcium flux, we measured the calcium amplitude and
full width half maximum (FWHM). Because, this is the important electrophysiological
properties of the cardiac microtissues. We found that calcium amplitude significantly
increased from Day 5 to Day 20, and this suggesting the cardiac microtissues could
steadily increase (or enhance) the calcium flux level during a long period. This increase
of calcium flux from the cardiac microtissues correlated with the increase of contraction
force on stiffer fibrous structure with 10 um-thickness. As a result, it is possible to
conclude that excitation-contraction coupling was altered after the cardiac microtissues
adapted to the mechanical/physical microenvironment. And we also observed that cardiac
microtissues on 10 um matrices showed higher calcium amplitude and longer calcium
flux duration at the Day 15-20. These results suggested that the tissue mechanical
environment not only directly affected the tissue mechanical outputs, such as contraction
velocity and force, but also modulated the cardiac electrical properties through mechano-
electrical feedback mechanisms.
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Figure 4.26. Calcium flux of the cardiac microtissues. (a) Growing GCaMP6f hiPS-CMs on 10
um fiber matrices, we could record the fluorescence fluctuation of calcium flux with high-speed
camera. (Scale bar :100 um) (b) By tracking the contraction motion, fiber deflection and GCaMP
fluorescent signal, we can characterize the temporal relationship among contraction velocity,
force and calcium flux. (c) By plotting the calcium flux waveform, we could measure calcium
amplitude and FWHM for the cardiac microtissues growing on 5 pum and 10 pm matrices. The
cardiac microtissues on 10 pm matrices exhibited (d) higher calcium amplitude at Day 20 and (e)
longer calcium flux duration at Day 15 & 20 than the ones on 5 um matrices (mean + SD, n = §)
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4.4.7 Tissue mechanical environment affected contractile deficits

To elucidate how mechanical load can affect the contraction deficits and pathological
phenotypes, we harnessed recent advances in human iPS technology and gene-editing to
create a human diseased cardiac tissue model with loss-of-function of the MYBPC3 gene.
MYBPC3 is a thick filament associated protein, which play a principally structural role
stabilization of the sarcomere sliding during contraction[139, 147-150]. This protein
binds to myosin and actin, and regulate the probability of cross-bridge interactions.
Eventually, this controls the rate of force development and relaxation in the cardiac
muscles. Mutations in the MYBPC3 gene have been found to result in changes to not
only the structure of the sarcomere, but also the structure of the heart that ultimately leads
to hypertrophic cardiomyopathies (HCM). Our fiber-based cardiac tissue model can track
the contractile functions of cardiac microtissues in a long-term culture, thus providing a
unique platform to investigate the adverse effects of MYBPC3 gene knockout on the
cardiac contraction at the tissue level.
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Figure 4.27. Generation of MYBPC3 cardiac microtissues. The schematics of MYBPC3 protein
in one unit of myofibril showed this protein interacted with thin filament, thick filament and titin

Myosin binding protein C

The isogenic homozygous MYBPC3 knockout(KO) hiPS cell line was developed by
TALEN (Transcription Activator Like Effector Nucleases)-mediated gene-editing
method. MYBPC3 hiPS-CMs were differentiated and formed the 3D anisotropic cardiac
microtissues on both 5 pm and 10 um filamentous matrices. We compared the structural
characteristics between WT and MYBPC3 cardiac microtissues on 5 um and 10 pym
diameter matrices. At Day 20, we found no significant differences on both tissue cross-
section areas and sarcomere alignment indices from either two tissue types (WT and
MYBPC3 hiPS-CM) or two matrix types (5 um and 10 pm filamentous matrices). This
suggest that MYBPC3 gene KO did not induce the tissue thickening and sarcomere
disarray at the in vitro tissue level, which are common phenomena in hypertrophic
cardiomyopathy at the whole real organ.
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Figure 4.28. Bright-field microscopy showed no significant difference on tissue cross-section
between WT and MYBPC3 tissues growing on 5 um and 10 um matrices at Day 20 (mean with
all data, n = 12). (Scale bar : 100 pm)
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Figure 4.29. Confocal microscopy, and showed no significant difference on sarcomere alignment
index between WT and MYBPC3 tissues growing on 5 pm and 10 pm matrices at Day 20 (mean
with all data, n = 12) (Scale bar : 50 um)

We also observed that there was no significant difference on static forces between WT
and MYBPC3 cardiac microtissues on both matrix types (5 um and 10 pm). Thus, we
found that the cardiac preload due to tissue passive tension was not affected by the
MYBPC3 gene knockout. However, the contraction forces of the MYBPC3 cardiac
microtissues slightly increased only on 10 pm diameter matrices comparing Day 5 to Day
10-20.

Furthermore, the MYBPC3 cardiac microtissues exhibited significantly lower contraction
forces comparing to WT microtissues only on 10 pm-thicknss matrices. We also found
that the MYBPC3 cardiac microtissues showed higher contraction velocity compared to
WT, and this velocity difference between two tissue types (WT and MYBPC3 cardiac
microtissues) was exaggerated on 10 pm-thickness matrices.

As a results, modulating cardiac tissue mechanical environment facilitates disease
modeling of contraction deficits due to MYBPC3 gene KO. We can expect that MYBPC3
protein might only serve as a contractility modulator susceptible to the external
mechanical stress, instead of structurally affecting the sarcomere assembly and tissue
formation.
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Figure 4.30. Tissue contraction deficits resulted from MYBPC3 KO. Comparing to WT cardiac
microtissues, MYBPC3 KO had no effect on static forces for the cardiac microtissues on both (a)
5 um and (b) 10 pm matrices, (c) no effect on contraction forces for the tissues on 5 pm matrices,
(d) but induced lower contraction forces at Day 15 & 20 for the cardiac microtissues only
growing on 10 pm matrices. MYBPC3 KO resulted in higher maximal contraction velocity for
the cardiac microtissues growing on both (e) 5 pm matrices (Day 20) and (f) 10 pm matrices
(Day 15 & 20) comparing to WT cardiac microtissues

Moreover, we plotted the force curves for WT and MYBPC3 cardiac microtissues on 5
pum and 10 pm matrices at Day 20 (after enough time for adaptation by mechanical
microenvironment). By multiplying the force and velocity, we could plot the power
curves and calculated the curve area as the total energy consumed by the cardiac
microtissues for one contraction cycle. On both matrices, MYBPC3 cardiac microtissues
developed the maximal contraction forces faster than WT microtissues. Since the force
magnitude was similar between WT and MYBPC3 cardiac microtissues on 5 um
matrices, however, higher contraction velocity led to higher power output. As a result,
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more energy was consumed by the MYBPC3 cardiac microtissues. This hypo-contractile
phenomena has been widely accepted as an early sign of hypertrophic cardiomyopathies
phenotype. On the other hand, MYPBC3 cardiac microtissues developed significantly
lower contraction forces, less power output, but similar energy consumption comparing

to the WT. Same energy consumption, low force generation from MYBPC3 cardiac
microtissues indicated that MYBPC3 knockout CMs impaired the cardiac microtissues to
contract in an energy-efficient manner. This impaired cardiac function possibly
recapitulate the failing myocardium associated with external stress and genetic deficiency.
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Figure 4.31. Mechanical environment altered contractile phenotype. (a) The force development of
MYBPC3 cardiac microtissues on 5 pm matrices was faster than WT tissues, but no difference on
the magnitude. (b) Higher power output of MYBPC3 cardiac microtissues comparing to WT
suggested a hypo-contractile phenotype. (¢) The force development of MYBPC3 cardiac
microtissues on 10 pm matrices was faster but lower than WT tissues, (h) whereas the energy
consumption of MYBPC3 tissues was similar to WT tissues (mean = SD, n = 8)

120



4.4.8 Tissue mechanical environment affected on local cardiac
contractile deficits

To further elucidate how the mechanical microenvironment affected the cardiac tissue
contractility locally, we fabricated the hybrid matrices (by positioning the 5 um and 10
um-thickness fibers one next to each other) to create a mechanical mismatch region in the
middle of each matrix. We seeded the MYBPC3 hiPS-CMs into the hybrid matrix to
form 3D cardiac microtissues across the entire matrix. After enough time of adaptation
(at Day 20), we found that the cardiac microtissues could synchronously contract with
higher contraction velocity within the low stiffness region compared to the high stiffness
region. In contrast, MYBPC3 cardiac microtissues growing on hybrid matrices showed
higher contraction forces and larger tissue cross-section at high stiffness region than low
stiffness region.

This results indicate that the entire cardiac microtissues had to balance the generated
force between high and log stiffness microenvironment for synchronization of contraction.
Such force equilibrium resulted in the tissue hypertrophy at the high stiftness region with
high tissue cross-section. Furthermore, calculation of the local contraction velocity within
the mismatch region (interface between high and low stiffness region), we found that the
tissues had higher contraction along the X-direction within mismatch region of low
stiffness (Region L). Contrast to this, higher contraction along the Y-direction within
mismatch region of high stiffness (Region H). Hence, the mechanical mismatch induced
the local uncoordinated contraction of cardiac tissue (Even though the sarcomere
organization/orientation showed not significant differences across this mismatched
region).
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Figure 4.32. Mechanical mismatch induced contraction deficits. (a) The MYBPC3 cardiac tissue
formed on a hybrid matrix fabricated with 5 um fibers and 10 um fibers one next to each other.
Scale bar, 100 pm. (b) The contraction heatmap showed higher contraction velocity on the region
within the low stiffness region. (¢) The confocal microscopic images showed the sarcomere
structure of MYBPC3 cardiac microtissues within the low stiffness region (left), high stiffness
region (middle) and mismatch region (right). Scale bar, 50 um. (d) Low stiffness region had
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highest contraction velocity for the entire hybrid matrices (mean + SD, n = §). (e) Region H
within mismatch region had lowest ratio of contraction velocity between X-direction and Y-
direction, indicating higher contraction velocity along Y-direction (mean + SD, n = 8). (f) High
stiffness region had 10-fold higher contraction forces than low stiffness region, whereas no fiber

deflection was detected within the mismatch region (mean = SD, n = §8).
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Figure 4.33. Contraction waveforms for the MYBPC3 cardiac tissue on a hybrid matrix. The
contraction waveforms were listed as total contraction (left column), X-direction contraction
(middle column) and Y-direction contraction (right column) for (a) low stiffness region, (b) high
stiffness region, (¢) mismatch region L and (d) mismatched region H.
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4.4.9 Consideration of real model

MYBPC3 is a thick filament accessory protein of the striated muscle sarcomere A band.
This protein determines the cardiac tissue contraction velocity and force, and ensures the
generation of conservative power for efficient myocardial contraction at rest. And this
also provides considerable contractile reserve for enhanced function during the
contraction procedure. In a MYBPC3 heterozygous transgenic mouse model, the adult
mice developed a mild hypertrophic cardiomyopathies phenotype with diastolic
dysfunction, but no left ventricular hypertrophy or systolic dysfunction[139, 147-150]. in
vitro engineered heart tissue system could unmask subtle abnormalities, and this were
likely be concealed by the compensatory mechanisms. Considering the real in vivo model,
there is some limitation on this research. Patients with hypertrophic cardiomyopathies
were only found with heterozygous MYBPC3 gene mutations, however, we applied the
cardiac microtissue with homozygous MYBPC3 gene KO with an emphasis on the
mechanical role of MYBPC3 protein on cardiac contractile functions.

In this result, we applied that contractile deficits of human MYBPC3 KO cardiac
microtissues under different mechanical environment by changing the mechanical
properties of filamentous structure, and found that MYBPC3 tissues only exhibited
reduced systolic contraction force growing on stiffer filamentous structure. This
demonstrated that MYBPC3 KO impaired cardiac adaptation to increased mechanical
load, induced contractile deficits, and activated hypertrophic signaling. The earliest signs
of hypertrophic cardiomyopathies are also associated with hypo-contraction and impaired
relaxation. By examining developed force and power of cardiac microtissue, we
discriminated hypo-contraction as hypertrophic cardiomyopathies and impaired
contraction as heart failure by variation of mechanical resistance to the MYBPC3 cardiac
microtissues. By applying the different microenvironment of cardiac microtissue, that
will provoke the different disease phenotype with same genetic defects. This different
phenotype from hypo-contraction to impaired contraction also recapitulated the disease
progress from moderate hypertrophic cardiomyopathies to severe heart failure by
deteriorating the environmental stress.

In this research, we applied the advanced laser-based 3D fabrication (2PP), fabricated
well-defined fibrous structure, and measure the fiber elastic properties using AFM. Based
on this result, it is possible to compute the separate the cardiac microtissue relaxation and
fiber elastic recoil. Hence, we can perform accurate measurement for the rate of diastolic
relaxation for hypertrophic cardiomyopathies studies.

In the real cardiac tissue, cardiac hypertrophy has positive/negative sides. Normal
postnatal development, continuous exercise, or pregnancy induce the reversible
physiological hypertrophy that can strengthen the heart. In contrast, sustained
hypertension, heart-valve regurgitation or aortic stenosis induce the irreversible
pathological hypertrophy that can lead to irregular heart beat and heart beating failure
[139, 147-150]. However, both physiological and pathological hypertrophy has common
thing which characterized as the increase in CM size. However, only pathological
hypertrophy is associated with increased apoptosis, interstitial fibrosis, and overall
cardiac dysfunction.
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In vitro cardiac hypertrophy models have been developed either passive (stretch of mimic
CMs by increase the preload), or active (stiffening the flexible cantilevers to cardiac
microtissues by increase the afterload) methods. In our 3D filamentous cardiac
microtissue model, we mimicked the increase of afterload, and assessed the effects of
mechanical stress on cardiac functions. However, WT and MYBPC?2 iPS-CMs shows
different phenomena. WT cardiac microtissues exhibited enhanced contractile functions
in response to the increase of afterload, suggesting a phenotype of physiological
hypertrophy. In contrast, MYBPC3 cardiac microtissues exhibited impaired contractile
functions in response to the incrase of afterload, suggesting a phenotype of pathological
hypertrophy.

We also found that the hypertrophic gene expression showed differential regulation of
NFAT and AKT pathways for the WT and MYBPC3 cardiac microtissues in response to
the increase of afterload. This result is consistent with the previous reports on the
differences between physiological and pathological hypertrophy[149, 168-170].
Mutations in MYBPC3 accounts for 30% of all mutations linked to familial hypertrophic
cardiomyopathies [139, 147-150]. We found that a decrease in brain natriuretic peptide
(BNP) secretion from WT cardiac microtissues on both 5 ym and 10 um matrices,
suggesting a physiological hypertrophy. However, BNP secretion increase phenomena
can be found from MYBPC3 cardiac microtissues only growing on 10 pm matrices,
suggesting a pathological hypertrophy.

