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Chapter 1

Chapter 1

General introduction

1.1 Sem cdlls

In general, stem cells are described as a reservoir of non-differentiated cells that can generate
highly differentiated descendant with specific function. Three main features define this cell population:
self-renewal, proliferation, and multi-potentialityThese features are critical to sustained generation and
regeneration of cells, tissues, and organs during development and remodeling. Stem cells hold the key to a
number of cellular processes from development, tissue regeneration, and aging. They also hold the promise
of cures for many diseases and injuries as well as offer an opportunity to bridge the ‘animal to human gap’ in
drug efficacy studies.

1.1.1 Origins and types

Stem cells are generally divided into three types: pluripotent embryonic stem cells (ESCs), induced
pluripotent stem cells (iPSCs), and unipotent or multipotent adult stem cells (ASCs) (Figure 1.1). ESCs are
derived from blastocysts and are capable of giving rise to any cefl’tyCs are generated by using a
transcription factor cocktail to reprogram the adult somatic cells (e.g. fibroblasts) back to a pluripotent
staté’. ESCs and iPSCs share similar properties and have a seemingly unlimited self-renewal potential in
culture. However, the reliable methods are highly required to avoid the risk of tumor formation and to direct
these cells into a single tissue-specific lineage. Although iPSCs overcome the immune problem and the
ethical concern faced by the use of ESCs and ASCs in patients, current methods to reprogram somatic cells
and to produce iPSCs are extremely slow and ineffftiemtontrast, tissue-specific ASCs lack the plasticity
of ESCs and iPSCs. And it is difficult to induce self-renewal of ASCs in culture and to expand the cells to
reach necessary numbers in clinical therapy. Nonetheless, they are not tumorigenic and mainly used for
efficiently generating highly specialized cell type€onsequently, the versatile and multi-functional stem
cells are the most promising cell source for the tissue engineering and regenerative medicine.

1.1.2 Mesenchymal stem cells and differentiation

Mesenchymal stem cells (MSCs), one of the well-characterized stem cells, reside in various adult
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General introduction

mesenchymal tissues. Thereby they are one of prospective cell sources for tissue engineering and clinical
practice. The advantages of MSCs are that they can be easily harvested from the patient’s donor site (e.qg.
bone marrow and adipose tissue), isolated and propagatétto culture, induced to differentiate into
specific cell lineages, and transplanted into the patient’'s body where tissue regeneration is required.

(a)
Blastocyst 9
! (b) &
Fibroblasts A
|
/& _ Skin ‘ \ ©
|
R |
@O {\\'\_\ |  Bomne marrow
i | \

Mesenchymal
stem cells

g% @

Embryonic stem cells Induced pluripotent Adultstem calls
stem cells Neural stem cells

‘Mesenchymal stem cells

Hematopoietic stem cells

eic.

Figure 1.1 Origins and types of stem cells. (a) Embryonic stem cells, which are derived from inner cell mass
of blastocysts. (b) Induced pluripotent stem cells were first generated by introducing genes encoding four
proteins into somatic cells such as skin fibrobfagty Resident tissue-specific adult stem cells including
mesenchymal stem cells, hematopoietic stem cells, neural stem cells, and so on.

The differentiation process of MSCs is simpler and more controllable than ESCs and iPSCs, and
the differentiated cell populations are relatively uMSCs are capable of differentiating into several cell
types including osteocyt®s’, chondrocyte$*® adipocyte¥™®, tenocyte¥, myoblast®?’ and stromal
cells! (Figure 1.2). The precise manipulation of differentiation into correspondent progeny cells is extremely
required to fully realize the therapeutic potential of stem cells.

1.1.2.1 Osteogenic differentiation

MSCs can differentiate into osteoblast when cultured in Dulbecco's Modified Eagle Medium
(DMEM) supplemented with 10% fetal bovine serum (FBS), ascorbic acid-2-phosgigigcerol
phosphate, and dexamethasén€he osteogenic differentiation is first noticed as the cells form aggregates
or nodules at about one week. The aggregates are found to be alkaline phosphatase (ALP) positive, and they
progress to form a highly mineralized bone matriALP can be quantitatively characterized by staining
method. Alizarin Red % and Von Kossa stainifiycan be used to check the mineralized bone matrix.
Real-time polymerase chain reaction (RT-PERAN be used to analyze the osteogenic genes expression. At
the early stage of MSCs osteogenesis, the cells express runt-related BeiNX2) (which is an osteogenic
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Chapter 1

transcription factor and the genes controlledRNX2, such asALP and osteopontinQP)?’. Osteocalcin
(OC) and bone sialoproteiB&P) are characteristic of the late stages of osteogéh&sis

Self renewal = Mesenchymal stem cells (MSCs)
Stem cell MSCs proliferation = |
/ ) é’fﬁrﬂi’_ é’/ v Tendogenesisf\_\ g
- Osteogenesis Chondrogenesis Myogenesis Marrow Stroma . . Adipogenesis
Pl'Oge]lltOl' Ligamentogenesis
- - - - - -
.[ : : : ;
Tran‘;itory Tran‘;imry N ;hst 'ﬁan;mry Tran:imry
osteoblast chondrocyte B stromal cell fibroblast
= i | ° | = - -
[ |
fml j" 5
Maturecell | [° [° [s 3 *uc
S -
Osteoblast Chjsﬁm |-
- b
Terminal |Qfasv wr
differentiation ?//F“\/‘“:j |
LI . Muscle T
Bone osteocytes  Cartilage chondrocytes myvoblasts Stromal cells Tendon tenocytes Adipocytes

Figure 1.2 Multi-lineages potential of mesenchymal stem cells.

1.1.2.2 Adipogenic differentiation

Adipogenic differentiation of MSCs occurs in DMEM medium supplemented with 10% FBS, 0.5
mM methyl isobutylxanthine, 1M dexamethasone, 1fig/mL insulin, and 100~20QM indomethicir.
Small lipid vacuoles are firstly apparent in a portion of MSCs and more cells commit to the adipogenic
lineage during induction culture. The adipogenic cells continue to accumulate lipid and the vacuoles enlarge
and coalesce over time. The lipid vacuoles can be stained with Oil Kedll@ marker genes of
adipogenesis include peroxisome proliferator-activated recep(@PpR)2)**>!, lipoprotein lipasel(PL)%**%
and fatty acid binding protein #ABP4)**.

1.1.2.3 Chondrogenic differentiation

Chondrogenic differentiation of MSCs generally takes place when cultured as a micromass pellet of
cells, formed by gentle centrifugatin The medium composition without serum is very important. It
consists of DMEM supplemented with 10 ng/mL TGE- 100 nM dexamethasone, B@/mL ascorbic
acid-2-phosphate, and 1% ITS+1. The cell morphology changes from spindle shape to round shape. The
ECM components of generated chondrocytes include type Il collagen, glycosaminoglycan (GAG), and
cartilage proteoglycan. Histological examinations using hematoxylinf&osafranin O/fast greéh and
toluidine blué® are adopted to stain nucleus, cytoplasm, and ECM. Immunohistological staining can be used
to evaluate type Il collagen and cartilage proteoglycan in ECM. Hoechst 33258 and Blyseansed to
measure the amount of DNA and GAG, respectielyhondrogenic markers of aggrecan, sox9, and type ||
collagen can be analyzed by RT-P&R
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1.1.3 Factors affecting stem cell functions

To fully realize the remarkable potential of stem cells in academic research and clinical application,
many hurdles must be overcome, such as the directed differentiation of pluripotent stem cells and
propagation of specialized adult stem cells without loss of stemness. Therefore, it is of foremost importance
to be able to reliably control stem cell functions. For instance, incompletely or incorrectly differentiated cells
may become tumorigenic instead of therapéltind increase the heterogeneity in derived cell population or
tissue.

