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Abstract

Living cells are exposed to complex and functional microenvironment including soluble
macromolecules, biophysical cues, and interactions between cell-cell and cell-extracellular
matrix (ECM), suggesting that the design and manipulation of engineered cellular
microenvironments is of great important in a wide variety of biological applications such as
fundamental biology, therapeutic and diagnostic research, stem cells and regenerative medicine,
and developing in vitro disease models. Compared with the effects of soluble macromolecules
and biophysical cues, the extent and importance of architecture of ECMs in defining cellular
function is currently poorly understood in spite of the essential fact that living cells display high
sensitivity to the ECM composed of complex and well-defined topographies in protein fibers
such as fibrillar collagens and elastins with feature sizes ranging from tens to several hundreds of
nanometers in vivo. Namely, the architecture effects of ECMs are mainly neglected or minimized
as a considering factor for most in vitro and in vivo experimentation.

In this dissertation, we developed a series of advanced nanopatterned platforms inspired
by the unique architectures of native tissues and ECMs in a detailed and comprehensive fashion
using nanofabrication technologies such as capillary force lithography (CFL) to provide cells the
in vivo-like topographical cell environment. Using the nanoengineered biomimetic platforms, the
roles of nanotopography in regulation of cellular and multicellular structure and function were
investigated. We also utilized the biomimetic systems composed of a nanoengineered substrate,
specific soluble macromolecules, and cells to achieve desired phenotypic responses toward tissue
regeneration. The specific aims of my thesis are as follows are: (1) to design and manipulate
nanotopographically defined platforms with precisely controlled topographical architectures as a
synthetic ECM for regulating structure and function of cells in single (i.e., single adherent cells)
and multi-cellular (i.e., cohesive groups of cells) levels, (2) to investigate the detailed role of
nanotopography in cellular behavior for developing a methodology for promoting cell function
and modeling biological processing such as stem cell differentiation and would repair, and (3) to
develop a strategy for tissue regeneration such as bone and tympanic membrane using
nanoengineered biomimetic systems. The working hypothesis underlying my research is that
nanoengineered biomimetic platforms can (i) provide cells in vivo-like topographical cues that

control cellular and multicellular structure and function, and (ii) allow appropriate environments



for repair or regeneration of damaged tissues without surgical treatments.

The main results of my dissertation research can be summarized as follows. First,
inspired by the architectures of native ECMs in various tissues, nanotopographically defined
ridge/groove patterned substrata with precisely controlled sizes were developed using CFL.
Using these platforms, it was found that nanotopographical density can control the morphology,
focal adhesion formation, migration, ECM molecule production of fibroblast cells, and would
healing as well as the adhesion, migration, and differentiation of mesenchymal stem cells
(MSCs). Second, nanopatterned hierarchical platforms (i.e., multiscale topography) were
developed for better mimicking architectures of ECMs using CFL in combination with micro
wrinkling technique and nanomaterials. Using anisotropically multiscale patterned substrata with
precisely defined micro- and nanotopography, the potential role of nanotopography in ECMs
were investigated; the nanotopography can regulate the cell-substrate or cell-cell interactions,
which may eventually promote the function of cells including NIH3T3 fibroblast cells, MG-63
cells, and MSCs. Furthermore, it was found that graphene-matrix nanotopography hybrid
substrata with nano and sub-nanopatterned hierarchical features can promote the functions of
cells including differentiation of MSCs, enhanced mineralization of MC-3T3 cells, and capillary
tube formation of HUVEC. Finally, nanoengineered biomimetic systems composed of the ECM-
like topographical substrate, chemical molecules, and cells were proposed as a strategy for repair
or regeneration of damaged tissues. Inspired by the aligned nanostructures and co-existence of
vascular cells and stem cells in bone tissues, the systems comprised of nanotopography and co-
culture platforms were developed, showing that the osteogenesis of MSCs was further enhanced
by the two factors in combination whereas both nanotopography and co-culture independently
enhanced the osteogenesis. In addition, a stem cell patch that integrates MSCs into the
nanopatterned hierarchical substrate was developed using a Food and Drug Administration
(FDA)-approved poly(lacticco-glycolic acid) (PLGA) polymer. It was demonstrated that the
nanopatterned stem cell patches can guide the bone regeneration and the nanofibrillar patch
synthesized from bacterial cellulose can promote the tympanic membrane regeneration without

complex surgical treatments or tissue transplantation.
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Scope and Format of Dissertation

Nanoengineering approaches were applied to develop the in vivo-like topographical cell
environment for controlling cellular function. The objectives of this dissertation were to design
and manipulate nanoengineered biomimetic systems for regulating and promoting cell function,
and modeling biological processing such as stem cell differentiation, would repair, and bone
regeneration.

The dissertation is divided into three parts (excluding introduction, literature review, and
conclusion) comprised of six research chapters. Each chapter is written as a ‘complete story’ in a
specific aspect of the in vivo-like topographical cell environments with focus on the nanoscale
architectures. Each three parts develops nanoengineered biomimetic systems and approaches to
control and improve cellular function. Chapter 1 provides the background of this thesis work
and introduces the detailed objectives. Chapter 2 describes the current micro- and
nanoengineered biomimetic platforms for modeling biological processing and tissue regeneration
as a literature review on this work. The next two chapters provide the contents for Part I. Part |
developed a series of nanofabricated platforms with defined ridge/groove patterns with precisely
controlled sizes using capillary force lithography (CFL) to control the nanotopographical density,
implying an existence of potentially optimized nanotopographical density for functions of cells.
Chapter 3 shows that the matrix nanotopography with local density of ridge/groove patterns can
direct the adhesion, migration, and production of extracellular matrix (ECM) molecules of
fibroblast cells. Chapter 4 describes that the matrix nanotopography with controlled density of
groove spacing ratio can also control the adhesion, migration, and differentiation of
mesenchymal stem cells (MSCs). Part 11 is comprised of the next two chapters and develops a
series of nanopatterned hierarchical platforms. Chapter 5 provides the methodology to fabricate
the micro- and nanopatterned hierarchical structures using CFL in combination with micro
wrinkling technique while Chapter 6 describes the platforms with nano and sub-nanopatterned
hierarchical topographies fabricated by using graphene and matrix nanotopography. These
platforms demonstrate that the multiscale topography can promote the function of various types
of cells. Part 111 shows a strategy to regenerate the damaged tissues using nanoengineered
biomimetic systems composed of ECM-like topographical substrates, chemical molecules, and

cells. Chapter 7 shows the importance of biomimetic system comprised of nanotopography and



co-culture platform, promoting the osteogenesis of stem cells by the two factors in combination.
Chapter 8 describes that the nanoengineered biomimetic systems can be used as an efficient
strategy for bone tissue regeneration without complex surgical treatments or tissue
transplantation. It is shown that the stem cell patch that integrates MSCs into the nanopatterned
substrate can guide the bone regeneration. Chapter 9 demonstrates that the nanofibrillar patch
synthesized from Gluconacetobacter xylinus, one of types of bacterial celluloses, can promote
the tympanic membrane regeneration without complex surgical treatments. Chapter 10 provides
an outline of the conclusion and suggests the broad implications of this dissertation work toward

biological engineering.
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