And we also performed a hypertrophic gene profiling for the WT and MYBPC3 cardiac
microtissues on two different thickness filamentous structure with 5 um and 10 pm —
thickness matrices. We found that an increase in mechanical stiffness induced MYBPC3
cardiac microtissues to increase the expression of cardiac transcriptional factors such as
MEF2C, GATA4, NKX2.5, and to activate the NFAT signaling pathway. Interesting
thing is that increase of fiber stiffness led to the differential expression of the AKT
signaling pathway. For the WT cardiac microtissue, this SKT signaling pathway was
activated. In contrast, for the MYBPC3 cardiac microtissue, SKT signaling pathway was
deactivated.
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Figure 4.34. Effect of mechanical environment on expression of hypertrophic biomarkers. h(BNP
expression decreased for WT cardiac microtissues on both (a) 5 um and (b) 10 um matrices, but
increased for MYBPC3 cardiac microtissues only on (b) 10 um matrices (mean = SD, n =4). (¢)
Gene expression profiling of human NFAT & cardiac hypertrophy for WT and MYBPC3 showed
differential gene expression for WT and MYBPC3 cardiac microtissues with variation of tissue
mechanical environment by normalizing the gene expression of the tissues on 10 pm matrices
over 5 um matrices (n = 4)

4.4.10 Drug testing on cardiac model

Once we optimized the 3D cardiac tissue for LQT3 iPS- CMs formation such as
alignment, and abnormality contractility, we validated this model by testing the response
of LQT3 iPS-CMs to different chemicals treatment which had well-known their effects
on cardiac tissue. After growing LQT3 iPS-CMs on F/5-50 matrices for 7 days, they were
treated with two different doses of each chemicals, and response of cardiac tissue had
evaluated using real-time video recording system and motion-tracking MATLAB
sofrware to measure the contractility malfunctions [167].

For example, caffeine is well-known to increase heart rate and enhance the internal Ca*
release from the sarcoplasmic reticulum (SR), and this effects on the CM contractility.
Applying this caffeine to 3D LQT3 iPS-CMs tissue model, it caused the increase of
beating frequency (BF) and maximal contraction velocity (MCV). Nifedipine is well-
known as L-type Ca®" channel blocker, it decreased the BF and MCV, and increased the
beating duration (BD) by decreasing CM Ca*" influx.

Heat beating was also effected by amount of dosage. Higher doses of caffeine (500 nM)
and nifedipine (300 nM) both caused LQT3 iPS-CMs to cease beating without any
uncoordinated beating resulting from arrhythmias. E4031 (a hERG K" channel blocker)
and propranolol (a beta-adrenergic antagonist) showed similar effects on LQT3 iPS-CMs,
decreasing BF and MCV and increasing the BD in a dose-dependent manner. E4031
caused a small level of irregular beating patterns shown in the baseline of the motion-
tracking waveform. However, propranolol induced significant uncoordinated irregular
beating patterns, suggestive of cardiac arrhythmias[51].
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Figure 4.35. The motion-tracking waveforms were recorded for LQT3 iPS-CMs on F/5-50

matrices with drug testing: (a) control without treatment, (b) treatment with 100 nM caffeine, (c)

treatment with 200 nM nifedipine, (d) treatment with 200 nM E4031, (e) treatment with
30uM propranolol. LQT3 iPS-CMs treated with E4031 and propranolol experienced with

irregular baseline contraction (pointed by red arrows) and uncoordinated beating (framed by red

boxes)
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To compare the drug response of LQT3 iPS-CMs between 3D cardiac filamentous tissue
model and traditional 2D cell culture platform (i.e. TCPS), we grew LQT3 iPS-CMs on
general tissue culture plate (for 2D) and F/5-50 and F/10-50 matrices (for 3D). To verity
the response of LQT3 iPS-CMs on the different platform, we applied 30 uM propranolol
to those two different type of culture platform, and quantify the physiological properties
such as BF, MCV and BD. The change in CM contractility on F/5-50 matrices was
significantly larger than that of F/10-50 matrices and 2D surfaces. LQT3 iPS-CMs were
more sensitive to the chemicals (or medicine) if they grew as a 3D tissue structure with
lower stiffness microenvironment. The change in MCV on F/10-50 matrices was larger
than 2D surfaces, but no significant difference of BF and BD between these two
substrates.

And we also quantified the percentage of uncoordinated beating within one motion-
tracking waveform with different doses of propranolol (10, 30 and 60 uM). As increase
the propranolol dosage for all substrate, it shows the increase of percentage of
uncoordinated beating. However, the difference was not significant among these
substrates until the concentration was increased to 30 uM, at which time LQT3 iPS- CMs
experienced more arrhythmias growing on F/5-50 matrices than F/10-50 matrices and 2D
surfaces. At a higher dosage of 60 uM propranolol, it shows about 70% irregular and
uncoordinated beating of LQT3 iPS-CMs on F/5-50. The percentage of uncoordinated
beating on F/5-50 was still the largest, and the that of on F/10-50 also became
significantly larger compared to the 2D surfaces.

As aresult, LQT3 iPS-CMs became more susceptible to cardiotoxicity caused by
pharmacological interference when grown as a 3D cardiac tissue with lower stiffness.

Although characterized by the same syndrome(Long QT), patients with LQT1 (KCNQ1)
and LQT2 (hERG) experience cardiac arrest due to exercise and emotional stress[171], in
contrast, LQT3 patients experience it with a slower heart rate during sleep and rest.
According to the clinical evidence clearly indicates that only certain environmental
conditions can amplify the electrophysiological disorder into the sudden heart
dysfunction. Therefore, drug testing for LQT3 iPS-CMs in different cellular
microenvironments may result in different pharmaceutical responses. Our findings
indicated that LQT3 iPS-CMs were more susceptible to drug-induced cardiac toxicity
growing on 3D fibrous structure with lower stiffness (F/5-50 matrices) compared to
stiffer condition (F/10-50 matrices) and standard 2D surface. LQT3 iPS-CMs on F/5-50
matrices experienced higher risk of uncoordinated and irregular beating compared to 2D
surfaces with 60uM propranolol treatment. The high frequency of contractility
malfunction observed in LQT3 iPS-CM on F/5-50 suggests that there might be false-
negative readouts during toxicity testing on 2D culture platform which is usually used for
drug or toxicity testing.
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Figure 4.36. The LQT3 iPS-CMs response to 30 uM propranolol was tested on three different
substrates: general culture plate (2D) and F/10-50 and F/5-50 matrices (3D . The change of (a)
BF, (b) MCV and (c) BD resulted from drug treatment was calculated relative to control groups,
and LQT3 iPS-CMs experienced higher changes on F/5-50 matrices than 2D surfaces and F/10-
50 matrices. (d) The uncoordinated beating also measured within individual trace of motion-
tracking waveform for different substrates and dose of propranolol (10, 30 and 60 uM)

Further drug testing on LQT3 iPS-CMs with other chemicals showed that increased
beating frequency by caffeine did not result in uncoordinated beating. This was consistent
with clinical records of LQT3 patients who had cardiac arrest with slow heart rate. The
nifedipine (L-type Ca*" channel blocker) has been reported to shorten the CM action
potential duration. Conversely, its effect on LQT3 iPS-CMs on F/5-50 matrices was
found to elongate the beating duration. This is the consequence of slow Ca®" influx,
which results in a longer release time of the internal Ca** stored in the sarcoplasmic
reticulum (SR) necessary to complete the contraction. This result suggests that
contractility of CMs might not fully represent the electrophysiology, especially with drug
interference. The E4031 (hERG K channel blocker) has been known as the drug
inducing severe arrhythmias. In this research, this chemical used for testing the
cardiotoxicity tolerance and contractility malfunction of LQT3 iPS-CMs growing on
F/5e-50 matrices. According to our result, E4031 decreased the contractility, elongated
the beating duration, and induced irregular contractions of LQT3 iPS-CMs. This irregular
beating between contraction and relaxation within one beating cycle were most likely the
result of early after depolarizations (EADs). And irregulat beating between two beats
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most likely the result of delayed after depolarizations (DADs)[142, 152]. In this study,
we found this drug-induced uncoordinated beating was consistent with clinical cases.
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Figure 4.37. The LQT3 iPS-CMs on F/5-50 matrices were tested the contractility changes (BF,
MCYV, and BD) to four different chemicals (caffeine, nifedipine (L-type Ca®" channel blocker),
E4031 (hERG K" channel blocker) and propranolol (-adrenergic antagonist))

4.4.11 3D structure fabrication for multiple functionalization

Comparing to other general MEMS technique, it is possible to fabrication complex three
dimensional structure using two photon polymerization. On the MEA system, it is
possible to measure the electrical signal from the diverse tissue. Casting the cell into the
biomaterials (hydrogel) is another good method for tissue formation and it can measure
the electrical signal from tissue. To differentiate the contraction force and electrical
signal from cardiomyocyte, it is need to fabricate 3D structure for hydrogel trapping.
Generally, the multiple steps and masks are needed for complicate 3D structure. And
another application is platform for single cell contraction force measurement. Moreover,
for exact measurement of electrical signal on MEA, that structure should be fabricated in
very affinity to substrate with high resolution. However, conventional 3D printing could
not guarantee the high resolution compare to two-photon polymerization.
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Figure 4. 38. High aspect ratio tube structure fabrication (a &b) side view of tube structure and (c)
top view of tube array for cell trapping (scale bar : 100 um)

Figure 4.39. Application for high-aspect ratio structure (a) 3D structure on MEA for collagen
trapping, (b) Fiber on the rod structure for single cell traction force measurement and (c) Single
hiPS-CM on the fiber (scale bar : 100 pm)

4.5 Conclusions and outlooks

Two-photon polymerization(2PP) technique by femtosecond laser used to fabricate
precisely defined 3D filamentous matrices of artificial tissue scaffolds and to study cell
and 3D material interaction. Despite excellent initial progress in understanding cell
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behavior in 2D, there still remain many limitations in current materials and fabrication
technologies, which cannot mimic the nature 3D filamentous matrices and ultimately real
tissues. For the deeper understand how cells were reacted and response by stimulation
and environment, advance 3D structure fabrication technique is required precisely mimic
the physical and chemical properties of real in vivo system. Furthermore, advancement of
human in vitro cardiac tissue model make it possible to understand, study and develop the
new strategies for treating cardiac arrhythmias and related cardiovascular diseases. In this
research, we developed an 3D in vitro model of human cardiac microtissue by populating
synthetic filamentous matrices with cardiomyocytes derived from wildtype (WT) and
patient-specific LQT3 induced pluripotent stem cells (iPS-CMs) to mimic the connected
and aligned human ventricular myocardium. For the efficient 3D iPS-CM microtissue
scaffold formation which aligned along the fiber direction, we determined the optimized
properties of fibrous scaffold such as spacing (50 um). We observed that LQT3 iPS-CMs
exhibited more contractility abnormality than WT iPS-CMs, and were more susceptible
to cardiotoxicity when grown on the lower stiffness filamentous structure scaffold. This
highly defined human 3D cardiac model will help us to better understand the
cardiovascular disease mechanism and formulate better therapeutic strategies such as
medicine treatment. This model is also a pioneering testbed for assessing drug efficacy
for patients with rare genetic disorders, moving drug discovery and development into the
era of personalized medicine. We studied the contractility malfunctions associated with
the electrophysiological consequences of LQT3-CMs and their response to chemical
treatment. Due to the different stiffness of filamentous matrices, LQT3 iPS-CMs
exhibited different level of contractility abnormality and susceptibility to drug-induced
cardiotoxicity.

However, the limitations of this 3D cardiac tissue model need to be stated. The CMs
generated from iPS cells were immature embryonic or neonatal-like CMs, which
morphologically cannot compare with large and stiff ventricular CMs in the adult human
heart. That is, cardiac tissue constructed by iPS-CMs had significantly lower field
potentials and contraction forces than adult ventricular tissue. Hence, it is not possible to
be considered as exactly same to in vitro model of mature myocardium. Electrical
stimulation would be one of alternative to help CM maturation, and a long-term
stimulation system is under development, which can adjust the magnitude and frequency
of the electrical field.

However, compared to microstructured 2D substrates, 3D fibrous matrices showed much
stronger similarity to the topographic complexity in vivo, where fiber structures
constituted the dominant structural elements. In particular, our matrices could be
fabricated over a wide range of dimensions, and bending stiffness also can be easily and
accurately tuned. Since fibers were deflected by the contraction of cardiac microtissue,
we could calculte the CM’s contraction forces on those platforms with different thickness.
The combination of well-defined filamentous matrices by 2PP and computational finite
element analysis approaches presented a biomechanical model of cardiac tissue to map
the relationship among external stress, cardiac contractility, and force generation.
Through this 3D in vitro model, we demonstrated that how mechanical/physical
environment effects on the generation of physiological and pathological response in a 3D
human iPS-based cardiac tissue. Our studies highlighted the possibility of exploiting the
mechanical load to the cardiac tissue, which will hopefully lead to deeper and
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comprehensive understanding of the role of mechanical/physical environment into
homeostasis and pathogenesis of cardiac tissue.

A majority of chronic cardiac diseases with complex phenotypes was effected by genetic
networks and genetic-environment interactions. Currently, human induced pluripotent
stem (hiPS) cell technology has provided previously unanticipated possibilities to model
human heart disease in cell culture as “disease-in-a-dish”[172]. However, genetic
background variations between patient-derived iPS cells and their wildtype pose
considerable risks for interpreting a supposedly diseased phenotype attributed to a single
gene mutation, external environmental perturbations, or genetic background noise. To
understand pathogenesis from specific gene mutation and its interaction with
environmental exposure requires precise control on both genetics background and
environmental conditions. Exciting advances in genome-editing technologies by
endonuclease (TALEN) or palindromic repeat (CRISPR) are being introduced to engineer
cardiac disease-associated gene mutations into hiPS cell lines with the same genetic
background[173]. Engineered tissue models aim to accurately mimic the dynamic,
complex, and 3D in vivo biological contents, as well as reconstitute the pathological
environmental stresses to reveal the etiology of cardiac diseases. Combination of hiPS
cell technology, genome editing technique and engineered tissue models leads to the
next-generation of hiPS-based cardiac disease modeling. And it recapitulates the
synergism of genetic deficiencies and environmental stresses that are required to induce
the life-threatening cardiac diseases, especially chronic cardiomyopathies.