The intrinsic reason for the difficulty of stem cell manipulation is that the functions of stem cells
are affected by various factofé™® In vivo, their behaviors and functions are highly sensitive to the
biochemical and physical factors from cell microenvironment such as soluble and tethered factors, ECM, and
neighboring cellsin vitro, when seeded on cell culture dishes or biomaterials, stem cells in the first place
contact the surface of materials. Consequently, the surface properties of materials play pivotal roles in cell
adhesion, proliferation, migration, differentiation, and neonatal tissue formation. In short, these external
factors from cell microenvironment and biomaterials alter the internal signals that ultimately regulate stem
cell functions (Figure 1.3).

i Biomaterial:
Chemical compositions

Topographical features
Mechanical properties

- ¥
s

Cytoskeleton

Extracellular matrix
{Phwsically bound signals)

[
Soluble growth factors Receptors

- i “ i
ArtaeTie \ Cell-Matrix \ _  Growthfactorreceptors
s \ - 'Jl’
@ Paracrine \% Cell-Cell £

Figure 1.3 Factors affecting stem cell functions. The extracellular microenvironment including soluble and
matrix-bound factors, cell-cell contact, and cell-matrix adhesion combined with biomaterial’s properties
including chemical compositions, topographical features, and mechanical strength direct the stem cell fate
via inducing complex intracellular signaling cascades such as gene expression.

1.1.3.1 Soluble and tethered factors

Soluble factors secreted by stem cells and surrounding cells and supplemented in culture medium
are potent in their effects on stem cell functions via autocrine and paracrine signaling. The most common
culture method for mouse embryonic stem cells (MESCs) is co-culturing them with mouse embryonic
fibroblast feeder cells in serum. The fibroblasts secrete the leukemia inhibitory factor (LIF) for self-renewal
of mESC#. Alternatively, feeder cells can be replaced by the addition of recombinant LIF in serum
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mediun? or the combination of LIF and bone morphogenetic protein (BMP) in serum-free mMédiomthe
maintenance of human embryonic stem cells (hESCs) pluripotency, LIF is not required but fibroblast growth
factor 2 (FGF2) is indispensafilé®. In embryonic development, growth factors are tightly regulated in space
and timé®. However, simulating this spatiotemporal regulation of soluble factors is difficult in conventional
culture systems such as culture dishes, though discrete concentrations of soluble factors can be dosed at
different time point. For spatiotemporal control of soluble factors, microfluidic devices have been developed
that continuously wash away factors secreted by cells while perfusing known concentrations of fresh
factord®. For example, a microfluidic platform was developed for generating growth factors gradient across
neural stem cells (NSCs). Proliferation and astrocyte differentiation of NSCs were graded and proportional to
the concentrations of growth facttts

Soluble factors also bind to ECM and thus their diffusion is limited. This can be mimicked by
synthetically tethering a growth factor to a substrate. Surface tethered epidermal growth factor (EGF)
promotes both cell spreading and survival of MSCs more strongly than saturating concentrations of soluble
EGF. LIF immobilized to maleic anhydride copolymer thin-film coatings supported mESCs pluripotency
for at least 2 weeks in the absence of added diffusiblé”.L&milarly, non-woven polyester fabric with
immobilized LIF showed a higher percentage of undifferentiated mESCs than non-immobilizetf. group
Additionally, transforming growth fact@- (TGFB)was immobilized on hydrogél and scaffoltf via
heparin, and these tethered biomaterials enhanced chondrogenic differentiation of rabbit MSCs. It should be
noted that the tethering method can affect the bioactivity of growth factors. Stem cell factor (SCF) physically
adsorbed to tissue culture plastic promoted the hematopoietic stem cell expansion. By contrast, cross-linking
of SCF via free amines compromised its bioactiity

1.1.3.2ECM

The ECM is composed of various protein fibrils and fibers interwoven within a hydrated network
of GAG chaind’. The main compositions include collagen, fibronectin, laminin, GAGs, and growth factors.
However, the exact composition is tissue-specific and alterable in the differentiation of stem cells. For
instances, the composition of basement membranes is rich in laminin while stromal ECM in connective
tissues consist mainly of collagén Fibronectin and versican emerge in the region of mesenchymal
condensation (early stage of osteogenesis) and then disappear in mature minerali2éd Beoause of a
tight connection between the cytoskeleton and the ECM through cell-surface receptors and ligands, cells
sense and respond to the biochemical and biophysical signals from surroundifi§®ECNerefore, the
properties of ECM impact various cell functions, such as adhesion and migration.

Gerechtet al. have reported that hyaluronic acid (HA) hydrogel supported self-renewal of human
ESCs and maintained their full differentiation capacity, possibly because HA is a prominent ECM polymer in
embryonic developmefit In a similar way, the chondrogenic differentiation was most prominent in MSCs
cultured on collagen type 1l hydrogel, which was one of the major components of the hyaline cartilage ECM
and plays a key role in maintaining chondrocyte funétioNevertheless, the substrates formed from
multiple ECM proteins and components will be more beneficial for closely mimicingvo cell-ECM
interactions and precisely investigating the role of ECM on the functions of stem cells.

There are mainly two methods for constructing multiple ECM molecules. One is the combinatorial
library of ECM microarray established by robotic spotting. Flatnal.®® fabricated an ECM microarray
platform consisting of 32 different combinations of 5 ECM molecules (collagen I, collagen Ill, collagen 1V,
laminin and fibronectin) and identified combinations of ECM that synergistically influenced both hepatocyte
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function and ESCs differentiation. Such high throughout combinatorial screening using ECM microarray will
provide abundant information for the formulation of complex and robust ECM mixtures for stem cell
maintenance or differentiati®h Another is the acellular ECM matrices developed by decellularization
treatments. Dattet al.*”*®have prepared an ECM matrix from cultured MSCs-derived osteoblasts and found
that such ECM matrix enhanced the osteogenesis of MSCs compared with titanium fibers meshes. Hoshiba
et al.**"have developed stepwise osteogenesis-mimicking and adipogenesis-mimicking ECM matrices from
cultured MSCs controlled at different stages of osteogenesis and adipogenesis. These mimicking ECM
matrices not only provide godd vitro models for analyzing the roles of ECM in stem cell differentiation,

but also give fresh insights into the design of novel culture systems for the manipulation of stem cell
functions.

1.1.3.3 Cdll-cdl interactions

In vivo, cell-cell interactions during early development play a key role in the morphogenesis of the
blastocyst and mediate cell functions via membrane proteins, gap junctions, and adherens junctions. For
examples, osteoblastic cells play a regulatory role in influencing function of hematopoietic stem cells (HSCs)
through Notch activatidh and cell-cell contact is required for the maintenance and expansion of
embryo-derived HSC& Additionally, the cell-cell interactions between stem cells themselves are also
important for their survival and self-renewal just as human ESCs have to be passaged as clumps to maintain
their survival®.

Invitro, a common method to control the extent of homotypic cell-cell interactions is to manage the
cell seeding density that affect cell-to-cell paracrine signaling distance and cell-cell contact. Generally, low
cell seeding density around 100-200 cell$/@good for MSCs growti’®. The effect of cell density on the
osteogenic differentiation is complicated. Kim, Lode, and McBettAl. have reported that lower cell
seeding density stimulated osteogenic differentiation of MS€svhereas Jaiswal and Waegal. have
shown that higher initial seeding density is in favor of mineral deposition and osteogenic differénffation
The contradiction is probably derived from the different origins of cells, culture systems, and divisions
between low and high densities. Co-culturing stem cells with another cell type is a convenient method to
study the heterotypic cell-cell interactions. One example is that co-cultured osteoclast can positively affect
the late stage osteoblast differentiation markers (bone sialoprotein) of humaf'M8©ther is that MSCs
differentiated to an nucleus pulposus-like phenotype when directly co-cultured with both non-degenerate and
degenerate nucleus pulposus &&llBespite the importance of cell-cell interactions in regulating stem cell
functions, it is difficult for conventional culture methods to precisely control local cell densities and cell-cell
contacts. Therefore, decoupling the effects of paracrine signaling from physical contact among cells is a
daunting obstacle.

1.1.3.4 Chemical compositions

Biomaterial surface chemistry regulatesvitro andin vivo cell functions, including adhesion,
survival, proliferation, and differentiatid. These effects on cell functions are generally attributed to
chemistry-dependent differences in type, density, and bioactivity of adsorbed pf8teRm®tein adsorption
has profound influence on the assembly of cell membrane receptors (such as integrin binding specificity) that
transfer the outside factors into the cell. The subsequent intracellular signal transductions activate gene
expression and finally determine the cell fate. Therefore, surface chemical properties initiate cascade cell
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responses and investigation of interactions between surface chemistry and stem cell is essential to design and
develop bio-interfaces that modulate stem cell behaviors and functions.

The effects of surface chemistry on the functions of MSCs have been intensively investigated. On
the two-dimensional model surfaces, the methyl group maintained the phenotype &f,M&Camino, thiol,
and carboxyl groups promoted the osteogefféSjsand the carboxyl and hydroxyl groups facilitated the
chondrogenesi$®2 On the three-dimensional hydorgel, small functional groups were immobilized into
hydrogel and human MSCs were encapsulated in these hydrogels. The results showed that phosphates,
carboxylic acid, and aliphatic chains led to increased expression of bone, cartilage, and fat associated
markers of MSCs differentiation, respectivély

As a high-throughput screen method, the combinatorial library of chemistry microarrays has been
developed to rapidly interrogate the interactions between biomaterials chemistry and stem cells. As proof of
principle, Andersoret al.** synthesized a series of biopolymers from diverse combinations of acrylate and
methacrylate monomers and then simultaneously characterize over 1,700 human ESCs-biopolymers
interactions. This concept has been extended to other biomaterial microarrays to investigate various chemical
effects on the functions of stem c&1¥. Such method would facilitate the determination of specific surface
chemistry for the maintenance, proliferation, and differentiation of stem cells and accelerate the development
of novel biomaterials for a range of biotechnologies and therapeutics.

1.1.3.5 Topographical features

In vivo, cells encounter many topographical features of ECM from protein folding to collagen
banding. It is clear that interactions exist between cells and nanoscale/microscale’téatOms example
is that the topographical features within basement membranes are on sub-mi€PoFoat@mic the fibrous
structure of ECM, fiber scaffolds have been fabricated by electrospinning Métiddwise et al.'®
reported that nanofibrous scaffold (500 nm in diameter) enhanced the chondrogenic differentiation of human
MSCs. Similar to fibrous structures with controlled diameters, ridges and grooves at nanoscale/microscale
have also been micropatterned to influence stem cell functions. For instance, 600 nm poly(dimethyl siloxane)
(PDMS) ridges coated with fibronectin induced human ESCs alignment and elongation and altered cells
morphology and proliferatidf®. Another example is that 350 nm ridge/grooves pattern effectively induced
the neuronal differentiation of human ES€and MSC¥®.

Traditionally, the expansion and differentiation of stem cells mainly realized by biological medium
consisting of growth factors and cytokines. However, if the functions of stem cells could be modulated by
the specific surface topography rather than biological stimuli, it would be more attractive and practical in
clinical applications. For instances, tissue engineered scaffold implanted into a host could elicit a specific
cell response or a patient’s own stem cells could be expandaditm surface and reintroduced back to the
patient in sufficient quantity to initiai@ vivo tissue regeneration. Dalleyal. have prepared 120 nm pits in
a square arrangement with 300 nm center-center distance. Such nanotopography with the 50 nm offset in pit
placement in x and y axes induced osteogenesis of MS@serestingly, by reducing the level of offset to
as close to zero as possible, the prepared nanotopography switched to maintain MSCs growth and retain the
multipotency of MSCY° In another case, O& al. reported that small nanotubes (~30 nm in diameter)
enhanced cell adhesion. In contrast, larger nanotubes (~70 to 100 nm in diameter) caused cell elongation that
induced cytoskeletal stress and osteogenic differentiation of MSCs
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1.1.3.6 Mechanical properties

Bothin vivo andin vitro, stem cells reside, experience, and respond to the mechanical properties of
their microenvironment. Stem cells adhered on a substrate sense the surrounding mechanical environment
and generate contractile force, resulting in tensile stress in the cytoskeleton and activation of signaling
pathways that affect stem cell fdfe The magnitude of contractile force depends on the mechanical
properties of the substrate such as stiffness. The elasticity of native tissues widely ranges from 0.1~1.0 kPa in
neural tissue, ~10 kPa in muscle tissue, to on the order of GPa for completely mineralized bone tissue.
Importantly, many diseases such as myocardial infarction and liver disease are accompanied by the stiffening
of abnormal tissues that change cell morphology and function. Inspired by these natural phenomena,
considerable attention has been paid to the manipulation of mechanical properties of biomaterials and
regulation of stem cell functions. The stiffness of a biomaterial is mainly modulated by the physical structure,
biochemical composition, crosslinking extent, and network organization.

Discher’s group pioneered interrogation of the correlation between material’'s stiffness and stem
cell faté'®. They prepared a series of polyacrylamide gels with different stiffness and constant collagen |
concentration by adjusting the degree of crosslinking. MSCs grown on soft (0.1~1.0 kPa), intermediate (11
kPa), and stiff (34 kPa) gels differentiated to neurogenic, myogenic, and osteogenic lineages, respectively in
growth medium without differentiation induction factors. Washagl."** also reported that the differentiation
of human MSCs was highly linked to the hydrogel stiffness, that is, the cells on a softer hydrogel (600 Pa)
differentiated along neurogenic lineage and cells on a harder hydrogel (12 kPa) expressed more myogenic
protein markers. Similarly, neuron differentiation of NSCs is favored on soft matrices that mimic normal
brain, whereas differentiation into glia is enhanced on stiffer matrices that imitate gli&i°’sbéoeney and
his colleagues further investigated the effect of stiffness in three-dimensional microenvironments and they
demonstrated that the commitment of MSCs relied on the rigidity of matrix, with osteogenesis occurring
predominantly at 11~30 kP& Blau and co-workers modulated the substrate elasticity to regulate skeletal
muscle stem cell (MuSC) self-renewal in culttiteThe importance of their results is that MuSCs not only
self-renewin vitro when cultured on soft hydrogel substrate that stimulates the elasticity of muscle (12 kPa)
but also contribute extensively to muscle regeneration after subsequently transplanted into mice.

Although hydrogels are important in characterizing and controlling cell-material interactions, the
cross-linker used to modulate stiffness influence not only bulk mechanics but also molecular-scale material
properties including porosity, chemistry, backbone flexibility, and bioactivity of immobilized ligands. Hence,
alternative approaches are proposed to understand the interactions between stem cells and substrate stiffness
One of the important methods is micropost system developed by Chen's'§r@yp controlling the
geometry of elastomeric micropost such as height, the rigidity of micopost is managed. Stem cell
morphology, focal adhesion, cytoskeletal contractility, and differentiation are impacted by the rigidity of
underlying microposts®.

1.2 Micropatter ning technology

The integration of cell biology and micropatterning technology in the early 1990s has revolutionary
impact on the development of cell research, biomaterials, and tissue engineering. The conventional cell
culture surface is difficult to precisely control cell microenvironment, such as the location, size, and shape of
individual cells, the contact between cells, the biochemical compositions, wettability, electric charges, and
stiffness of local surface. In contrast, micropatterning techniques enable the precise control of most of the
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important factors from cell microenvironment by modifying the physicochemical properties of cell-culture
substrates at predefined locations and sub-cellular scales. Therefore, the effect of individual environmental
factor on cell function and fate can be accurately assessed. For example, capillary Hévarkonnective
networks can be constructed by culture of endothelial cells and neural cells respectively on micropatterned
surfaces. Due to the huge advantages of micropatterning technology, various patterning methods have been
developed and used in biomedical research. These methods mainly include photolithography, soft lithography,
photochemical immobilization, stencil-assisted patterning, laser ablation, and ink-jet printing.