Table 4.1 Primary Antibodies used in this study

Antibodies Animal Vendor Cat. No.
Sarcomeric o-actinin Mouse Sigma Aldrich A7811
Cardiac troponin T (Flow Cytometry) Mouse Thermo Scientific MS295P
[-myosin heavy chain Mouse Abcam ab97715
Connexin 43 Rabbit Sigma Aldrich C6219
N-cadherin Rabbit Abcam ab12221
Nuclei (DAPI) - Life Technologies R37606
Nuclei (Topro3) - Life Technologies T3605

Table 4.2. PCR Primers in the customized target array for cardiac differentiation profilin

Cardiac Differentiation Profiling
NANOG POUSF1 SOX2 T MIXL1 MESPI
NM_024865 | NM 002701 | NM 003106 | NM 003181 | NM 031944 | NM 018670
PDGFRA ISL1 NKX2.5 TBX5 TNNT2 TNNI3
NM_001202 | NM 002202 | NM 004387 | NM 000192 | NM 000364 | NM_ 000363
MYH6 MYH7 GAPDH HSP90AB1
NM_002471 | NM_000257 | NM_002046 | NM_007355
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Table 4.3. Primary Antibodies

Antibody Target Animal Vendor Cat. No.
Nanog Rabbit Abcam ab21624
Oct4 Rabbit Abcam ab19857
Sox2 Rabbit Abcam ab92494
Sarcomeric a-actinin Mouse Sigma Aldrich A7811
Laminin Rabbit Abcam ab14055
Cardiac troponin T (FC) Mouse Thermo Scientific MS295P
Cardiac troponin T (ICC) Rabbit Abcam ab45932
B-myosin heavy chain Mouse Abcam ab97715
Connexin 43 Rabbit Sigma Aldrich C6219
Nuclei (DAPI) - Invitrogen R37606
Nuclei (Topro3) - Invitrogen T3605
Table 4.4. PCR Primers
Gene Accession # Primer
F: GCGATTATGCAGCGTGCAATGAGT
Nkx2.5 | NM 004387 | g AACATAAATACGGGTGGGTGCGTG
F: TTCACCAAAGATCTGCTCCTCGCT
TNNTZ | NM_000364 | p. TTATTACTGGTGTGGAGTGGGTGTGG
F: CTGCAGATTGCAAAGCAAGA
TNNI3 | NM 000363 | p. cCTCCTTCTTCACCTGCTTG
F: GATAGAGAGACTCCTGCGGC
MYH6 | NM_002471 | p. CCGTCTTCCCATTCTCGGTT
F: TGTCCAAGTTCCGCAAGGT
MYHT NM_000257 R: TCGGCTTCAAGGAAAATTGC
F: CCCCTTCATTGACCTCAACTACA
GAPDH NM_002046 R: TTGCTGATGATCTTGAGGCTGT
F: GGAAGTGCACCATGGAGAGG
HSPOOABL | NM 007335 | p. GTTCCTGAGGGTTGGGGATG

Table 4.5 Drug-screening compounds

Name Vendor Cat. No.
Caffeine Sigma Aldrich C7731
Nifedipine Sigma Aldrich N7634
E4031 Abcam Biochemicals Ab120158
Propranolol TCI P0995
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Chapter 5 Induction and Enhancement of
Nanomaterial Self-assembly in Ultraprecise
3D structure fabricated by Femtosecond
Laser Direct Writing (Two-photon
polymerization)

5.1 Introduction

Research of nanomaterials is promising for development of diverse technological
applications including optics, energy devices and bioengineering tools efc. In recent years,
rapid expansion has occurred for nanofabrication towards tailoring artificial materials
with desired nanostructures. However, current nanofabrication methods are subject to
limitations regarding application of nanomaterials into mass manufacturing. Step-by-step
separate processes are needed to functionalize the nanomaterials. Bottom-up approaches
are feasible to produce two-dimensional structures, however, they cannot still
accommodate the increasing demand of structural complexity. To solve this issue, top-
down process broaden the usage of manufacturing with complex and functionally
advanced platforms if appropriate processing is developed.

Self-assembly of materials is broadly considered an attractive means of generating
nanoscale structures and patterns over large areas. We can take advantage of the self-
assembly characteristics of block copolymers (BCP) that are intrinsically scalable and
amenable to large area processing[174-178]. Spontaneous formation of equilibrium
nanostructures in response to temperature and concentration changes.

For the backbone for the self-assembly of block copolymer, femtosecond laser direct
writing (two-photon polymerization) is a good alternative for nanoscale 3D structure
fabrication with nanoscale precision[138, 179, 180]. Integration of two-photon
polymerization (2PP) and block copolymer directed self-assembly (DSA) would open
new possibilities. The central motivation of this work is to develop a new paradigm for
design and manufacturing that offers scalability and flexibility. Eventually, this technique
makes it possible to fabricate and manufacture mesoscale (~100 nm & ~5 nm) 3D
structures with nanoscale functionality. Consequently, new approach is needed to enable
precision layout and assembly of heterogeneous components into functional device
architectures such as 3D sensor with high sensitivity and renewable energy system with
high efficiency.

For energy conversion engineering, photovoltaic energy conversion is promising option
for supplying renewable, environmentally friendly energy[47, 181]. However, substantial
reduction of costs should consider for wide usage. The high surface-to-volume ratio
makes these inorganic materials with complex 3D confined structures suitable for
photovoltaic cell electrodes. The size of these inorganic structures is similar to or less
than the wavelength of visible light.
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Structures with very small size but sophisticated 3D architecture can be used for photonic
crystals and metamaterials. Introducing functional inorganic nanoparticles, such as metal,
semiconductor, or oxide nanoparticles, magnetic nanoparticles, into 3D confined
polymeric materials has created a new class of organic—inorganic composite materials
that have various functions. Noble metal nanoparticles assembled into nanostructures
formed by 3D confined polymeric materials can be used as a template for plasmonic
materials, due to plasmon coupling between noble metal nanoparticles. Semiconductor
nanoparticles in 3D confined polymeric materials. BCPs that naturally self-assemble into
periodic ordered nanostructures can be utilized for controlling morphologies, directional
alignment of domains, and combinations of these factors. Additional advantages include
lower weight, mechanical flexibility, and tuning ability of optoelectronic functions by
utilization of BCP[176, 181].
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Figure 5.1. Diverse possible applications of 3D confined polymeric materials (BCP)
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5.1.1 Advanced 3D structure fabrication technique

5.1.1.1 3D printing

3D printing technology has been received increasing attention and applied to diverse
fields, including large-scale industrial prototyping, the tissue scaffolds fabrication,
biomimetic microvascular system fabrication, the manufacture of electronic and
pneumatic devices. 3D printing begins with a 3D model of the object, which is then
digitized and sliced into model layers. The 3D printing system then prints 2D layers into
3D by adding each new layer on top of the prior layer. Thin layers of a material that can
be cured with ultraviolet (UV) light are sequentially printed to form a solid 3D structure.
However, general 3D printing technique has limitation such as low resolution. Minimal
size of 3D printing structure depends on the material and nozzle size. Material jetting and
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curing by UV light is repeated, it does not guarantee higher resolution. Due to the poor
penetrating ability, the UV light is absorbed by the photoresist within the first few
micrometers[182-184].

5.1.1.2 Ultraprecise 3D structure fabrication using femtosecond laser direct writing
(Two-photon polymerization)
Unlike other 3D printing technologies, two-photon polymerization (2PP) induced by a
near-infrared femtosecond laser beam, and can fabricate arbitrary and ultraprecise 3D
microstructures with high resolution not only on the microscopic scale but also on the
nanoscale[138, 180]. This innovative method for 3D structuring of structural and
functional materials has distinct benefits. First of all, the achievable feature resolution of
about 100 nm is about one order of magnitude better than general p-stereolithography.
Furthermore, due to the optically non-linear process it is possible to directly write inside
a given volume, since the polymerization only takes place inside the tightly focus of the
laser beam. Therefore, complex 3D structures can be inscribed into a suitable resin
material that can be selectively cured. These advantages perfectly fulfill the demands for
various future applications such as different mechanical, electronic and optical devices,
polymer based optical waveguides on integrated circuit boards, photovoltaic platform and
bio-inspired architectures, which requiring three dimensional structures with resolutions
in the sub-um range.

5.1.2 Block copolymer

Block copolymers are unique polymers that can self-assemble into ordered microdomains
with sizes from 3 nm to about 50 nm. Block copolymers form appealing mesoscale
structures. In thin films, self-assembled block copolymer microdomains with long-range
lateral order can serve as ideal templates or scaffolds for patterning nanoscale functional
materials and synthesizing nanostructured materials with size scales that below the
minimum size of photolithography. The ordering processes during phase transitions and
the resulting phase-separated structures of polymer blends.

5.1.2.1 Self-assembly of block copolymer

The block copolymers consist of two chemically distinct polymers that are covalently
linked at one end. Non-favorable segmental interactions, coupled with the inherent
entropic loss due to the long-chain nature of the block copolymer. This causes separation
of the blocks into domains with the microdomain size. This is determined by the
molecular weight of the block copolymer and the shape of the domain. Block copolymers
attain shapes such as spherical, cylindrical, gyroid or lamellar, is determined by the
volume fraction of the components. Since the polymer chains are covalently bonded
together at one end, the size scale of the domains must be commensurate with the size of
the polymer chain, typically on the tens of nanometer length scale or less[47, 181, 185-
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188]. The theory of block copolymers self-assembly is well developed and successfully
predicts the phase diagram of the equilibrium morphology of block copolymers bulk
melts, as shown in Figure 5.2 by the Flory-Huggins segmental interaction parameter (),
total number of repeating units (N) signifying the degree of polymerization, and the
volume fraction (f) of one block. Predicted block copolymer domain spacings are in
good agreement with experimental results. Block copolymers with large y usually have
marked differences in the surface energies between two blocks, making it difficult to
orient the microdomains normal to the film surface. Usually, balanced interfacial
interactions and surface energies are required to achieve this orientation. Different
methods have been reported to balance the surface energy mismatch in high y BCPs.
Here, y is proportional to the unfavorable interactions between different blocks. Block
copolymer phase behaviors are described by [187]

Strong segregation limit (SSL): YN > 100, Ly~x'/®N?/3
Intermediate regime: 10 < yN < 100
Weak segregation limit (WSL): yN < 10, Ly~N1/?

where L is the domain spacing. This can be used for description of block copolymer
chain conformation and chain stretching. According to mean field theory, diblock
copolymer phase behavior in the melt can be described by yN and f as shown in Figure
5.2. Diffusion coefficient of block chains in the microphase-separated domain is much
slower (up to 4-order magnitudes) than that of homopolymer with similar molecular
weight. The linear diblock copolymers with large xN typically take enormous time to
self-assemble, which gives the upper limits for the domain spacing self-assembled by
block copolymers. In contrast, manipulating the structure of diblock copolymer (use of
long side chain brush copolymer instead of linear block copolymer) enables faster self-
assembly of block copolymer to form micrometer size scale structure.

Symmetric diblock copolymers form lamellar microdomains, and asymmetric diblock
copolymers form cylindrical microdomains or spherical microdomains with decrease the
volume fraction of the minor block.

The phase behavior of BCPs is also strongly affected by the temperature. For most block
copolymers, x is inversely proportional to temperature as:

=A+ 5
A=aTT
where A and B are both constants (B usually has positive values). As the temperature
increases, y decreases, and at a sufficient low yN value, the block copolymer no longer
maintains phase separation and undergoes an order-to-disorder transition (ODT). On the
other hand, upon cooling of the heated and phase mixed BCP sample, the BCP undergoes
a disorder-to-order transition (DOT) to form microphase-separated microdomains, due to
the increased y.
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Figure 5.2. Revised diblock copolymer phase diagram (Q**° and CPS : spherical phases, Q*° :
gyroid, H : cylindrical and L : lamella) [187]

5.1.2.2 1D /2D /3D confinement effect on block copolymer self-assembly [189]
Surfaces separating the space where copolymers phase-separate from the outside
environment also play an important role. Surface properties can be altered by chemical or
physical means for phase-separation. For example, surface chemistry can be used to
change the affinity of one of the blocks in a block copolymer. Hence, tuning the
wettability is effective way to control the confined phase. Chemical modification of
surfaces is carried out by adding or modifying substrate functional groups, or by
immobilizing polymers as polymer brushes. Asperities can be applied to the surfaces,
such as roughening surfaces by chemical treatment or by pressing templates into the
surface to create specific surface patterns.

Dimensionality is another crucial parameter for describing confinement. One-
dimensional confinement is a thin film in which the substrate surface can be chemically
modified to induce wetting of one of the phase-separated domains inside the film
(chemical asymmetry).

Examples of two-dimensional (2D) confinement include the inside of electrospun fibrous
structure, internal anodic aluminum oxide (AAQ), trench structure and nanoimprinted
trenches. Similar to the 1D confinement, the confinement surface can be either chemically
or physically modified.

Three-dimensional (3D) confinement can be formed by several processes, such as self-
organized precipitation (SORP), emulsion and 3D porous template. In this research, we
approached the 3D fabrication with femtosecond laser direct writing (2PP), which can
fabricate submicron scale with precision.
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Figure 5.3. Types of confinement with different dimensionality and modification by chemical and
physical method [189]

5.1.2.3 Towards functional materials and devices

Block copolymers provide a versatile and potentially low-cost means of engineering
nanotechnology-relevant material systems and devices. Block copolymer lithography has
been a very strong method in the development of directed self-assembly in thin films.
Direct pattern transfer requires appropriate etching contrast between the block copolymer
domains. The required etch resistance can be provided by the presence of a suitable,
inorganic, etch-resistant species in one block. Pattern transfer can also be performed
indirectly by generating a nanoporous film and carrying out a subsequent etch or
deposition step. A wide variety of substrates have been patterned in this manner using
etched PMMA domains[174, 190]. Finally, templated nanomaterial synthesis in block
copolymers has advanced using a variety of materials. P4VP and P2VP[191] are
commonly used as they are effective in binding and sequestering a broad range of ions
that serve as precursors for synthesis of various elemental metals and oxides. The
simplicity of the method has encouraged its broad adoption. In some cases, block
copolymer templated synthesis of low-dimensional nanomaterials can now be used as a
reliable tool to further other research, rather than being the object of study itself.

5.1.2.4 Block copolymer annealing

Block copolymers are a unique class of polymers that can self-assemble into ordered
microdomains with ~10 nm to ~100 nm sizes, appealing mesoscale material. Further
treatments of as spun film are used to enhance the ordering of the block copolymer
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microdomains, either by thermal or solvent vapor annealing, introducing the mobility to
the polymer chain to facilitate microphase separation and annihilation of defects.

5.1.2.4.1 Solvent vapor annealing (SVA)

Among many annealing methods, solvent vapor annealing (SVA) is a low-cost, highly
efficient way to annihilate defects in block copolymer[177, 191, 192]. It also facilitates
the formation of highly ordered microdomains within short time. Directing the self-
assembly of block copolymers leads to the formation of domains with near perfect lateral
ordering. Solvent vapor annealing provides means to anneal block copolymers that are
sensitive to thermal degradation. Furthermore, the solvent vapor annelaing is generally a
more effective method to anneal defects compared to thermal annealing of block
copolymers with the same molecular weight. Solvent vapor mediates the polymer/air
surface energy and acts as neutral layer to both blocks. By using selective solvent to
anneal block copolymer film are exposed to solvent vapor that permeates, asymmetric
swelling of block copolymers changes relative volume ratio between block copolymer
blocks, thus changing the morphology of the block copolymer film until solvent is totally
removed. Order is achieved through the increased mobility of the polymer chains by a
plasticization effect (effectively reducing glass transient temperature (T,)) and reduction
of the interaction parameter ()y) through dilution of the polymer chains.

However, a limitation for solvent vapor annealing is that high-temperature and long
annealing times are undesirable. More facile and reliable routes to prepare ultrahigh
density lamellar block copolymer perpendicular to substrate are needed. And other
factors affecting the morphology of a block copolymer film after removal of solvent
vapor are selectivity of the solvent, amount of swelling given to block copolymer film,
solvent removal rates, film thickness, humidity, and temperature efc.

5.1.2.4.2 Thermal annealing (TA)

Compared to the solvent annealing method, thermal annealing can produce well-ordered,
low-defect films by temperature gradient and topography features[189, 193]. The fast
solvent evaporation (from solvent vapor annealing) traps the block copolymer chain into
non-equilibrium, disorganized and poorly ordered states. Thermal annealing is widely
used to remove defects in block copolymer thin film. For this process, block copolymers
are heated above its glass transition temperature (T,) of the respective blocks of the
copolymer and then held at elevated temperature for a long time until block copolymers
were self-assembled with thermodynamically stable state. After this, samples are cooled
down to room temperature. The morphology of block copolymer samples depends on the
solvent and coating methods. A solvent with low boiling temperature evaporates much
faster than a high boiling-point solvent, and the polymer chains have less time to respond
to any variation in the solvent concentration; thus, the resultant morphology is kinetically
trapped. In contrast, thermal annealing reduces the side effect due to solvent by long time
self-assembly with thermodynamically stable state.

Advanced the other type of thermal annealing is zone annealing, which is a fast way to
anneal out the defect in the block copolymer thin films. In this method, the samples are
annealed by passing them over heating and cooling zone to create a sharp temperature
gradient.
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5.1.2.5 Etching of block copolymer

To take full advantage of the nanostructures offered by the direct self-assembly of block
copolymers, selective pattern transfer techniques with high fidelity are required[176, 189,
194, 195]. Typically, a two-step etching process is needed to transfer the self-assembled
block copolymer pattern to other functional materials. In the first step, one block of the
block copolymer is selectively removed to make an etch mask. The etch mask is further
pattern-transferred to other functional materials in the second step. Selective removal of
block A from diblock copolymer (A-b-B) is not a simple task. Most block copolymers are
made of organic materials, where etching contrast between different blocks is lacking.
Simple oxygen reactive ion etching (RIE) removes both organic polymer blocks at a
similar rate, leaving a flat film that is unsuitable for further pattern transfer. Thus,
different methods, depending on the chemical structure of block copolymer, have been
introduced to selectively remove a minor block but not the other. For inorganic
containing block copolymer, the mask fabrication from block copolymers is much easier.
The inorganic containing block is resisting to oxygen RIE. A simple oxygen RIE
treatment removes organic block, and converts the inorganic block into the inorganic
oxides. Among etching techniques, dry etch is typically used as a directional etch process
since the etchant gas is ionized by a high radio frequency field and ions are accelerated
towards the sample surface by an electrical field. The highly energetic ions can
chemically react with the etch mask and substrate, and can also transfer their kinetic
energy to physically remove material via a sputtering mechanism. The mask itself
determines the lateral resolution of the transferred pattern. However, the achievable depth
of etching profile is limited by the thickness of the mask material, the selectivity of the
etching recipe, and the etch quality. An undercut below the mask material is one of the
main challenges limiting achievement of high aspect ratio etching profiles. Also a limited
mask thickness and poor selectivity make pattern transfer difficult. Oxygen gas RIE is
commonly employed to oxidize and remove organic polymer materials. A higher radio
frequency power increases ion density and thus increases etch rate. lon milling is
basically similar to the RIE etching, but it is a purely directional physical sputtering
process. Argon ions are typically used for the ion milling process. Dry etching is the
preferred method for pattern transfer, as it is generally more controllable and generates
less waste. Furthermore, dry etching avoids capillary induced pattern collapse of small
polymer features and shifting of features that can occur with wet processing.

5.2 Ultraprecise 3D structure fabrication using two-photon
polymerization (2PP)

Direct laser writing by multiphoton polymerization is laser-based 3D printing technology
which allows the construction of readily assembled structures with sub-100nm resolution.
Femtosecond laser direct writing has been recently recognized as a promising candidate
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of precise fabrication. It is based on the nonlinear photon absorption by photopolymers;
the beam of an ultrafast laser is tightly focused inside the volume of a transparent
material, causing it to absorb two or more photons and polymerize locally[138, 180].
Compared to general fabrication technique, femtosecond laser direct writing offers
superior resolution and does not require additional process such as recoating or layer-by-
layer fabrication. However, it is much slower process and requires expensive and
specialized equipment. To three-dimensional structure fabrication, scanning a tightly
focused laser beam according to designed patterns from the bottom slice to the upside
slice. Photons are absorbed in a nonlinear manner (two- or multi-photon absorption) in a
volume much smaller than the cubic wavelength. The high spatial resolution of
femtosecond laser direct writing is much beyond the optical diffraction limit. The laser
light deeply penetrates into a bulk without absorptive power loss, making it possible to
tailor materials from inside.

5.2.1 Mechanism of Two-photon polymerization

The principle of 2PP is based on the transparency of the photoresist at near infrared
wavelengths [196]. This process can be expressed as multiphoton excitation-induced
photochemical reactions:

AWlPA = hv1 = 2 ) th = 3 ) hV3

hV1:2'hV2:3'hV3

For one-photon absorption (1PA) brings the photon energy directly from the ground state
to the excited state. In cotrast, simultaneous multiple absorption (i.e. two-photon
absorption (2PA) and three-photon absorption (3PA)) requires the virtual state(s).
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Figure 5.4. Energy diagram of one-, two-, and three-photon absorption (1PA, 2PA and 3PA)
(Solid lines : real energy quantum state / Dashed lines : virtual energy quantum state)

In simultaneous 2PA, there is no real intermediate state, but a virtual intermediate state is
created by the interaction of the absorbing species with the first photon. The second
photon arrives in a very short time (order of femtosecond(10™" sec)) interval so that both
photons are absorbed in the same quantum event. In this case, two photons that both carry
half the energy of the gap between the two energy levels induce the electron transition.
Thus, it is apparent that higher intensities are required for the simultaneous 2PA, which
usually requires femtosecond lasers. The probability of n-photon absorption is
proportional to the n™ power of the photon flux density. Thus, high photon flux densities
are required in order to observe this phenomenon.

Femtosecond laser pulse is focused into the volume of a photo-curable material and
initiates two-photon polymerization via a two photon absorption (2PA) process. Using
this technology, it is possible to fabricate 3D structures with nanoscale precision that are
difficult to obtain using conventional miniaturization technologies.

The difference between single-photon and two-photon polymerization lies in the manner
the energy is provided. In single-photon polymerization, there is a linear response of the
material to the light intensity. However, if the material response is proportional to the
square of the photon density, the integrated material response is greatly enhanced at the
focal point (Figure 5.5). Even though two-photon transition rate is extremely low, very
high spatial resolution can be obtained.
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Figure 5.5. Comparison of single-photon and two-photon absorption and integration of the
intensity by focused laser beam

The intensity profile of the Gaussian laser beam is

o2
1(ry) = Iyexp -

Wy

where I, is the laser beam intensity at the central axis in the focus plane, 1y is the radius
of laser beam and w,, is the radius of the focused beam spot. When a laser beam (with
near-IR) of high intensity is focused into the volume of a transparent photo-curable
material, two-photon activation has enhanced by the photoinitiator. Excitation by the
simultaneous absorption of two-photons, the free radical generated (Initiation step).

!

2hv
Initiation step: Pl — PI* —»—>— R

Those radicals formed react with monomers(M), producing monomer radicals that
participate in a chain reaction (Propagation step).

Propagation step: R+ + M - RM - +nM — RM, 4 -

This propagation step will continue until the all monomer consumed or two radical
reacted (Termination step).

Termination step: RM,, - + RM,,, - - RM,,,R or RM, - + RM,, - —» RM,, + RM,,
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Where 2hv denotes photon frequency in the two-photon excitation, PI is the
photoinitiator and PI”* is the excited photoinitiator after absorbing the photon energy, R -
is the free radical and M is the monomer. The density of radicals (pg) produced by
femtosecond laser pulse, and this varied with square of intensity (I) as

dpr

ErS = (Pro — PR)5R12

where Jy, is the effective two-photon cross-section for radical generation.

5.2.2 Resolution enhancement of two-photon polymerization
structure

5.2.2.1 Resolution, Threshold and line-width of two-photon polymerization
There are several definitions of the optical diffraction limit or resolution. The Ernst Abbe
definition is

A

a =
x 2nsin adl’ff

y

In the above, a,,, is the lateral resolution with wavelength (1), refractive index (n)
between the lens and sample, and ;¢ the half angle of the light cone. The numerical
aperture (NA) of an objective lens as a measurement of resolving power

NA =n Xsinagsr
Hence, Ernst Abbe definition is rewritten:

2
Uy = W NA

For the fine structure fabrication by 2PP, the lateral and axial resolution should be
considered. Abbe’s definition can be extended to yield the minimum axial resolution:

A A

“ T —cosa) n— Jm2— (NA)Y

For the ideal case (@ = 90°), the axial size is 2 times bigger than that of lateral voxel
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a=90°4 A
a, —>—= 2-a

n_ NA xy

To apply this for our setup (wavelength(4) = 780 nm, numerical aperture (NA) =1.4 and
refractive index (n) = 1.518), it is possible to calculate the lateral and axial resolution as

. yl
Lateral resolution: a,, = %ﬂ =279 nm
. . A
Axial resolution: a, = n—nzﬁ = 838 nm

However, Abbe criterion also has limitation since it does not reflect the 2PA. Assuming
the Gaussian beam profile, the normalized intensity in radial direction described as

I(ry) = Iyexp <— (%)2)

where [, is the maximum intensity (at the center), R is the intensity spot size defined as
the radius where the intensity is E Io. For the 2PA, this equation change as

2 2
IZ(TZ) = Iozxe_z(%) = ]O’xg_z(%z)

where I, is the maximum of the squared intensity. When I, and I,* are both normalized
the new width of the profile is smaller by a factor of V2.

T1ipp

Topp = ——
2PP \/E

For the 3PA, achievable resolution can be smaller by a factor of v/3., and intensity and
width of the profile would change as

Izpp = Iy
N Tipp
3PP = _\/—
3
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Figure 5.6. Normalized Gaussian intensity profile for 1PA, 2PA and 3PA

The lateral and axial resolution of 2PA can then be given by:

1 A2pa - Azpa

axy'sz = WEXM = OBSW

1 /12PA 0.71 }{ZPA

a =—X ~
#2pa V2 n-—+n?—-NA2 n—vVn? — NA2

And for 3PA

1 2 A
3P4 0.0973P4

= —— X —= _

1 /13PA 0.58 /13PA

a = —X ~
#3pa V3 n—+n? - NA2 n—vVn? — NA2

Energy change can be described as

dw o o 8rlw,

—— =(E-P) = ——I*XIm[xy®
dt ) c’n? mx ]
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where w, is angular frequency of an incoming photon, c is the speed of light, n is the
refractive index of photocurable material and [ is an intensity. The absorption rate
therefore depends on intensity as:

aw

dt ;pa !
The resolution of feature depends on the size of the focal spot and is limited by
diffraction. The minimum feature size cannot be smaller than half the wavelength of the
laser. However, 2PA is nonlinear and, resolution beyond the diffraction limit can be
achieved. Achievable feature size can be down to 100 nm, which is almost one-order
smaller than the wavelength of laser. The basic structure unit volume of focused region
(volume pixel, called voxel) has ellipsoidal shape.
The intensity threshold for polymerization is defined as the minimum intensity required
for the initiation of the polymerization process leads to irreversible change in the material
and the size of the single voxel depends on the irradiation dosage. Using the intensity
near the polymerization threshold, we can fabricate high-resolution structures such as
multiple scan technique.

Bubble formation Intensity (a.u.)

Process
Window

Polymerization
threshold

No Polymerization

—
—

Voxel diameter

Figure 5.7. Relation between intensity and voxel sizes (Red : 1PA, Green : 2PA and Blue : 3PA)

The threshold sharpness is dependent on the chemical composition of the photo-curable
material and directly influences the surface roughness of the developed structure.

WlPA =~ T[ﬁ == 177 nm
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The full width at half maximum is

JIn(2)
V2

If we correct for the sharper profile for two-photon absorption (2PA) we get

FWHMIPA == XWIPA == 104 nm

1
FWHMZPA == EFWHMIPA == 74’ nm

Complicated structures are built from voxels that can overlap with each other in the case
of femtosecond laser direct writing. The higher precision was technically guaranteed by
the following factors: (i) high reproducibility of the shape and size of voxel. The laser
pulse energy instability that leads to fluctuation of the voxel size. (ii) high positioning
accuracy of voxels due to the usage of piezo moving stage with motion accuracy. (iii)
surface quality, particularly for optical components. (iv) another consideration is the
development process. Surface Gibbs free energy is expected to be smaller than that at the
voxel tip end. The un-polymerized trapped resin is thus difficult to remove in the rinsing
process. Furthermore, the locally rugged surface tends to be straightened due to surface
tension when the surface starts to be expose to air. The local surface reforming due to the
surface tension, also called self-smoothing effect, can significantly improve the surface
quality. Femtosecond laser direct writing technology with a particular emphasis placed on
a systematic analysis why fabrication resolution far beyond the optical diffraction limit
has been achieved. Optical nonlinearity STED (stimulated-emission-depletion): the
narrowed spatial distribution of equivalent light intensity), chemical nonlinearity
(Quencher: thresholding effect induced photo-polymerization rate out of proportion to the
concentratios of radicals), and material nonlinearity (materials shrinkage due to removal
of small molecules escape from polymer network in solvents) are another critical factor
for high resolution.

5.2.2.2 Resolution enhancement via Quencher diffusion-assisted direct laser writing
There has been a lot of research about improvement of resolution of direct laser writing
(DLW) technology. The method which most successfully has increased the resolution not
only of single lines but also of 3D structures inspired by stimulated-emission-depletion
(STED) fluorescence microscopy. In STED-DLW/[41, 197], two laser beams are used;
one is used to generate the radicals, and second beam is used to deactivate them.
Structures with very high resolution and very small structure with intra layer distances
have been fabricated using this approach. However, the installation and maintenance of
STED-DLW is complicated, requiring very fine beam control and specialized
photoinitiators which not only have high two-photon cross-section, but also high
fluorescence quantum efficiency.

However, it is also possible to increase the writing resolution of multiphoton
polymerization by employing quencher diffusion-assisted direct laser writing[41]. This is
based on the combination of a mobile quenching molecule with a slow laser scanning
speed, allowing the diffusion of the quencher in the scanned area, the depletion of the
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generated radicals, and the regeneration of the consumed quencher. The material used as
quencher is 2-(dimethylamino) ethyl methacrylate (DMAEMA), an organic monomer
which is also part of the polymerized structure.

This material has amine moieties, this is the same monomer employed as a metal ligand,
to enable the selective metallization. Metallic nanostructures are very interesting due to
their potential electromagnetic functionalities. Metallic periodic nanostructures can
significantly modify the properties of light with wavelength close to their periodicity,
resulting in potential optical applications. To fabricate 3D dielectric nanostructures
containing the metal binding material DMAEMA and subsequently selectively metallize
them with silver using electroless plating. Electroless plating is a fairly simple process
that does not require any specialized equipment.