1.2.1 Photolithography

Photolithography is the most successful technology in microfabrication. It has been originally
developed in semiconductor industry and all integrated circuits are essentially fabricated by this technology.
Generally speaking, in the photolithography process geometrical features drawn on a mask are transferred
onto a substrate via ultraviolet (UV) illumination. The mask is generally made of a quartz/glass plate coated
with a thin layer of non-transparent chromium. Computer-aided design software is frequently used to devise
geometrical features and these geometrical features are manufactured on a mask by a projection-printing
system. Such masks routinely have feature resolution down tor~2

The general photolithography process is illustrated in Figure 1.4. Firstly, the substrate is
spin-coated with a thin film of photoresist that is UV-sensitive polymer. After spin-coating, the substrate is
placed on a hot plate for baking to harden the photoresist by solvent degassing. For biological applications
transparent substrates such as glass and polystyrene are often used because of their compatibility with optical
microscope and cell culture. Secondly, the substrate is brought in close contact with the mask in a
mask-aligner device equipped with a UV source. After the substrate is aligned below UV lamp and covered
by the mask, the activated UV passes through the transparent regions on the mask and irradiates the
underlying photoresist. A positive-tone photoresist is that the UV exposed parts of photoresist become
soluble and are removed in the subsequent development process. In contrast, a negative-tone photoresist
become insoluble after irradiated by UV, thus forming opposite features to the mask after development. Upon
development the substrate is covered with photoresist patterns. Thirdly, depend on one’s purpose and
required patterns either deposition or etching method is usually used to fabricate final patterns. A thin layer
of either metals or bioactive molecules such as peptides, proteins, and polymers are deposited and then the
residual photoresists are lifted off in an organic solvent. Alternatively, the exposed metal/oxide layer that was
deposited prior to photoresist spin-coating is etched using patterned photoresist film as a mask and then the
residual photoresists are lifted off.

Various patterns consisted of cytophilic and cytophobic regions have been created using
photolithography techniqd&'** For example, Falconnett al. combined photolithographic and
molecular-assembly strategies to produce functional micropdtterférstly, a photoresist pattern was
prepared by UV photolithography. Secondly, biotin or cell adhesive peptide functionalized
poly(L-lysine)-graft-poly(ethylene glycol) (PLL-g-PEG) absorbed onto the photoresist pattern. Finally, the
photoresist was lifted-off and the background is subsequently filled with non-functionalized PLL-g-PEG to
inhibit non-specific protein adsorption. Therefore, the surface density of biotin inside adhesive islands can be
quantitatively regulated and cells selectively grew on cell-adhesive peptide regions. Similargt, aling
combined photolithography and molecular vapor deposition techniques to fabricate multielectrode arrays that
supporting patterned neuronal netwofks

There are some limitations of photolithography. Because the equipment is expensive and elaborate,
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it is not easily accessible for common laboratories. It is relatively difficult for non-specialists in biology
laboratory to master the operation. Additionally, the residual organic chemical regents used in procedure
sometimes denature biomolecules and damage cells.

1.2.2 Soft lithography

Soft lithography was developed by Whitesides’ group in Harvard University at'989sThe
name “soft lithography” does not represent one specific method but rather a group of techniques with the
common feature that an elastomeric material is used to create the chemical structure at some stage of the
proces¥®. These techniques mainly include microcontact printipGR)**°, replica molding (REMY®,
microfluidic patterning gFLP)"**!, micromolding in capillaries (MIMIC}? solvent-assisted micromolding

(SAMIM)**3 and microtransfer moldingi{TM)***

Sl 41 s

I P T et

V

a b
m _— — s =
Coating J:r 3a Etching C’ 3b
Lift-off da Lift-oft 4b

Figure 1.4 The photolithography process: 1. A spin-coated photoresist is locally exposed with UV light
through a mask; 2. Photoresist development to provide local access to the underlying substrate. Depend on
one’s purpose and required patterns either deposition (a) or etching method (b) is usually used to fabricate
final patterns. Route a: Deposition (3a) of a thin layer of either metal or bioactive molecules (peptides,
proteins, polymers) and lift-off the residual photoresist in solvent (4a). Route b: Etching (3b) of the metal
layer down into the underlying substrate using the patterned photoresist layer as a mask and lift-off the
residual photoresist in solvent (4b). Adapted from Falconnest, &.'*°
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Figure 1.5 lllustration of two types of soft lithography technique: microcontact prinficdP)( and
microfluidic patterning |{FLP). (a) A liquid pre-polymer is cast on the structured master surface (I) After
curing (Il) the elastomeric stamp is ready for use (lll). (bu@P the stamp is inked with the solution
containing the molecules to be printed (I). The molecules are transferred by printing onto the substrate (l1).
Following the removal of the stamp (Ill) the surface is backfilled with the second molecular solution for
passivating (V). (c¢) InuFLP the stamp is first brought into tight contact with the substrate (I). The
patterning solution is afterwards introduced into the channels (ll), usually using capillary forces. After
adsorption of the molecules of interest the stamp is removed (lll) and the remaining area backfilled with a
passivating solution (IV). Adapted from Falconnetgbal .**°

The operation process of soft lithography is simple, handy, and cost-effective. The starting step is
the fabrication of master with a specifically topographical structure. The master is traditionally created by
photolithography, electron beam lithography, and micromachining. Only this step requires relatively
expensive facilities. The second step is the formation of stamp. The stamp is prepared by casting liquid
prepolymer over master and producing the corresponding replica. The most widely used stamp material is
PDMS (in ~95% of the cases Sylgard 184 from Dow Corning is used). Other alternative materials such as
polyurethanes, polyimides, poly-olefin-plastomers, cross-linked Novolac reins, and agarose gels are also
successfully used. The subsequent steps are versatile and most commonly adopted metiGiRlsarade
MFLP as illustrated in Figure 1.5. [ICP the stamp is inked with the bio/chemical molecules solution. The
molecules are then transferred by printing onto the substrate. Following the removal of the stamp the
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substrate is backfilled with the second molecule solution to passivate the surfaE&Plithe stamp first
contacts with the substrate tightly. The patterning solution is afterwards introduced into the channels, usually
using capillary forces. After adsorption of the molecules of interest the stamp is removed and the remaining
area is backfilled with a passivating solution.

Soft lithography is very prevalent in biomedical field due to its simplicity, cost-effectiveness, and
flexibility **. For examples, Ameringest al. prepared six armed star shaped poly(ethylene glycol) with
reactive isocyanate endgroups on a glass substrate to covalently immobilize amino terminated
oligonucleotides vigiCP methotf®. Hyun et al.*’ coated an amphiphilic comb polymer presenting short
oligoethylene glycol side chains onto different polymeric biomaterials including polystyrene, poly(methyl
methacrylate), and poly(ethylene terephthalate). By ugidB method, the reactive COOH groups at the
oligoethylene glycol chain ends were patterned with a cell adhesive peptide. Therefore, the adhesion and
growth of fibroblasts were spatially confined within the micropatterned regionst klacreated initiator
patterns at micro/nano scale on a gold surface ystty method. The initiator can trigger atom transfer
radical polymerization of oligo(ethylene glycol) methyl methacrylate (OEGMA) to form poly(OEGMA)
patterns. Protein adsorption result showed that proteins can only adsorbed on the regions without
poly(OEGMA). Consequently, cell patterns were generated on corresponding fibronectin Patterns

The main disadvantage of soft lithography adopted in cell biology research is the long-term
stability of micropatterns during cell culture. The self-assembled thiol molecules on gold substrate are likely
to oxidize under ambient conditidi$and micropatterned poly(ethylene glycol) for preventing non-specific
protein adsorption and cell adhesion are inclined to be degraded in complex cell culture ‘fledium
Furthermore, many factors have to be carefully considered during operation such as the deformation of
PDMS stamp under the pré€sthe time for transferring coated protein from stamp to substrate, and the
compromise of protein bioactivity in operattéh

1.2.3 Photochemical immobilization

Different methods and photo-reactive molecules have been developed to locally activate and
generate chemical micropatterns for cell attachifet{t

Ito and colleagues introduced photo-reactive azidophenyl group into several polymers. Because the
azidophenyl group was photolyzed under UV irradiation and generated highly reactive phenyl nitrene that
reacted with neighboring atoms to form a covalent bond, diverse polymer micropatterns were prepared using
different mask and UV photolithography. Moreover, cell adhesion and function were controlled on these
micropattern§’**2 This modification method uses photo-generated radical reactions. Because radical
reactions occur on every organic substrates including biological matrix, polymeric materials, and organic
chip surfaces, this method does not require any special functional groups such as amino, carboxyl, hydroxyl,
and thiol groups. Therefore, different molecules can be immobilized by the same method, distinguishing
itself from other conventional immobilization methods. Moreover, there is no particular orientation of
immobilized molecules when this photo-immobilization method is adopted, which is advantageous in the
cases that orientation of biological molecules must be taken into account and miigated

Dillmore et al. reported a photochemical approach for producing micropatterns and gradients of
bioactive ligandS”. Self-assembled monolayers with nitroveratryloxycarbonyl (NVOC)-protected
hydroquinone were firstly prepared. The deprotection of NVOC under photochemical irradiation revealed
hydroquinone. Subsequently the hydroquinone was oxidized to benzoquinone using electric potential. The
benzoquinone covalently immobilized to cell adhesive peptide via Diels-Alder reaction. Cell culture result
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showed that fibroblasts only attached along the RGD peptide micropatternsetCilansed the similar
strategy to study cell polarizatibi Instead of Diels-Alder reaction, the quinine generated by oxidation of

the hydroquinone selectively bonded with aminooxy terminated ligands. Diverse geometrical and gradient
micropatterns of RGD ligands were prepared and their effects on cell-cell interaction and cell polarization
were conveniently investigated. More importantly, Yousaf group combined this photochemical method with
MCP to develop dynamic substrate that can immobilize and release patterned ligands. And cell migration and
detachment were elegantly controlled by modulating the immobilization and release of underlying
ligands™**>” However, the synthesis procedure is so complicated for cell biologists that this platform may be
difficult to be generalized for common laboratories.

1.2.4 Sencil-assisted micropatterning

A stencil is a stiff or flexible membrane with through-holes of the specific size and geometry. As a
template, the stencil is brought in close contact with the substrate. Therefore, only the surfaces inside the
holes can be modified by deposition or ablation of molecules and occupied by cell seeding while the surfaces
outside the holes remain pristine due to the protection of the stencil. Stencil materials range from soft PDMS
membranes to stiff metal grids. General procedure for cell micropattering based on the use of stencil is
shown in Figure 1.6.

Non-fouling layer

Substrate Stencil Exposed substrate

Plasma etching
_— = ==

e
N ——
—_— e —= —= A

1. Add fibronectin
2. Rinse with PBS
3. Remove stencil

Stencil

Fibronectin

=
{———— \ ’

Cell micropattern

_—

Figure 1.6 lllustration of the general procedure for cell micropattering based on the use of stencil. The stencil
is placed onto a substrate with the non-fouling layer. The stencil serves as a mask for selective etching of
non-fouling layer inside the hole. The etching generates islands of bare substrate surrounded by non-fouling
layer. Fibronectin is adsorbed onto the etched islands of substrate and the stencil is then removed. The

fibronectin patterned substrate is incubated with a cell suspension. Cell micropatterns are formed by
removing unattached cells with fresh medium exchange. Adapted from Tourovskaia, & et al.

Remove
unattached cells

This method has been used to directly pattern cells without any chemical and physical modification
of the substraté®’. The stencil is sealed onto the substrate before cell seeding and manually peeled-off after
cell attachment. Because there are no non-fouling materials to prevent protein adsorption and cell adhesion
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between cell patterns, the locally patterned cell population will grow out of the pre-defined regions.
Accordingly, such micropatterns are very useful to investigate cell migration and co-cultures of two cell
types. In the co-cultures case, the first cell type adheres and spreads within the hole, while once the stencil
has been removed the second cell type attaches and spreads on the surfaces where the stencil has bee
covered.

To keep the location, size, and geometry of cell patterns, one should use non-fouling substrate that
can be prepared by various methods such as plasma polymetfZaimh physical adsorption of bovine
serum albumitf* or Pluronic co-polymer#. Tanet al. used chemical vapor deposition to deposit a thin film
of parylene onto a polyethylene glycol (PEG) treated glass cover slip. And the parylene was patterned using
standard photolithography. Finally, the patterned substrate was incubated with fibronection solution and the
parylene template was mechanically peeled off with sterile tweezers. This micropattern was used to culture
cell and probe the role of cell-cell interactions in tumor angiogefes&imilarly, an interpenetrating
network (IPN) layer of poly(acrylamides-ethyleneglycol) (PAAneo-EG) was grafted onto a glass
substrate. The stencil was then placed on the substrate as a template and exppptastoaOHence the
local etching removed non-fouling layer of PAACTm-EG within the holes of stencil. After incubating with
fibronectin solution and peeling off stencil, cell micropatterns formed because the surrounding highly
swelling IPN effectively resisted protein adsorption and cell adh&&ion

1.2.5 Other methods

Laser ablation. Yamatoet al. reported the fabrication of cell micropatterns using electron beam
irradiated polymer grafting and laser ablatfdnPoly(N-isopropylacrylamide) (PIPAAm) was covalently
grafted onto commercial tissue culture polystyrene (TCPS) dishes using electron beam irradiation.
Subsequently selected surface regions were irradiated with a UV excimer laser and the basal TCPS substrate
re-exposed on ablated regions. Hepatocytes specifically adhered onto and confined within the ablated regions
adsorbed with fibronectin. In another case, poly(vinyl alcohol) (PVA) molecules were conjugated to a glass
coverslip through 3-(amino)propyl-trimethyloxysilane and glutaraldehyde. And then PVA-coated surfaces
were ablated using an LSM 510 NLO META system. The generated micropatterns were used to study cell
migration®. The main limitation of laser ablation is that the laser system is not easy to be accessible for
common laboratories.

Ink-jet patterning. Tissue engineers have adapted and modified existing ink-jet technology for
biological research and applications. AlkanetHfdland protein§® have been directly jetted onto substrates
and formed various micropatterns to manipulate cell functions such as neuronal ad&3idrme
advantages of ink-jet patterning are inexpensive, flexible substrate choice, and time-saving. Moreover,
multifunctional micropatterns can be prepared using a multiple nozzle device and different compounds can
be printed on the same spot. The disadvantage of this technology is the limitation of spot size and resolution.
The spot size is usually larger than 10&. To modulate the size and resolution, the nozzle diameter,
liquid-solid interfacial tension, and pressure should be finely adjusted.

1.3 Micropatter ning of stem cells

Recently, stem cell research has been significantly boosted by integrating the stem cell biology with
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micropatterning technology. Through careful control of local physicochemical properties, micropatterned
substrates provide an insight into how surfaces with contrastive chemistries and culture conditions affect cell
interactions and stem cell developmental processes. Definitively, micropatterning is a powerful tool to
decipher stem cell morphogenesis and functions.