Addition of this quencher has caused major improvement in the spatial resolution of the
written lattices, having not only changed the level of the polymerization threshold, but
also affected the polymerization due to diffusion. Depletion by free-diffusing quencher
molecules can be an alternative to STED-DLW. The quencher molecules should be small
enough and not bonded to the photocurable material so the assumption of free diffusion
can be made. When a quencher molecule reacts with a radical it will terminate the chain
reaction and be built into the polymer. This can have a significant impact on the
properties of the structure. The quenching scales with the quencher concentration and the
squared intensity of the irradiation. Diffusion timescale can be estimated by

lZ
tairr~p

where / is the length scale and D is the diffusion coefficient.

To understand the effect of the quencher diffusion during the scan process, basic photo-
polymerization model was considered. The evolution of the spatial distributions of the
number densities of the quencher molecules (g), free radicals (Ry) and free monomer

molecules (M) can be modeled by the following equation set:

oR, .
F = S(T’, t) - thqu
dq

where k is reaction rate and S is source, diffusion coefficient of the quencher is Dy, A
is the Laplacian. Polymerization rate can be described as:

oM
- E ES kprM
Free radicals are generated as a result of the laser light absorption by the photoinitiator.
For 2PA, the source term is proportional to the square of the local field intensity (1),
pulse duration (7) and pulse repetition rate (R, ) as
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S o I2(7,t)TR,

As aresult of the quenching reaction, both the quencher and the radical are consumed
with the reaction rate(k;q). The polymerization rate (p) is proportional to the monomer
number density (M), the radical number density and the propagation constant (k).

where M, is the initial number of monomer. This polymerization rate equation indicates
the degree of polymerization.

Having the faster diffusion by orders of magnitude shows that the quencher diffusion can
have a significant impact. Depending on the spot size and initial quencher concentration
the quencher might be depleted at the center of focus since the diffusing quencher could
be consumed on the way into the focus. For this graph, quencher concentration assumed
that it is fully depleted at the center of laser focus (Figure 5.8).
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Figure 5.8. Quencher effect and diffusivity. Normalized intensity profile in the material without
quencher (Red) and with quencher (Yellow) and quantitative normalized quencher concentration
profile (Blue).

If we assume the laser beam with spherically symmetric Gaussian, and radius of the
quencher-free domain(r;) can have calculated as

152



where Q, is initial quencher number density. It can be seen that the radius can be made
arbitrarily small by tuning the laser beam intensity, since the radical source magnitude is
S o« I%(7, t)TR,. For fabrication of high precision structure with small spacing, the
polymerization degree is important for achieving high spatial resolution and mechanical
stability. The irradiation time does not affect the quencher-free domain size but increases
the polymerization degree within the quencher-free domain. Without quencher diffusion,
the maximal polymerization degree of a nanoscale feature can be increased by applying
higher irradiation dose either by increasing beam intensity or irradiation time (Figure 5.9).
In contrast, increase the intensity also increase the polymerized feature size. By
employing the diffusion of the quencher, one can handle both the size and the maximal
polymerization degree of the polymer feature separately.
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Figure 5.9. Profiles in threshold polymerization regime for different intensity (left) and profiles in
model of stationary quencher diffusion (right) for different irradiation times and fixed irradiation
intensity

5.2.3 Hybrid sol-gel material

The sol is produced from inorganic or organic precursors, and molecular precursors of the
organic moiety blended with photosensitive molecules can give photocurable resins.
These photosensitive sol-gel materials are effective for the fabrication of 3D structures by
multi-photon absorption. Obvious advantage of inorganic-organic hybrids is that they can
favorably combine dissimilar properties of the organic and inorganic components in one
material. Sol-gel process is one of the modern methods employed for preparing novel
inorganic-organic materials from molecular precursors. This process involves two main
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reactions as hydrolysis and condensation. Characteristics and properties of a particular
sol-gel inorganic network are affect by the rate of hydrolysis and condensation reactions.

5.2.3.1 Hydrolysis
The reaction is called hydrolysis, because a hydroxyl ion becomes attached to the metal
atom as in the following reaction:

Si(OR), + H,0 - HO — Si(OR); + ROH

where R represents an alkyl group and ROH is an alcohol. For coordinately saturated
metals in the absence of catalyst, hydrolysis and condensation, both occur by nucleophilic
substitution mechanisms. Depending on the amount of water and catalyst present,
hydrolysis may go to completion so that all of the OR groups are replaced by OH, or stop
when the metal is only partially hydrolyzed.

5.2.3.2 Condensation
Two partially hydrolyzed molecules are linked together, in a process called condensation
reaction. By definition, condensation liberates a small molecule, such as water or alcohol:

or
(OR)3Si — OR + HO — Si(OR); — (OR)3Si — 0 — Si(OR), + ROH

This type of reaction can continue to build larger and larger metal containing molecules.
As the number of metal bonds increases, the individual molecules are bridged and jointly
aggregate in a sol. When the sol particles aggregate, or inter-knit into a network, a gel is
formed. Upon drying, trapped volatiles, such as water, alcohol etc, are driven off and the
network shrinks as further condensation can occur.
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5.3 Experimental

5.3.1 Material preparation

5.3.1.1 Zirconium-based photo-curable material (SZ2080) preparation
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Figure 5.10. Materials for SZ2080 preparation

First, Zirconium propoxide (ZPO) was added to Methacrylic acid (MAA) at a molar ratio
of 1:1 and stirred for 30 min. Special care has to be taken that the ZPO transfer from the
bottle into the MAA is fast since ZPO deformation such as oxidation. One of the four
propyl legs of the ZPO is complexed with the MAA, it changed into
(Methacryloyloxy)tripropoxy-zirconium (MAZPO)
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CH 3
CH, CH NI ///
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Zirconium propoxide methacrylic acid H2C
CHj3

Figure 5.11. Reaction of Zirconium propoxide with Methacrylic acid into MAZPO

While the MAZPO is stirring 3-[(methacryloyloxy)propyl]trimethoxysilane(MAPTMS)
is hydrolyzed in a separate vial using a 0.1M HCI solution. The molecular ratio of
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MAPTMS : H,O is 1 : 3. The solution is stirred using a vortex mixer until it becomes
clear indicating that the MAPTMS is fully hydrolyzed, shown in Figure 5.12.
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Figure 5.12. Hydrolysis reaction of MAPTMS

Then MAZPO is added to the hydrolyzed MAPTMS at a molar ratio of MAPTMS : ZPO
=4 : 1 and stirred for 30 min. Then water is added at a molar ratio of MAPTMS : H,O =
1 : 2 and the solution is stirred for another 10 min. Figure 5.13. shows a condensation
reaction with one MAZPO and one hydrolyzed MAPTMS. Ratio of MAPTMS : ZPO =
4:1 should enhance the mechanical stability as well as preserve good resolution and
development conditions. Please note that the inorganic network of Si-O-Zr is defined by
the Si : Zr =4 : 1 ratio, the way the organic parts form on the other hand is not that
simple. In the figure all of the before produced methanol molecules were built into the
organic network. Also there would be isopropylalcohol available in excess form previous
steps and from the solution of ZPO which might link to the organic network.
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Figure 5.13. Condensation reaction and formation of the inorganic network
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To improve the absorption properties of the materialm, photoinitiator 4,4’-
bis(diethylamino) benzophenone (BIS) and the quencher molecule 2-
(dimethylamino)ethyl methacrylate (DMAEMA), are added, followed by another 15 min
of stirring and filtering using a standard Polyvinylidene Fluoride syringe filter (PVDF)
with a pore size of 0.22 um to remove the unsolved (remained) photoinitiator and other
dust to hinder polymerization.

5.3.1.2 Glass substrate preparation

For the cleaning of glass substrate, glass substrate sonicated in the acetone for 1 hr. After
sonication processing, it is cleaned with 2-propanol for 30 min and deionized water
multiple times. To enhance the adhesion between fabricated 3D structure and substrate,
additional processing is needed after cleaning process. Sonication of samples in the
solution of MAPTMS in the Dichloromethane by the 1 : 80 for 4 hours. After this
modified surface cleaned with ethanol over two times

5.3.1.3 Sample preparation

The SZ2080 material was drop-casted or spin-coated onto cleaned and surface-modified
glass cover slips and resultant films were dried under vacuum at ambient temperature for
three days before 2PP process. The drying process resulted in the evaporation of the
solvents and the condensation of the hydroxy-mineral moieties leading to the formation
of the inorganic network.

5.3.1.4 Block copolymer sample preparation

For preparation of block-co-polymer solution, block-co-polymer was solved in the
Toluene and Tetrahydrofuran (THF) mixture. Quantity of block copolymer is very small,
we used the small-diameter glass vial with magnetic stirring bar for efficient mixing. This
vial cap should be sealed with Teflon wrapping tape to prevent the solvent evaporation
during the stirring. About 12 hours vigorous mixing, BCP solution filtering using a
standard Polyvinylidene Fluoride syringe filter (PVDF) with a pore size of 0.22 um. After
filtering, each sample vial cap should be sealed with tefron tape to prevent evaporation
solvent for constat solution concentration.

5.3.2 Experimental setup

The laser source was a femtosecond pulsed erbium-doped fiber laser (Toptica, Femtofiber
pro NIR, 80MHz, <100fs). It operates mode-locked at 1560 nm primary wavelength and
includes a second harmonic generator for a second output at 780 nm. The beam is almost
perfectly Gaussian (TEMO00) and linearly polarized (> 95%). The laser beam is reflected
at a first mirror which is used to correct for a possible beam shift and then passes the first
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iris. Setting the two iris, it was able to align the laser beam without distortion. Beam
control was achieved by using a fast mechanical shutter (LS6Z2, Uniblitz). Beam
intensity controlled by mechanical attenuator (Altechna) is placed which is one piece
including a motorized half-wave plate and two Brewster-type thin film polarizers,
combination of neutral density(ND) filters. Beam expander (BE-5, Thorlabs) are needed
to align the beam concentric with the lens aperture and perpendicular at the same time. A
100x oil immersion lens (Zeiss Plan Apochromat, NA=1.4) was used to focus the laser
beam into the volume of the SZ2080. SZ2080 was mounted on the sample holder, and
sample holder is mounted on the high accuracy piezo stage (P-611.3 NanoCube® XYZ
Piezo Stage, Physik Intrumente) which is then fixed on the long range mechanical stage
(M-112.1DG Compact Micro-Translation Stage, Physik Intrumente). Large scale
movement was achieved using a mechanical stage. And for small distance during the
fabrication, high accuracy piezo stage was used. All system was controlled by the home-
made LABVIEW program. The monitoring of the photopolymerization was achieved
with a CCD camera, mounted behind a dichroic mirror. As the refractive index of the
material changes during polymerization, the green LED light illuminated into underneath
of sample, it becomes visible during the fabrication process.
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Figure 5.14. Schematic of the experimental setup for two-photon polymerization

158



5.3.3 Nanoscale 3D structure fabrication

We fabricated 3D template multi-layered woodpile structures consisting of multiple unit
blocks. Each unit block has repeated four layers and each layer was composed by one-
dimensional rods with stacking sequence. The distance between for adjacent layer is a,,
and within each layer, the parallel rods were separated by distance a. The adjacent layers
were rotated by 90° (Figure 5.15).
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Figure 5.15. Schematic of unit woodpile structure of single unit block

5.3.4 Developing

The last parameter for achieving high resolution structures is development. Most of the
solvents do not manage to penetrate inside the complex 3D structures. However, if one
manages to fabricate high resolution structures with high integrity, there is no point if it
cannot be separated from the unpolymerized material. The unpolymerized material was
removed by developing the samples sequentially in 4-methyl-2-pentanone, 2-propanol
and dimethyl sulfoxide (DMSO). After the development process, the samples were
immersed in a sodium sulfide solution in water. The samples remained immersed for 6
hours in the solution, to form pale yellow nanocomposites. Finally, they were rinsed
several times with deionized water and dried at room temperature.
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5.3.5 Block copolymer loading on to 3D structure

5.3.5.1 Drop-casting method
The overall objective of this project is to develop 3D architectures over large areas by

using the woodpile structures with the directed self-assembly of block copolymers.
Filling of block copolymers into the woodpile structures is important and critical process
to induce 3D block copolymers morphologies. To obtain well-defined nanopatterns
consisting of block copolymers microdomains, including poly(styrene-block-methyl
methacrylate) (PS-b-PMMA) and poly(styrene-block-dimethylsiloxane) (PS-b-PDMS)
were performed the solvent vapor or thermal annealing.
We devised a method to infuse block copolymer into a woodpile structure. First, a single
droplet of block copolymer solution from a syringe is dropped onto the arrays of the
woodpile structures. Then, block copolymer solution is covered the entire area of the
woodpile structures but the solution moves across the woodpile structures soon with
evaporation. Meanwhile, block copolymer is filled into these 3D woodpile structures by
capillary force. we have used the tissue (Kimwipes, KIMTECH SCIENCE) for absorbing

block copolymer solution after dropping, which increases in velocity of solution

movement.
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Figure 5.16. Drop casting method for block copolymer loading into 3D woodpile structure

5.3.5.2 Spin coating method
Spin coating is generally used employed to coat the block copolymer thin film on silicon
substrate with high uniformity across large areas. This rather simple coating process,
however, creates a problem: the fast solvent evaporation traps the block copolymer chain

into nonequilibrium, disorganized and poorly ordered states. Further treatments of as
spun film are used to enhance the ordering of the block copolymer microdomains, either

by thermal or solvent vapor annealing, which introduces the mobility to the polymer
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chain to facilitate microphase separation and annihilation of defects. On this experiment,
we used the 4000 rpm spin coating speed for 30 sec to reduce the solvent evaporation
effect.

5.3.6 Annealing process

5.3.6.1 Solvent vapor annealing (SVA)

After infiltration of block copolymer into the woodpile structure, block copolymer films
were placed in a custom-designed solvent vapor-annealing chamber. Tetrahydrofuran
(THF) vapor was introduced into the chamber using nitrogen (N,) as the carrier gas. Two
gas streams, a pure N, gas and a THF-rich N,, were mixed before flowing into the
annealing chamber, so that the vapor pressure could be controlled. The fraction of solvent
vapor in the experimental cell, i.e. the partial pressure and vapor pressure of THF, could
be varied by adjusting the relative flow rates of the pure and THF-rich N,. This design
also enabled the removal of solvent vapor inside the chamber by closing the THF-
saturated vapor inlet and purging the chamber with pure N,. The rate of solvent removal
from the chamber was controlled by varying the flow-rate of pure N, into the chamber.
Flow rates varied from 5 standard cubical center meter per minute (sccm) to 50 sccm for
slow to rapid removal of the solvent, respectively.