1.3.1 Micropatterning of embryonic stem cells

Embryonic stem cells (ESCs) are promising cell sources for tissue engineering and regenerative
medicine because of their pluripotency and unlimited self-renewal capacity. To realize the therapeutic
potential of ESCs, it is necessary to regulate their self-renewal and differentiation in a reproducible manner.
The differentiation of ESCs can be induced to three germ layers (endoderm, ectoderm, and mesoderm) by
forming either attached colonies or embryoid bodies (EBs). Therefore, the size of colonies and EBs is one of
the most important factors for ESCs functions. Micropatterning technology is very useful to precisely control
the size of colonies and EBs by generating a series of circular micropatterns with different diameters.
Zandstra and co-workers pioneered the research on the sized effects. One important result is that larger
colonies with high local cell density microenvironments promote the maintenance of self-renewal ability of
human ESCs by suppressing Smad1 activation via increased activity of BMP antagonists such'®s GDF3
Another one is that the differentiation trajectories are also affected by colony and EB size. The ratio of Gata6
(endoderm-associated marker) Pax6 (neural-associated marker) expression increases with decreasing
colony size. Additionally, larger EB size is in favor of mesoderm and cardiac induction when micropatterned
EBs were generated from endoderm-biased (liégka6/Pax6) input human ESCs. Conversely, higher
cardiac induction exhibits in smaller EBs generated from neural-biasedG#a®s/Pax6) input human
ESCS™. Similarly, Sasakkt al. prepared size controlled mouse ESC aggregates on circular micropatterns
(100~400um in diameters) using a maskless photolithography technique. They found that the optimal
diameter for the cardiac differentiation in the ESC aggregates was 200 pm

1.3.2 Micropatterning of mesenchymal stem cells

Classically, the fate of stem cells is regulated by genetic and molecular mediators (e.g. transcription
factors and growth factors). However, more and more evidences have recently highlighted the crucial roles of
physical factors from cell microenvironment on the overall control of stem cell functions. Micropatterning
methods are particularly suitable for investigation of these physical effects. eClaéngenerated force
gradient in micropatterned cell sheets and demonstrated that such force gradient can direct patterned
differentiation of mesenchymal stem cells (MSCs)A group of micropatterns including circle, rectangle,
ellipse, half-ellipse, offset annulus, elliptical annulus, and sinusoidal bands were prepared by microcontact
printing. In the presence of soluble factors for both osteogenic and adipogenic differentiation, human MSCs
at the regions of high stress differentiated along osteogenic lineage whereas regions of low stress resulted in
adipogenesis. Similarly, Luet al. manipulated the geometries of human MSC aggregates using octagon,
triangle, trapezoid, square, pentagon, and circle micropatterns. And their result indicated that the rate of
adipogenic differentiation was influenced by the geometries of cell aggrégalé® sole effect of cell
shape without supplemental soluble factors on the differentiation of MSCs was also investigated using
micropatterning methd@’. The strips of fibronectin (20m in wide) were printed on poly(lactic-co-glycolic
acid) film and the attached bone marrow derived human MSCs were highly oriented and elongated along
fibronectin strip. Compared with spread MSCs on unpatterned substrate, highly elongated MSCs
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up-regulated the gene markers associated with neurogenesis and myogenesis as well as protein expression 0
cardiac myosin heavy chain.

1.3.3 Micropatterning of neural stem cells

Neural stem cells (NSCs) offer great potential in tissue engineering and regenerative medicine
because of their ability to generate the main phenotypes in the nervous' Sydteendirection, connection,
and structural polarization of axonal growth should be precisely controlled for therapeutic applications such
as repairing damaged nerves. To elucidate the fundamental factors important for never regeneration,
micropattening technology has been integrated with neurology researctet Ruiproduced cell adhesive
poly-L-lysine (PLL) on non-adhesive poly(ethylene oxide)-like surface by microcontact phftifige
prepared micropatterns were consisted of isolated and interconnected squares. NSCs derive from human cord
blood showed good attachment and long-term confinement on the PLL patterns. Moreover, random and
guided axonal outgrowth as well as migration was monitored by micropatterning the NSCs in specific
configurations. Recently, micropatterning method has been integrated with carbon nanotube (CNT)
technology to manipulate the functions of stem t&ll®Parket al. reported a method for selective growth
and polarization-controlled differentiation of human NSCs into neurons using CNT network p4tt&ires
good performance of human NSCs is due to the synergistic cues of selective laminin adsorption and optimal
nanotopography provided by the CNT network patterns.

1.4 Motivation and objectives

The inherent plasticity and multi-lineage potential of stem cells make them promising cell sources
for tissue engineering and regenerative medicine. However, controlling over behaviors and functions of stem
cells, such as proliferation and differentiation, is extremely required to fully realize the therapeutic potential
of stem cells.

Either in vivo or in vitro stem cell functions are regulated by intricate reciprocal interactions
between cells and their microenvironment. Stem cell behaviors are highly sensitive to the biochemical and
physical factors from surrounding microenvironment such as the extracellular matrix (ECM), neighboring
cells, and surface properties. Due to the limitation of current technology tarrdiek cells, it is still very
difficult to directly investigate cell behaviors in vivo. Accordingly, in vitro cell culture is the indispensable
approach for stem cell research. Nonetheless, the conventional cell culture surface is difficult to precisely
control cell microenvironment, such as the location, size, and shape of individual cells, contact between cells,
and to directly compare the effects of various microenvironmental factors, such as biochemical compositions,
topographical features, wettability, electric charges, and stiffness of local surface.

In contrast, micropatterning techniques enable the precise control of most of the important factors
from cell microenvironment by modifying the physicochemical properties of cell-culture substrates at
predefined locations and sub-cellular scales. Therefore, the effect of individual environmental factor on cell
function and fate can be accurately assessed.

In this thesis, we integrated a simple and robust micropatterning method with the stem cell research
on the purpose of manipulation of stem cell functions. Various micropatterns with particular features were
designed by using different photomasks to investigate the pivotal components of cell microenvironment in a
highly controllable manner. Photo-reactive poly(vinyl alcohol) (PVA) were synthesized by coupling PVA
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with UV-sensitive azidophenyl group and locally grafted to the commonly used cell-culture polystyrene (PSt)
surface by UV irradiation through photomasks. PVA was chosen as non-fouling polymer due to its superior
ability to resist protein adsorption and cell adhesion. Long-term cell culture at either multiple- or single-cell
level was realized on the PVA-micropatterned polymer surfaces because the micro-patterned PVA hydrogel
was very stable and highly hydrated in the aqueous culture medium. Cell density, spreading, and shape of
human bone marrow-derived mesenchymal stem cells (MSCs) were regulated by the ratio of PSt area to PVA
area, size, and geometry of the micropatterns, respectively. The effect of cell density, spreading area, and cell
shape on the functions of MSCs such as proliferation and differentiation were directly compared on the
PVA-micropatterned PSt surface. Moreover, PVA-poly(acrylic acid) (PAAc)-micropatterned PSt surface was
prepared to study the electrostatic effect on the functions of individual MSCs with highly controlled and
uniform cell shape.
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Chapter 2

Manipulation of cell density and its effect on osteogenic and

chondrogenic differentiation of M SCs

2.1 Summary

In this chapter, azidophenyl-derivatized poly(vinyl alcohol) (PVA) was synthesized by coupling the
hydroxyl groups of PVA with 4-azidobenzoic acid. A photomask with designed micropattern was fabricated
using laser lithography system. PVA-micropatterned polystyrene (PSt) surface was created using prepared
photomask and UV photolithography. The micropatterned surface consisted of different area ratios of
cell-adhesive PSt to non-adhesive PVA regions. A gradient pattern of human mesenchymal stem cells
(MSCs) with different cell densities was generated by culturing the cells on prepared micropatterned surface.
The effects of cell density gradient on stem cell functions such as proliferation and differentiation were
investigated. MSCs seeded at a low density proliferated faster than those seeded at a high density. Although
MSCs seeded at both low and high densities showed osteogenic differentiation, the higher cell seeding
density could initiate osteogenic differentiation at a faster rate than the low cell seeding density. Additionally,
high cell density was required to induce chondrogenic differentiation of MSCs.

2.2 Introduction

Mesenchymal stem cells (MSCs) are a promising cell source for tissue engineering and
regenerative medicine because they are relatively easy to obtain from a small aspirate of bone marrow, and
are capable of differentiating into lineages of mesenchymal tissues, including bone, cartilage’;’dnd fat
However, manipulation of stem cell functions remains a great challenge in tissue engineering because many
factors affect the fate of stem céfl§ Those factors including soluble growth factprsatrix elasticity?,
surface topography; chemistry” and charge, mechanical stimulf, and culture conditionscan externally
affect the differentiation of the MSCs. On the other hand, cell-related internal factors are equally important in
determining cell behavior and function.

Cell density, which can affect cell morphology and intercellular signaling, is just one of the internal
factors for optimal differentiation of MSCs. McBeathal.*® reported that human mesenchymal stem cells
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(hMSCs) seeded at low density (e.g., 1,000 and 3,000 cel)sdontissue culture polystyrene (TCPS) tended

to differentiate along the osteoblast lineage whereas hMSCs seeded at high density (e.g., 21,000 and 25,000
cells/cnf) tended to differentiate along the adipocyte lineage. In another reporttkdm?® found that rat

bone marrow stromal cells (rBMSCs) seeded at a low density (e.g., 30,000 éeltsicRCPS stimulated

early osteogenic differentiation. The low cell density (30,000 celfy/fonthis study was actually higher than

the ‘high’ cell density (25,000 cells/énas referred to in the McBeath’s study. In addition, Jaisival.”®

reported that higher initial seeding density of hMSCs could significantly enhance mineral deposition, which
indicated that the cells had differentiated to osteoblasts and had matured. Therefore, current researches on the
cell density and its effect on the differentiation of MSCs are still controversial.

Moreover, the effect of cell density on the differentiation of MSCs was investigated by
conventional seeding procedure. In this method, different cell densities are separately seeded one by one onto
a series of culture dishes/plates. This is a lengthy process with expensive reagents and the interference by
other factors is negative aspects of this method. Therefore, control over different cell densities on the same
plate/surface would be a valuable method to more direct, explicit, and systematic comparison of the effect of
cell seeding density on cell function.

Micropatterning techniques are of great importance in studying cell bfdJdggmaterials, and
tissue engineeriig Spatial control of cells has been achieved by various micropatterning niétfiohs
this chapter, a square micropattern was used to control the location of MSCs to generate a wide range of cell
density (2.6 - 112.5 x Zfocells/cnd). Photo-reactive poly(vinyl alcohol) (PVA) was synthesized and
micropatterned on commonly used cell-culture polystyrene (PSt) surface to obtain different cell densities.
The effects of various cell densities on the osteogenic and chondrogenic differentiation of MSCs were
investigated on such a single micropatterned surface.

2.3 Materials and methods

2.3.1 Synthesis of azidophenyl-derivatized PVA

Azidophenyl-derivatized poly(vinyl alcohol) (AzPhPVA) was synthesized by coupling the hydroxyl
groups of PVA with 4-azidobenzoic acid. Dimethyl sulfoxide (DMSO, 1 mL) containing
dicyclohexylcarbodiimide (234 mg, 1.13 mmol, Watanabe Chemical Industries, Ltd) was added dropwise to
2.5 mL of DMSO containing 4-azidobenzoic acid (185 mg, 1.13 mmol, Tokyo Chemical Industry Co., Ltd)
under stirring at room temperature in the dark. Then, 1 mL of DMSO with 16.8 mg of 4-(1-pyrrolidinyl)
pyridine (0.113 mmol, Wako Pure Chemical Industries, Ltd) was added dropwise to the reaction mixture
under stirring. After 10 min, 8 mL of DMSO solution containing 100 mg of PVA (MW 44,000, 1.13 mmol in
monomer units, Wako Pure Chemical Industries, Ltd) was added dropwise to the above reaction mixture
under stirring in the dark. After 24 h, dicyclohexylurea formed during the reaction was removed by filtration,
and the filtrate was collected and purified by precipitation in methanol twice. The precipitated photo-reactive
PVA was collected by centrifuging at 2,000 rpm for 10 min at 25 °C and then dissolved in Milli-Q water. The
chemical equation for the synthesis process was shown in Figure 2.1.

The azidophenyl groups introduced to photo-reactive PVA were characterized by UV-Visible
Spectrophotometer (JASCO V-660) aRdNMR (JEOL 300/BZ). The percentage of azidophenyl groups in
photo-reactive PVA was calculated By-NMR from the peak integration of the azidophenyl protons around
7.2 and 8.0 ppm, and that of the methylene protons of PVA main chain around 1.4 ppm, respectively.
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Ho Dicyclohexyllcarbodiilmlide OH o o
4-(1-pyrrolidinyl)pvridine
n + N3 Cdl
OH (o)

Poly(vinyl alcohol) 4-azidobenzoicacid

N;
Azidophenyl-derivatized
poly(vinyl alcohol)

Figure 2.1 The chemical equation for the synthesis of azidophenyl-derivatized poly(vinyl alcohol).
2.3.2 Fabrication of photomask

Quartz wafer coated with chromium layer was thoroughly cleaned with nitrogen gas. After cleaning,
the wafer was baked for 2 min at 120 °C to evaporate adsorbed water molecules. And then positive-tone
photoresist OFPR-800 (Tokyo Ohka Kogyo Co., Ltd) was spin-coated at 500 rpm for 3 sec, 1500 rpm for 3
sec, and 4500 rpm for 30 sec on a K-359SD-1 spinner system (Kyowa Riken). After coating, the wafer was
baked for 2 min at 120 °C. A DWL66 laser lithography system (Heidelberg Instruments) was used to irradiate
the photoresist according to the pattern designed with VectorWorks (A & A Co., Ltd). After irradiation, the
photoresist was developed by immersing in NMD-3 (Tokyo Ohka Kogyo Co., Ltd) developer for 30 sec,
rinsed with water, dried with compressed air, and immediately transferred to the chromium etchant
((NH4)2[Ce(NG;)6)/HCIO,) solution to remove the exposed chromium. The residual photoresist was then
removed with acetone. The prepared photomask was checked with an optical microscope. The preparation
process was shown in Figure 2.2.

2.3.3 Micropatterning of PVA with a photomask

PSt plates (3.0 x 2.5 énwere cut from a cell-culture PSt flask (BD Falthn The photo-reactive
PVA solution (0.2 mL, 0.3 mg/mL) was placed on the PSt plates and air-dried at room temperature in the
dark. The coating region was around 1.0 x 2.6, dihe plates were covered with a photomask and irradiated
with UV light (Fun&-UV-Linker FS-1500) at energy of 0.3 J/efrom a distance of 15 cm. After irradiation,
the plates were immersed in Milli-Q water and then ultrasonicated to completely remove any unreacted PVA
from the non-irradiated areas. After complete washing, a PVA-micropatterned PSt surface was obtained. The
plates were sterilized with 70% ethanol solution and used for cell culture. Preparation scheme of
PVA-micropatterned PSt surface was shown in Figure 2.3.

2.3.4 AFM observation

The surface topography of the PVA-micropatterned PSt plate was observed by using
MFP-3D-BIO™ AFM (Asylum Research). A commercially available cantilever (spring constant: 0.06 N/m;
oscillation frequency: 12-24 kHz; DNP, Veeco Probes) with a silicon nitride tip was used to measure the
samples (80 x 8Qm?) in Milli-Q water in contact mode. The step height of the micropatterned PVA layer
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was measured by section analysis of the acquired image. Three randomly selected micropatterns were
measured to calculate mean and standard deviation.

Chromiuf] e—
Quartz =—>

l Photoresist coating

Photoresist mm—

Input designed pattern to DWL66
and irradiate the photoresist

g 11 U

Develop the photoresist

“
-

Wet etch the chromium

<
*

Dissolve the residual photoresist

“
*

Figure 2.2 Fabrication of photomask using DWL66 laser lithography system.