5.3.6.2 Thermal annealing (TA)

After infiltration of block copolymer into the woodpile structure, BCP films were placed
in a custom-designed solvent vapor-annealing chamber. For the thermal annealing, we
used the annealing chamber and maintain the temperature 150°C for Sdays. After 5 days,
chamber was purged with pure N,. The rate of solvent removal from the chamber was
controlled by varying the flow rate of pure N, into the chamber. Flow rates varied from 5
standard cubical center meter per minute (sccm) to 50 sccm for slow to rapid removal of
the solvent, respectively.

5.3.7 Post-annealing process for cross-sectional morphology
imaging

One of our approaches to examine the inside morphologies is to break the block
copolymer filled woodpile structures. After freezing samples in liquid nitrogen, we used a
hand scriber to cleave the samples. For the cross-sectional imaging, O, /Ar RIE was
performed at 75 W for 5s to 30s in Oxford instrument Plasmalab 80 plus. Flow rate of O,
and Ar were 20 sccm and 2 sccm respectively, the chamber pressure was 10 mTorr. The
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SF¢ and O; cryo-ICP etching was performed at 5 W for etching chamber and 1000 W for
plasma generator chamber for 5s to 20s in Oxford instrument Plasmalab 150. Flow rate of

SF¢ was 34 sccm and O, was 16 sccm, chamber pressure was 30 mTorr

5.4 Results and discussion

5.4.1 Ultraprecise 3D structure fabrication (via 2PP)

For imaging of fabricated ultraprecise 3D structure, scanning electron microscopy (SEM)
was used. The fabricated structures were coated with 10 nm gold (Au) film using the

sputtering system.
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Figure 5.17. SEM images of 3D structure by two-photon polymeriatn (a) woodpile (b) spiral

structure.

5.4.2 Quencher diffusion-assisted direct laser writing

To fabricate smaller and higher resolution structures, quencher diffusion-assisted two-
photon polymerization technique used. Different quantity of quencher (DMAEMA) was
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mixed, and different fabrication (laser power and scanning speed) was used to find the
optimal fabrication conditions. As increase of DMAEMA quantity, thinner structure with
higher precision can be structure fabricated due to quencher diffusion effect. However,
the obstacle of fabricated structure with higher DMAEMA concentration, its stiffness is
too low to maintain their shape due to the higher organic bond percentage. With 10um/s
in scanning speed, and 1.25mW in laser power, we could see the top part deformation
with 30% DMAEMA (Figure 5.18 (e)). However, this deformation issue had been solved
by increase the laser power into 1.5mW before objective lens (Figure 5.18 (f)). According
to the SEM image, fabricated fiber thickness was about 120 nm.
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Figure 5.18. SEM image for verification of quencher quantity for 3D 2PP structure fabrication (a)
10%, (b) 15%, (c) 20%, (d) 25%, (e) 30% DMAEMA (10um/s in scanning speed and 1.25mW in

laser power) and (f) 3D woodpile structure with optimal condition (SZ2080 with 30% DMAEMA.
10um/s in scanning speed and 1.5mW in laser power)
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5.4.3 Characterization of block copolymer loading method

Applying the block copolymer into 3D structure need another technique for stable
loading. We apply the block copolymer into 3D woodpile structure, and make remained
block copolymer soak to the kimwipes to remove the over-dosage block copolymers.
However, it was really hard to get the uniform results due to the non-uniform block
copolymer loading, and optimal etching condition also changed according to different
coating thickness. Top layer thickness of block copolymer is closely related with oxygen
etching condition.

When we change the loading method from drop casting to spin coating method, we could
get the uniform result (top layer thickness) of block copolymer (Figure 5.20). This
process should be quickly completed to obtain well-filled block copolymer by avoiding
generation of thick block copolymer film not only on the top surface, but also around the
woodpile structure. Generally, the slow movement of block copolymer solution results in
a polymer hill around 3D woodpile structure (Figure 5.19 (a)) so that we cannot take full
advantage of the woodpile structure as a 3D template directing for block copolymer self-
assembly. If evaporation rate of solvent is fast, we can get the clean structure without
remained material around the 3D woodpile structure (Figure 5.19 (b)). Otherwise, slow
evaporation speed of solvent can make the material remained outside of woodpile
structure (Figure 5.19 (a)).

: \ {
Figure 5.19. Block copolymer loading property with drop casting method with (a) low speed
solvent evaporation and (b) high speed solvent evaporation
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Figure 5.20. Result of block copolymer loading into 3D woodpile structure using spin coating
(4000 rpm, 30 sec) method

Hydrophobicity and wettability is important factor for efficient block copolymer loading.
To see the hydrophobicity effect by quencher amount of SZ2080, we measure the
hydrophobicity on the coated surface. However, there was not distinguishable difference
between of them (Figure 5.21).

0% DMAEMA (79.1+3.2°) 30% DMAEMA (70.5 + 2.7°)

Figure 5.21. Hydrophobicity measurement of SZ2080 coated surface with 0% and 30%
DMAEMA

5.4.4 Self-alignment of block copolymer in the 3D nanoscale
structure

To obtain well-ordered block copolymer thin films, typically, block copolymer solution is
spin-coated on a solid substrate, followed by either solvent vapor or thermal annealing to
introduce microphase separation between the two immiscible blocks of the copolymer.
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Solvent vapor annealing provides a rapid means to achieve microdomains with a high
degree of lateral order, whereas thermal annealing is a rather slow process yielding
thermodynamically stable, well-ordered block copolymer morphology without additional
re-ordering by solvent evaporation.

5.4.4.1 Block copolymer self-assembly in lower height 3D nanoscale structure

For the reference experiment, we did the same experiment on the lower height of 3D
nanoscale structure (with 1-2-3-4 layers) to see the interaction between block copolymer
and 3D confinement structure. However, we could not see any distinguishable
morphology change of block copolymer (Figure 5.22). With small number of layer (lower
height), it is not enough confinement to change the morphology due to 3D confinement.
Hence, it shows the similar morphology on the 2D substrate.

d b 3 &
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Figure 5.22. BCP self-assembly of the thin structure with 1-2-3-4 layers of WP
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5.4.4.2 Block copolymer self-assembly in higher height 3D nanoscale structure

5.4.4.2.1 Different self-assembled morphology with different solvent

To characterize self-assembly in the higher height 3D nanoscale structure, we applied the
Poly(styrene-block-dimethylsiloxane) (PS-b-PDMS (31k-b-14.5k)) into 8 cells (4
layers/cell X 8 cells = 28 layers) structure. Polydimethylsiloxane (PDMS) has a much
lower surface energy compared to polystyrene (PS), thus a wetting PDMS layer
segregates to the air/polymer interface after solvent vapor annealing. Top coats, which
aimed to balance the surface energies for PS and PDMS, were used the cross solvent. A
polymer containing maleic anhydride moiety was designed, which, upon annealing,
switched its polarity to create a neutral surface for silicon-containing block copolymer,
thus allowing the lamellae PS-b-PDMS (31k-b-14.5k) microdomains to be oriented
normal to substrate.

And to characterization of solvent effect, we used the different type of solvent (dioxane
and acetone) for direct self-assembly experiment in 3D nanoscale structure for PS-b-
PDMS (31k-b-14.5k) mixing. As a result, it shows the different type of morphology with
different solvent. As a result, it shows the upright cylindrical morphology with dioxane
(Figure 5.23), and lamellar morphology with acetone (Figure 5.24). Hence, selection of
solvent should be considered for different type of morphology during the solvent vapor
annealing.

Flgure 5.23. SEM 1mages of block copolymer (PS-b- PDMS (31k-b-14. Sk) in dloxane)
microdomains in the higher 3D structure after solvent vapor annealing followed by CF, and O,
plasma etching
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Figure 5.24. SEM images of block copolymer (PS-b-PDMS (3 1k-b-14.5k) in acetone)
microdomains in the higher 3D structure after solvent vapor annealing followed by CF, and O,
plasma etching

5.4.4.2.2 Visualization of cross-section inside of 3D nanoscale structure

After the directed self-assembly of block copolymers in the woodpile structures, the
removal of one blocks of block copolymer is generally required to investigate
microdomains. In this study, we used oxygen reactive ion etching (RIE) to remove the
PMMA block from PS-b-PMMA (38k-b-36.8k) and PDMS block from PS-b-PDMS (3 1k-
b-14.5k) and reconstruct the morphology to enhance contrast.

To visualize the block copolymer morphology inside of woodpile structure, we cleaved
the sample after liquid nitrogen dipping. After cleavage of the structure, all direction
oxygen RIE process applied to see the morphology. We obtained cylindrical
microdomains with parallel orientation on the top surface (Figure 5.25) using PS-b-
PDMS (31k-b-14.5k). These microdomains were also observed at the side surfaces,
showing stacked hexagonal arrays and line patterns in the vertical direction of the
woodpile structure. As a result, it was also possible to know the infiltration of block
copolymer into whole 3D woodpile structure.
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Figure 5.25. SEM images of cleaved 3D structures with PS-b-PDMS (31k-b-14.5k)
microdomains in all direction (Top, inside and sides) after acetone vapor annealing followed by
CF,4 and O; plasma etching

5.4.4.2.3 Preference of one block of block copolymer

We also used the poly(styrene-b-methylmethacrylate) (PS-b-PMMA (38k-b-36.8k)) for
direct self-assembly. This block copolymer has distinguishable properties. Poly(methyl
methacrylate) (PMMA) cylinder or lamellae in PS-b-PMMA (38k-b-36.8k) block
copolymers prefers a parallel orientation to the surface of a silicon wafer due to the
preferential interactions of PMMA with the Si-OH at the substrate surface. PMMA block
preferentially interact with the 2PP structure with oxide functional group compare to PS
block. When we varied the annealing time and the dimension of the woodpile structure,
we could obtain in-plain cylindrical microdomains with ring structures (Figure 5.27),
well-aligned line patterns along the fibers of the woodpile structure (Figure 5.26), and
hexagonal arrays of cylindrical microdomains with perpendicular orientation. We also
observed cylindrical microdomain with parallel orientation produced by thermal
annealing of PS-b-PMMA (38k-b-36.8k).
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Figure 5.26. SEM images of self-assembly of block copolymer (PS-b-PMMA (38k-b-36.8k))
within the confined line shape pattern. (a) on the line pattern, and (b) edge of woodpile structure
(scale bar : 500nm)

Self-assembled PS-b-PMMA (38k-b-36.8k) morphology in 3D woodpile structure with
different pitch shows different morphology. In the smaller pitch structure (650-nm pitch),
it shows the co-centric circular morphology. By contrast, co-centric rectangular
morphology had detected on the wider pitch structure (1000-nm pitch).

However, to figure the 3D confinement effect, visualization of inside cross-section
should be conducted.

ey g o i B ) P : [ R bi | 950
Figure 5.27. SEM images of self-assembled block copolymer (PS-b-PMMA (38k-b-36.8k)) with
specific shape with confined structure (a)in-plane ring structure in 3D structure with 650-nm

pitch and, (b) in-plane rectangular structure in 3D structure with 1000-nm pitch
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5.5 Conclusion and outlooks

The low-cost, high throughput, large area block copolymer lithography has great
potential in energy and data storage applications. Further shrinkage of the feature size
using photolithography is restricted by both the wavelength of the light source and
photoresists. Hence this self-assembly of block copolymer can be a good advanced
lithography candidate. While lasers enable multiscale maskless processing over a broad
range of resolution. Devices requiring smaller and denser features can be augmented by
the directed self-assembly of block copolymers, and it allowed the intrinsic nanoscale
arrangement of domains within the mesoscale structure. These 3D structures are ideal
scaffolds where, by capillary forces, molten BCPs can be rapidly drawn into the 3D 2PP
structure and the preferential interactions of the blocks with the scaffolding directs the
assembly of the BCPs, extending the characteristic length scale to the tens or sub-10
nanometer length scale. The periodic microdomain morphology of the BCPs (spherical,
cylindrical or lamellar) was directed by the scaffolding, mirroring the construct to
nanoscale level. In this work, it was possible to get the self-assembled block copolymer
in the 3D fabricated structure by two-photon polymerization. By thermal annealing at
temperatures above the glass transition temperatures of the blocks, nanoscale
morphologies, biased by the interactions of the blocks with the constructs had been
produced by direct self-assembly, amplifying the characteristic length scale of the 2PP
construct producing well-defined, nanoscopic morphologies consisting of microdomains
of two chemically distinct polymers.

The chemical dissimilarity between the blocks will enable the selective removal on one
component to generate a nanoporous, 3D networks that serve as scaffolds and templates
for subsequent device fabrication. Alternatively, nanoparticles (NPs) can be preferentially
introduced within one of the microdomains, enabling exquisite precision in the 3D spatial
arrangement of the NPs. This approach gives rise to unique avenues to generate bi-
continuous, two-phase systems or even chiral systems, though neither component is
chiral.

Poly(styrene-b-(2-vinylpyridine)) (PS-b-P2VP) is next target material for diverse
applications. PS-b-P2VP has much larger, non-favorable segmental interactions enabling
access to microdomains that are less than 10 nm in dimension. P2VP is strongly
hydrophilic and, will interact preferentially with the oxide framework, enabling a very
simple, yet strongly directed self-assembly. Moreover, P2VP can easily be complexed
with metal salts and acids, so as to preferentially dope the P2VP microdomains with a
range of metals and nanoparticles. Eventually, P2VP can fabricate conductive nanoscale
structure which can used for metamaterial to control the light.

To identify the 3D confinement effect on block copolymer self-assembly, we need
additional steps to see the inside of woodpile structure. If we use the e-beam lithography
to cut the 3D structure with higher height, it usually takes long time for cutting whole
structure. Hence, we will use ultrafast pulsed laser ablation to see the cross-sectional
morphology.
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Chapter 6 Environmentally friendly
conductive patterning with laser induced

electron transfer for direct reduction and
sintering (L-ETRS)

6.1 Introduction

Biocompatible high-resolution direct laser writing method (L-ETRS) has been
demonstrated efficient reduction and sintering process for the high conductive silver
electrode. This laser based patterning technique could rapidly generate free electrons to
reduce the silver ions to nanoparticles, and these reduced nanoparticles were sintered to
silver patterns at same time. The main components of precursor solution were silver (I)
ions contained in gelatin hydrogel, which can stabilize the silver (I) ions in the solution
and easily deposit on the substrate as thin film. To increase the reduction rate of silver (I)
ions, redox-active tyrosine was added to the gelatin solution. Moreover, this tyrosine
added gelatin-based hydrogel could efficiently transport free electrons to silver, and help
to control the particle size of silver nanoparticles when the UV laser irradiates to the
precursor solution. In addition, our unique environmental-friendly direct laser writing
method can possible to fabricate high conductive silver patterns on both of solid (Si0O,)
and flexible (Polyimide) substrates. This environmental friendly solution based direct
laser writing method would be applicable in several applications such as flexible display,
sensors, solar cells and several other electronic devices.

Laser techniques increase the ability to precisely fabricate functional materials due to the
controllability of thermal penetration at low-temperatures. Furthermore, laser processing
can directly fabricate functional patterns in local areas on a substrate without any masks,
chemical waste, or additional annealing processes. Hence, high-resolution direct laser
writing (DLW) methods were developed to fabricate delicate micro/nano sized
architectures. Because various functional micro/nano materials can be easily designed
and modified into 2D and 3D structures on diverse substrates. Recently, DLW method
was shown to be an excellent candidate for fabricating delicate or well-defined
micro/nano sized electrode patterns[198]. In previous works, micro or nano metallic
electrodes could be patterned on several substrates by using continuous wave (CW) laser.
Due to the surface plasmon resonance (SPR) properties of nanomaterials, metallic
nanoparticles or nanowires were photothermally sintered for the electrode patterns[199].
The SPR frequency of nanomaterials can enhance the laser beam absorption and
eventually increase the local temperature for sintering of nanomaterials. During this
process, uniform sized metal nanoparticles or nanowires are essential for the fine metallic
patterns. Non-uniformity of nanoparticles or nanowires distribution decreased the
electrical conductivity due to the formation of several grain boundaries during the
sintering process. Therefore, several polymeric scaffolds or surfactants were applied for
fine patterns for efficient sintering process. However, removal of polymeric scaffolds or
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surfactants is a critical issue for increasing electrical properties. The polymers are
attached to the surface of metallic nano materials and affected the final electrical
conductivity. Therefore, several solution-based metal ionic inks have been utilized for the
high conductive patters. However, it still remains a challenge to increase the metal
reduction rate and final electrical conductivity of those metallic patterns. In biological
systems, various functional groups of amino acid in peptides, such as cysteine, histidine,
tryptophan and tyrosine can work cooperatively with metal ions to afford efficient
catalytic properties[200-205]. Wherein, the free-electrons are easily and effectively
generated and transferred by those functional groups of peptide chains to facilitate
important redox reactions or bio-mineralization. For example, several inorganic
structures or layers are bio-mineralized by functional peptides to protect important organs.
In the photosynthesis II system (PS II), especially, tyrosine residues are generated free-
electrons, and adjacent histidine and tryptophan residues support the tyrosyl radicals to
facilitate long-range electron transportation via a proton-coupled electron transport[204,
206]. Borrowing these ideas from nature, several biological materials have recently been
utilized as mild reducing agents in bio-inspired fabrication of metal nanoparticles. Herein,
we introduce the innovative fabrication method for high conductive silver (Ag) patterns
inspired by biological system of free electron generation and transport. We directly
reduced Ag (I) ions with biologically redox-active tyrosine amino acid in gelatin solution
(Ag & Tyr / Gel’n) to fabricate fine Ag patterns by using ultraviolet (UV) nanosecond
laser. Large amounts of small Ag nanoparticles (NPs) were rapidly generated in Ag (I)
ions and tyrosine contained gelatin solution (Ag & Tyr / Gel’'n). These reduced Ag NPs
were directly sintered into ultrafine Ag conductive patterns by photonic energy from UV
laser. Moreover, these fine Ag conductive patterns could be fabricated on different
substrates (i.e. Polyimide as flexible substrate) with high conductivity.

6.2 Nature-inspired metal reduction using amino acid and
peptide

6.2.1 Electron transfer system in the nature

Photosynthetic energy conversion in biological systems is based on charge separation.
The electron-transfer reactions involved in the charge separation often occur as a proton-
coupled or proton-assisted electron transfer. On the leaf, photosystem II (PS II) [204,
206]of oxygen-evolving organisms a tyrosine group donates an electron to the primary
electron donor (P680) and release its phenolic proton to a nearby base when being
oxidized. pKa value of tyrosine changes from 10 to -2 upon oxidation, and it cannot hold
its phenolic proton in the water solution. Thus, the electron transfer coupled
deprotonation and may occur either as consecutive electron transfer/deprotonation
reactions or as a single, concerted, reaction step. In PSII the tyrosine group is crucial for
stabilization of the primary charge separation.
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In aromatic amino acids, tryptophan (Trp) and tyrosine (Tyr) have been the subject of
study because of their importance in UV photochemistry of protein[205, 207, 208]. The
crucial role of free and protein-bound tryptophan (TrpH) and tyrosine (TyrOH) in the
light sensitivity of biological systems has received considerable attention, either
following the direct absorption of light with ultraviolet wavelength, and promoted by
compoundes acting as photosensitizers. Trp and Tyr are susceptible to UV light and an
oxidant, and represent important sites of photo-oxidative damage in proteins. The
tryptophan indolyl radical and tyrosine phenoxyl radical often appear in damaged
proteins. For example, electron transfer can occur between Trp/O- and Tyr residue in
apoenzyme of DNA photolyase[209]. During this process, successive electron transfer
between excited FADH" and Trp is important procedure for apoenzyme of DNA
photolyase. Therefore, knowledge of the electron transferring properties of tyrosine is
therefore of great interest. In this research, photophysical and photochemical behavior of
Trp and Tyr under wavelength UV light were used for metal nanoparticle generation
from metal ion. Generated free electron during tyrosyl radical formation can be
transferred to adjacent metal ion, generating the metal nanoparticle with intense UV light
source (i.e. Laser).

6.2.2 Sintering

6.2.2.1 Introduction to sintering

Thermal analysis of laser processes can be used to predict thermal stresses of
microstructures. Thermal analysis is also the basis for feedback control of laser
processing parameters in manufacturing. Selective laser sintering/melting (SLS/SLM) has
become a promising manufacturing route[198, 210, 211]. Because SLS/SLM, a layer
manufacturing technique, allows structures to be fabricated without any part-specific
tools being required, and it shortens the design and production cycle. This is promising to
revolutionize traditional manufacturing processes by significant time and cost savings.
Each layer created by scanning a laser spot over the required cross-sectional area by
melting, sintering and bonding particles together in a thin lamina. By deposition of
further layer on top of the previously processed layer and repeating laser scanning
process, subsequent layers are created and simultaneously bonded to already existing
layers, 3D geometry can be fabricated. Functionalize the graded materials is promising
areas for the application of selective laser sintering.

6.2.2.2 Heat transfer model

Since temperature distribution in laser sintering is important to predict thermal stresses
and deformation of fabricated structures [10]. The laser scans on the top layer following a
prescribed scan pattern. The heat transfer process consists of thermal radiation,
convection, heat conduction between substrate and precursor materials such as particles.
The latent heat of fusion is large in selective laser sintering. The complexity brought
about by phase change and the corresponding variation of the thermal properties during
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selective laser sintering. The most common formulation considers selective laser
sintering thermal evolution as a heat transfer process utilizing Fourier heat conduction
theory
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where T is the temperature, k is the thermal conductivity coefficient, p is the density,
Cheaqt 18 the heat capacity coefficient, g is the internal heat, T is the initial temperature of
substrate, T,;;, is ambient temperature, &g is the thermal radiation coefficient, o is the
Stefan-Boltzamnn constant and h is the convection heat transfer coefficient.
In order to better understanding of the SLM process, the simplest laser beam has been
assumed to be a point source that is not in conjunction with reality. Assumption that laser
beam as the Gaussian beam distribution as
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where d; is the beam diameter corresponds to the point where the irradiance (1)
diminishes by a factor of 1/e?2, and d is the radial distance of a point from the center,
similarly, the thermal heat flux (q(r)) is modeled
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where « is the absorption rate.

The laser beam distribution has been assumed to be either surface or volumetric in nature.
To avoid the complexity, the particle has been considered to be a homogenously
absorbing and scattering continuum with effective radiation transfer properties equivalent
to all surface area. In ray tracing model has been formulated in which the geometry and
structure of the particle have been taken into account. The laser beam is taken as the ray
which penetrates into the particles, which is reflected and absorbed by those particles.
This model allows for calculation of the ratio of the total absorption with respect to the
material absorption, laser beam penetration, and more. Volumetric line heat source has
been considered with the energy characteristics shown as

P
EL == _L
US
Py
E. =
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where E; is the line energy, Er is the area energy, P, is the laser power, vy is the scan
speed, and hy is the hatch spacing.

Understanding of the interaction between the substrate and laser beam is key to the laser
penetration and substrate absorption. The laser energy absorption of a material is known
to depend on a number of factors such as the nature of the surface, level of oxidation, the
wavelength of the incident laser beam, surface temperature and thermal properties (e.g.,
density, thermal conductivity, heat capacity and enthalpy). In selective laser sintering, the
effective thermal conductivity has been used. Because, thermal conductivity is
temperature dependent. The effective thermal conductivity is a function of solid and gas
thermal conductivity. The thermal conductivity of the material (k,) has been expressed as

k
k= -

1+
kg

where k; is the conductivity of the solid material, kg is the conductivity of air, u is the
solid fraction (= p/p,) and @ is an empirical coefficient.

Rosenthal solutions for a point and line heat source have been proved to be extremely
useful in laser-based manufacturing. The three dimensional (3D) Rosenthal’s point
solution for temperature distribution using a steady state point heat source moving on the
surface of a semi-infinite plate along the x axis is given by
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The 2D Rosenthal’s line solution for the temperature distribution using a steady state line
heat source moving on the surface of a semi-infinite plate along the x axis is given by

T =
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and « is the absorption rate, P is the laser power, v; is the scan velocity, p is the density,
Crear 1S the heat capacity, k is the thermal conductivity and K|, is the modified Bessel
function of the second kind and order zero. The Rosenthal’s solution plays an important
role in the study of selective laser sintering temperature distribution.

where

6.3 Experimental

6.3.1 Material preparation

6.3.1.1 Precursor material preparation

The 30 uM L-tyrosine (Sigma) was added to 200 mg gelatin (Sigma Aldrich) contained
aqueous solution. The additive amount of 50 ml dimethyl sulfoxide (DMSO; Sigma
Aldrich) was added to dissolve the tyrosine in the solution. The 4.7 mmol silver (I) nitrate
(Sigma Aldrich) was fully dissolved on 200 ml deionized water. This 200ml silver (I)
nitrate solution was added to the tyrosine contained gelatin (Tyr & Gel’n) aqueous
solution, and then stirred for 10min in room temperature.

6.3.1.2 Substrate preparation (SiO; and PI)

We cleaned the diced silicon oxide wafer using acetone, isopropyl alcohol and deionized
water multiple times for the cleaning of silicon substrate. For polyimide film cleaning, we
cleaned with isopropyl alcohol in an ultrasonic bath for 30 min and then dried in a
vacuum oven at 80°C.
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6.3.1.3 Precursor material coating

Before dropping the precursor material (Ag & Tyr/Gel’n), substrates were applied the
oxygen plasma for enhancement of wettability. We could get precursor thin film with the
uniform thickness after spin coating with 4000 rpm for 60 sec.

6.3.2 Experimental setup

The spin coated precursor film was mounted on the X-Y-Z motorized stage (Aerotech,
ANT95-XY-MP and ANT95-50-L-Z-RH) with high precise positioning (Figure 6.1).
Patterns were fabricated along the laser beam path with high-repetition rate nanosecond
DPSS laser (Pulse duration : ~20ns, repetition frequency : 20 kHz, wavelength : 355 nm,
Navigator 1064, Spectra-physics). Laser beam was focused by near UV x100 objective
lens (M Plan Apo NUV, NA=0.5, Mitutoyo). The pattern with different width could be
fabricated by changing the laser power and scanning speed. The power of laser beam
emitted downstream of the objective lens measured by a power meter (Coherent, co.ltd.)
and controlled by a half-wave plate (4/2) and polarizing beam splitter (PBS). Scanning
speed was controlled by the program and computer. Laser processing could change the
structural and electronic characteristics of the precursor thin film, the degree of change
was tunable by varying the laser parameters such as laser power and scanning speed.
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Figure 6.1. Schematic of experimental setup
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6.3.3 Post-processing of patterning

To remove the unpatterned part, we used the characteristic of precursor material. We
used the gelatin as backbone material, and this gelatin works as control of generated
nanoparticle sizes. Addition to this, thin layer of gelatin can be dissolved in the water by
swelling. Using this characteristics, we put the substrate after fabrication to remove the
unpatterned surface. For the efficient removal of precursor material (gelatin and silver
solution), we heated the deionized water about 60°C, and put the sample for 1min.

6.3.4 Characterization of silver nanoparticle formation

Aliquot (20 pl) of the Ag NPs containing gelatin solution was deposited on a carbon-
coated copper grid (200 mesh) and air-dried for 12 hr. The prepared transmission electron
microscopy (TEM) grids were kept in a desiccator before TEM imaging to ensure the
removal of moisture. Then, the microscopic images were observed at 80 kV using a
JEOL JEM-1010 transmission electron microscope.

6.3.5 Characterization of pattern

To verify the reduced/sintered silver pattern, we used the scanning electron microcopy
(SEM; FEI X130, Phillips Co.) with energy-dispersive X-ray spectroscopy (EDX;
Hitachi 2460 with KEVEX) analysis was carried out at Biomolecular Nanotechnology
Center of University of California at Berkeley.

6.3.6 Conductivity measurement of conductive pattern

The resistance was measured using a two-probe technique with a semiconductor
parameter analyzer (HP4155A) at room temperature. To reduce the contact resistance
between the sintered patterns and probe tips, silver paste was applied at each end of
sintered line.
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6.3.7 Conductive patterning on the flexible substrate

For checking the bending effect, we fabricate the pattern on the polyimide substrate. To
reduce the deformation of substrate, we selected the flexible substrate material as
polyimde and patterned on this polyimide. For the efficient patterning,

6.4 Results and discussion

6.4.1 Verification of particle generation by photochemical process

With optimal concentration condition, we could get the large amount of homogeneous Ag
NPs (size is approximately 10 nm to 20nm) can be generated in our tyrosine contained
gelatin precursor (Ag & Tyr/Gel’n) solution (Figure 6.2). However, non-uniform size
nanoparticle was generated in the solution without gelatin.

Figure 6.2. TEM images : Silver nanoparticle generation (a) without gelatin and (b) with gelatin

Gelatin works as the enhancing material for electron transfer, and stabilizing material for
metal ion by cheating mechanism. Homogeneous nanoparticle distribution is a critical
factor for conductive patterning. Without gelatin, we could not fabricate the highly
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conductive pattern due to the non-uniform nanoparticle size. In contrast, with gelatin, we
could fabricate the conductive pattern which is fully connected and sintered.

6.4.2 Conductive pattern fabrication

For the simultaneous direct Ag (I) ion reduction and sintering, we applied 20 ns pulse
nanosecond laser with ultraviolet UV wavelength (355nm) to fabricate fine Ag patterns.
This process is based on both photochemical and photothermal reactions. When UV laser
beam is irradiated into Ag thin precursor film, Ag (I) ions were photochemically reduced
into Ag NPs rapidly, and these reduced Ag NPs were photothermally sintered to massive
Ag aggregates at the region of laser beam focused. Therefore, we can easily fabricate or
modify the Ag patterns shape without additional mask modification process.

For the efficient pattering process, the conversion rate of Ag NPs from Ag (I) ion is
critical for ultrafine sintered Ag pattern. To increase the reduction rate of Ag (I) ions into
Ag nanoparticles, we applied gelatin as a scaffold. Gelatin is a representative soluble
biological protein, which can reduce and stabilize the metal nanoparticles (Figure 6.2).
Because, gelatin is an ideal biomaterial for bio-templating metal NPs due to the
functional side groups including amine (- NH»), hydroxyl (-OH), thiol (-SH) and carboxyl
(-COOH) in polypeptide chains. These functional groups can effectively donate and
transport the electrons to metal ions. Sintering process is critically depending on the
nanoparticle sizes (Rnp)[212-214] as

ATmax x R%VP

The required temperature for nanoparticle melting (AT;;,,, ) depends on the nanoparticle
sizes (Ryp). As increase the size of nanoparticle, higher temperature is required for
melting and sintering. Hence, non-homogeneous size of nanoparticle induces the non-
uniform pattern due to the different melting temperature. Therefore, controlling the
nanoparticle size is significant in nanoparticle-based thermal sintering process.

6.4.3 Characterization of pattern

6.4.3.1 Micro-scale silver patterning using electron transfer of amino acid

To characterize the sintered Ag patterns, we conduct scanning electron microscopy (SEM)
and energy-dispersive X-ray spectroscopy (EDX). With amino acid (tyrosine or
tryptophan), well-connected pattern can be fabricated with intense UV light source, and
optimal conditions such as concentration of silver ion, amino acid (tyrosine and
tryptophan), scanning speed and laser power. For the stable fabrication, those parameters
were considered, and verify through SEM and conductivity measurement. With

optimized chemical condition (4.7M Ag(I) ion and 44uM tyrosine), SuW of laser power
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and 20um/s of scnning speed, we could get the well-connected silver sintered pattern

(Figure 6.3). To verify the material composition after sintering process, we took the EDX
(Figure 6.3 (c)).

(@)

11l
Figure 6.3. Sintered silver (Ag) pattern images. (a) objective microscope (scale bar : 20pm), (b)

SEM and (c) EDX (scale bar : 1pm)

6.4.3.2 Micro-scale copper patterning using electron transfer of peptide

Using only amino acid, reduction efficiency is relatively lower than that of peptide
(YYCACYY). Peptide has cysteine-alanine-cysteine sequence for efficient electron
transfer. For comparison of efficiency of reduction, we used the 1/4 quantity of peptide to
match the same quantity of silver patterning. As a result, it was not possible to fabricate
copper pattern with only tyrosine. However, when we used the peptide for copper
patterning, copper pattern can be fabricated (Figure 6.4). Hence, we found that electron
transfer efficiency of peptide is higher than that of amino acid.

Figure 6.4. Sintered copper (Cu) pattern images. (a) objective microscope (scale bar : Spm), (b)
SEM and (c) EDX (scale bar : 1pm)
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6.4.4 Optimization of parameters for stable patterning

6.4.4.1 Laser fabrication condition (Laser power and scanning speed)

Controlling the scan speed and laser power is critical for fine metallic patterns fabrication
in our L-ETRS pattering process. Without enough photonic energy, Ag NPs cannot be
generated from ion state precursor, and sintering process cannot occur effectively. In
contrast, excessive irradiated laser power can be induced the deformation of patterns and
substrates, and get the bimodal structure. Therefore, we control the laser power density
and scanning speed to find optimal conditions of L-ETRS pattering process to avoid
thermal damage of Ag patterns. Reduced Ag NPs were not effectively sintered with
scanning speed over than 50 um/s. With scanning speed of 20pm/s, we could fabricate
fully connected fine Ag patterns (Figure 6.3 (a)). As decrease the scanning speed from
20pm/s to 0 pm/s, bi-nodal structure has been noticed due to movement of center material
to nearby (Figure 6.3 (b)-(d)). Finally, we optimized the condition of our L-ETRS
pattering method for fine Ag patterns (laser power: 5 uW, scanning speed: 10 um/s with
2times scanning).

Figure 6.5. Bi-nodal sintered silver pattern with SuW laser power and different scanning speed (a)
20um/s, (b) 10pum/s, (c) Sum/s and (d) 1um/s (scale bar : 2um)

6.4.4.2 Precursor material compositon

6.4.4.2.1 Gelatin
For the backbone material, gelatin was used. Gelatin also has tyrosil group, and this also
enhance the chelating the metal ion. This also can be transfer the electron efficiently
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through tyrosyl functional group. Due to those effect, gelatin help to generate the
homogeneous size of nanoparticle stably and efficiently. Without gelatin mixture, well-
connected pattern doesn’t generate due to the non-homogeneous size nanoparticle
generation. Hence, for the stable reduction and sintering, concentration ratio between
gelatin and silver ion/tyrosine should be considered.

6.4.4.2.2 Silver ion and tyrosine / tryptophan concentration

On L-ETRS process, we found Ag (I) ion, tyrosine and gelatin concentration is critical
for the fine Ag patterns. For metal ion reduction and sintering process, concentration of
tyrosine/tryptophan is critical for well-connected sintered pattern. First of all, without
tyrosine/tryptophan, only Ag (I) ion and gelatin mixture solution (Ag / Gel’n), the
reduction rate of Ag NPs was very slow to fabricate large amount of Ag NPs, and
sintered Ag patterns were not fully connected. To increase the reduction rate of Ag NPs,
small amount of UV-active tyrosine was added to Ag (I) ion / Gelatin solution as a
photochemical reducing agent. As a result, the sintered Ag patterns were fully connected
as fine patterns by adding tyrosine. These fine Ag pattern was capable to use as high
conductive electrode.

In particular, the concentration of Ag (I) ion is most significant for the fabrication process
of fine Ag patterns. For verification of relationship between Ag (I) ion concentration and
pattering process, we change the concentration of Ag (I) ions from 0 M to 4.7 M with
constant tyrosine concentration (44 pM) with optimized patterning condition. With low
concentration of Ag(I) ion, it was not able to fabricate the full-connected Ag patterns.
Thus, the conductivities were sharply decreased in Ag (I) ion concentration below 4.7 M.
We also change the concentration of tyrosine and gelatin in the precursor solution. We
changed the tyrosine concentration from 0 uM to 44 pM in the precursor solution to find
the optimized concentration of tyrosine in enough Ag concentration (4.7 M). We found
the rate of Ag NPs generation varied depending on the concentration of tyrosine and
gelatin. In addition, we found that at least 30 uM of tyrosine was required for the fine Ag
patterns with high electrical conductivity. Lower than this concentration, Ag patterns
were not fully connected and the conductivities were exponentially decreased.
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Figure 6.6. SEM imaged of sintered silver pattern with different concentration of silver ion (with
44 uM of tyrosine, 5 pW in laser power and 20 pm/s in scanning speed)
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Figure 6.7. Conductivity of sintered silver pattern with concentration of silver ion (with 44 uM of
tyrosine, 5 pW in laser power and 20 um/s in scanning speed). (a) conductivity from 1.2 to 4.7 M
of Ag(I) ion, (b) conductivity from 1.2 to 3.5 M of Ag(I) ion.
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Figure 6.8. SEM imaged of sintered silver pattern with different concentration of tyrosine (with
4.7 M silver(I) ion, 5 pW in laser power and 20 um/s in scanning speed)
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Figure 6.9. Conductivity of sintered silver pattern with concentration of tyrosine (with 4.7 M
silver(I) ion, 5 pW in laser power and 20 pm/s in scanning speed). (a) conductivity from 6.3 to 44
UM of tyrosine, (b) conductivity from 6.3 to 25.1 uM of tyrosine.

6.4.5 Removal of un-patterned region

Generally, un-patterned region need to be removed by using some organic solvents after
pattering process. In our L-ETRS process, the precursor solution is composed by the
biocompatible and water-soluble gelatin and tyrosine. Therefore, we could found that un-
patterned regions were clearly removed by dipping into the 60°C deionized water for 1
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min (Figure 6.10). As a result, we could only remain the ultrafine and conductive Ag
patterns on the substrates.

Pattern

hydrogel

Silicon

Figure 6.10. Cleaning of un-patterned region with deionized water : before washing(a) and after
washing(b)

6.4.6 Conductive pattern fabrication on flexible substrate

Flexible devices have become attractive formats for several applications such as display,
sensors, solar cell and wearable devices. Therefore, there is a strong need for the
development of high-resolution conductive patterns. Generally, most of polymer
substrates are limited in thermal sintering process due to their low glass transition
temperature (T,) values. Therefore, it was difficult to apply several polymer substrates in
thermal sintering process. Our L-ETRS method was promising for fabrication of
electrode on flexible substrates due to minimize the thermal deformation of polymer
substrate by laser beam. We applied our L-ETRS method for fabricating the Ag pattern
on the flexible polymer substrate to verify the applicable fabrication on the flexible
substrate. Polyimide (PI) films retained their physical properties over a high temperature
range. Hence, PI film was used as a substrate for the L-ETRS patterning process. Before
the patterning process, we attached the silicon wafer underneath of the film to reduce the
loss of phonic energy. To increase the coating properties of precursor on PI film, we
treated the oxygen plasma before spin coating process. To verify the possibility for
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application of flexible display, we configure the electrical circuit with battery and LED
lamp on the breadboard. As shown in Figure 6.11, we could observe the LED light turned
ON and OFF when we open and close the circuit respectively. And fabricated Ag
electrode can be maintained their stable connectivity with substrate bending (Figure 6.11).

(a) (b)

F . G i a1
Figure 6.11. Conductive pattern on flexible substrate and bending test. (a)before bending and (b)
after bending

6.5 Conclusions and outlook

We demonstrated ultrafine and high conductive Ag patterns by simple and biocompatible
laser based pattering process (L-ETRS). In the pattering process, Ag (I) ions were rapidly
reduced to Ag NPs and directly sintered to fine Ag patterns. For the efficient
photochemical reduction of Ag (I) ions, redox-active tyrosine was added to the gelatin
based precursor solution. When the UV laser beam applied to the thin film of our
precursor solution, tyrosine and gelatin can efficiently generate and transport free
electrons to generate large amount of Ag NPs. In addition, this pattering process was
promising for environmentally friendly conductive patterning due to easily remove the
non-patterned region by using water without any other toxic organic solvents. Our unique
L-ETRS could open the way to a new generation of bio-patches, flexible displays,
sensors, solar cells and several other electronic devices.

For the future work, incorporation of direct laser writing and L-ETRS, it is possible to
fabricate the conductive pattern on the biomaterial such as hydrogel. On previous
research, we could get the highly stretchable hydrogel with conductive (sintered) pattern.
Due to the advantage of direct laser writing, it is possible to make pattern without other
masks. This can be applied to stretchable and biocompatible patch with conductive
pattern.
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Chapter 7 Conclusion

In conventional photolithographic procedures, issues of concern are residue after the
development process, and the limited spatial resolution due to the diffraction of light. In
contrast, femtosecond laser direct writing (FS-LDW) enables high-resolution fabrication
without requiring photomasks. From this point of view, FS-LDW is regarded as
promising technique micro- and nanoscale fabrication of various materials given the
rapid advance in their performance including their stability, output power and reliability.
The simplest way that materials respond to light excitation involves the first order linear
optical effect. Under multiphoton absorption, the response is practically restricted to two
and high orders. The square light intensity distribution is spatially narrower than that of
linear one, suggesting that the light-material interaction volume would be reduced. Hence,
it is possible to fabricate higher resolution.

High-quality internal fabrication and modification of transparent materials (e.g., fused
silica, glass, or crystalline materials) are possible by multiphoton absorption using
femtosecond lasers. Refractive index modification inside transparent materials is an
important application. These techniques enable integration of optical microcomponents
(waveguides, couplers, splitters, volume Bragg gratings and diffractive lenses) in a single
glass chip. Moreover, beam shaping techniques are of great use for controlling the cross-
sectional shapes of optical components, leading to the fabrication of higher performance.
Microscale patterns are powerful cues to control cell behavior. However, they have
limitation to independently control the size and the distribution of the cell adhesive
domains and the ligand density. We fabricated nanoscale pit patterned surfaces with
spatial gradient by multiphoton laser ablation to demonstrate the gradient force generated.
We applied FS-LDW (via ablation) with various objective lenses on fused quartz in order
to optimized the process and fabricate the desired design. Nanoscale topographical
patterns can generate spatial gradients of the nanoscale pit array that can realize force
gradients generated by the nanoscale features. Higher density of the nanoscale-pits repels
cells and the gradient density of the nanoscale-pits can direct cell migration. Hence, it is
possible to realize new experimental platforms for the study of regenerative medicine.
Because, these surfaces will functionalize or control a stem cell differentiation and
proliferation. By expanding nanopatterning technique to the biocompatible soft
biomaterials, it could be used in dental and medical implants, in order to control cell
behavior at the biomaterial interface.

Cells exhibit a number of behaviors and fates such as self-renewal and differentiation,
that are interconnected, orchestrated and integrated throughout development and into
adulthood within multicellular organisms. However, these behaviors and fate decisions
are controlled by the 3D niches surrounding cells, which are structurally complex
material microenvironments presenting cells with numerous chemical and physical cues
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in the form of soluble growth factors, ECM, and surrounding cells. We used the 2PP
process to create a cohort of 3D filamentous matrices that regulate the structural
organization of cells and their functions. This approach offers a number of significant
advances beyond current practice including : unprecedented control of matrix fiber
architecture and dimensions, and a 3D filamentous matrix with independently tunable
elastic modulus and biological content.

Progress in nanotechnology relies on the ability to control the spatial organization of
structures precisely with length scales from ~100 nm down to molecular dimensions. The
required long-range order can be generated using “top-down” or “bottom-up” methods. In
the “top-down” approach, nanoscale features are commonly produced using lithographic
techniques which include methods such as conventional photolithography, EBL, FIB
etching, contact printing, micro-/nano-imprint lithography efc. In many cases, top-down
approaches are constrained by low throughput due to the sequential nature of the pattern
formation. And it also constrained by low resolution due to the optical physics regarding
the diffraction-based limits for features produced by photolithography. Hence, limitations
include lower speed and efficiency as well as feature non-uniformity. In contrast,
“bottom-up” approaches take advantage of self-organization or assembly of atomic,
molecular building blocks to provide access to nanostructures with a corresponding range
of characteristic length scales. While the range of symmetries or structures is somewhat
limited, the promise of high throughput low-cost processing and hierarchical structure
formation over large areas. Based on this processing methods, self-assembly will have
vital roles to play in the development of advanced nanotechnology.

Ultrashort pulse lasers have proven to be efficient tools for precise fabrication
applications due to advantages such as reduced heat and shock affected zones, as well as
sharp and significantly lower material modification. In particular, the nonlinear
absorption of the short pulses into dielectric materials offers a unique advantage in the
fabrication of 2D and 3D structures. This thesis demonstrates micro/nanoscale and 2D/3D
structures fabricated by femtosecond laser induced two-photon polymerization (2PP) and
multi-photon ablation lithography methods and their applications for functionalize the
structures. The 2D patterned surfaces (via ablation) and fibrous matrices (via 2PP)
demonstrated in this thesis can also be used for further regulation of cell fate (e.g., stem
cell differentiation into specific lineage).
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