Polystyrcnc plate AzPhPVA
: Coating Wlth AzPhPVA
PVA micropattcm Photomask UV irradiation

v

Figure 2.3 Preparation scheme of PVA-micropatterned PSt surface.
2.3.5 Cédll culture
Human bone marrow-derived mesenchymal stem cells (MSCs, passage 2) were obtained from

Osiris Therapeutics (Columbia, MD). Based on the data sheet from the company, the cells are positive for
CD105, CD166, CD29, and CD44; but negative for CD14, CD34, and CD45. The cells were seeded in
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cell-culture flasks using growth medium purchased from Lonza (Walkersville, MD). The growth medium
contained 440 mL MSC basal medium, 50 mL mesenchymal cell growth supplement, 10 mL 200 mM
L-glutamine, and 0.5 mL penicillin/streptomycin mixture. After being subcultured twice, the passage 4 cells
were collected by treatment with trypsin/EDTA solution and suspended in a serum medium (control medium)
at a density of 1.5xf@ells/mL. The serum medium was composed of Dulbecco’s Modified Eagle’s Medium
(DMEM, Sigma) supplemented with 4,500 mg/L glucose, 584 mg/L glutamine, 100 U/mL penicillin, 100
ug/mL streptomycin, 0.1 mM nonessential amino acid, 0.4 mM proline, 50 mg/L ascorbic acid, and 10%
fetal bovine serum (FBS).

To seed the cells on the PVA-micropatterned PSt plates, the plates were put in 60 mm cell-culture
dishes. Medical silicon frame molds were placed over PVA-micropatterned PSt plates to prevent leakage of
cell suspension from the micropatterned areas during cell seeding. The cell suspension (1.0 mL) was added
to the silicon frame molds and the cells were cultured for 1 day. After 1 day, MSCs were cultured in control,
osteogenic, or chondrogenic media, respectively. The osteogenic medium consisted of DMEM supplemented
with 1,000 mg/L glucose, 584 mg/L glutamine, 100 U/mL penicillin, 4@0nL streptomycin, 0.1 mM
nonessential amino acid, 50 mg/L ascorbic acid, 10% FBS, 100 nM dexamethasone, and 10 mM
B-glycerophosphate disodium salt hydrate. The chondrogenic medium consisted of DMEM supplemented
with 4500 mg/L glucose, 584 mg/L glutamine, 100 U/mL penicillin, 1@0mL streptomycin, 0.1 mM
nonessential amino acid, 0.4 mM proline, 50 mg/L ascorbic acid, 100 nM dexamethasone, 10 ng88L TGF-
(Sigma), and 1% ITS+1 (Sigma). The T@Fwas thawed and supplemented immediately before use. Each
medium was changed every 2-3 days.

2.3.6 Cell distribution and proliferation on PVA-micropatterned PSt surface

After 1 day of culture in control medium, cell adhesion and distribution on the PVA-micropatterned
PSt plates were observed with a phase contrast microscope. In order to count the number of cells in each
region of the micropattern, the cells were fixed with 4% paraformaldehyde for 10 mifGaaad then the
cell nuclei were stained with 4’,6-diamidino-2-phenylindole (DAPI, Vector Laboratories, Inc.). For
proliferation assay, after 3, 7, and 14 days of culture in osteogenic medium, the cells were fixed with 4%
paraformaldehyde for 10 min at 4C and then the cell nuclei were stained with DAPI and counted. At each
time point, 3 plates were used to calculate the mean and standard deviation.

2.3.7 Cell viability on PVA-micropatterned PSt surface

After 2 weeks of culture in control medium, cell viability on PVA-micropatterned PSt surface was
evaluated using a live/dead assay kit (Cellstain-Double Staining Kit, Dojindo, Tokyo, Japan). The
PVA-micropatterned PSt surface was washed twice with PBS and incubatgdlicéicein-AM (stain live
cells) and 4uM propidium iodide (PI, stain dead cells) in serum-free DMEM medium for 15 min at37
The PVA-micropatterned PSt surface was then washed twice with PBS and observed with a fluorescence
microscope.

2.3.8 Alkaline phosphatase staining

Alkaline phosphatase (ALP) activity of the cells after culture in osteogenic medium for 3, 5, 7, and
14 days was assessed as follows. The cultured cells were rinsed with phosphate buffer saline (PBS) three
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times and fixed with 4% paraformaldehyde for 10 min at 4 °C. The fixed cells were soaked in 0.1% naphthol
AS-MX  phosphate (Sigma) and 0.1% Fast blue RR salt (Sigma) in 56 mM
2-amino-2-methyl-1,3-propanediol (pH 9.9, Sigma) for 10 min at room temperature, washed with PBS, and
then observed with an optical microscope.

2.3.9 RNA isolation and real-time PCR

For analyzing gene expression, the MSCs were seeded into cell-culture PSt plates at respective
densities of 2.5, 10, 50, and 1002 t@lls/cnf which were corresponded to the cell densities on non-pattern
region, Region A, B and C of PVA-micropatterned PSt plate. After culture for 3 and 7 days in osteogenic
medium, the cells were washed with PBS, and 1 mL of Isogen reagent (Nippon Gene, Toyama, Japan) was
added to each well. Total RNA was extracted following the manufacturer’s protqoplofitotal RNA was
reversely transcribed into cDNA using a random hexamer primer (Applied Biosystems)Linedrfion. An
aliquot (1uL) of 10-times diluted reaction solution was used for eachl2feal-time PCR reaction together
with 300 nM forward and reverse primers, and 150 nM probes and qPCR Master Mix (Eurogenetic). Primer
and probe were fot8S rRNA, GAPDH, ALP, and bone sialoproteirBEP). Real-time PCR analysis was
performed using the 7500 real-time PCR System (Applied Biosystems). After an initial incubation step of 2
min at 50 °C and denaturation for 10 min at 95 °C, 40 cycles of PCR (95 °C for 15 sec, 60 °C for 1 min) were
performed.18S rRNA levels were used as endogenous controls and gene expression levels relative to
GAPDH were calculated using the comparative Ct method. To calculate the mean and standard deviation,
three samples under each condition were measured. The primer and probe sequences (Applied Biosystems)
were designed according to previous rep6ffsThe sequences were shown in Table 2.1.

Table 2.1 Primers and Probes used for real-time PCR analysis.

Gene Primer 53’ Probe 53’
18SrRNA (F):GCCGCTAGAGGTGAAATTCTTG CCGGCGCAAGACGGACCAGA
(R):CATTCTTGGCAAATGCTTTCG
GAPDH (F): ATGGGGAAGGTGAAGGTCG CGCCCAATACGACCAAATCCGTTGAC
(R): TAAAAGCAGCCCTGGTGACC
ALP (F): GACCCTTGACCCCCACAAT TGGACTACCTATTGGGTCTCTTCGAGCCA
(R): GCTCGTACTGCATGTCCCCT
BSP (F): TGCCTTGAGCCTGCTTCC CTCCAGGACTGCCAGAGGAAGCAATCA

(R):GCAAAATTAAAGCAGTCTTCATTTTG

2.3.10 Immunocytochemical staining of type Il collagen

To check the chondrogenic differentiation of the MSCs cultured in chondrogenic medium, type I
collagen was immunocytochemically stained using mouse anti-human type Il collagen monoclonal antibody
(Neomarkers, Fremont, CA) and Dako Peroxidase K and Dako EnVision+System-HRP (DAB) kit according
to the instructions. Briefly, after 14 and 28 days of culture in chondrogenic medium, the cultured cells were
rinsed with PBS three times and fixed with 4% paraformaldehyde for 10 min at 4 °C. The fixed cells were
incubated with Proteinase K in Tris-buffered saline (1:50 working dilution, pH 7.4, TBS) for 5 min, and then
blocked with peroxidase blocking solution for 5 min and 2% bovine serum albumin (BSA) solution for 30
min. The cells were then incubated with anti-type Il collagen antibody (1:100 working dilution) for 1 h. The

33



Chapter 2

peroxidase labeled polymer conjugated to goat anti-mouse immunoglobulins was applied for 30 min
followed by incubation with DAB substrate/chromogen solution for 5 min to visualize the bound antibodies.
All incubations were at room temperature.

2.3.11 Satigtical analysis

A one-way analysis of variance (ANOVA) with Tukeysst hoc test for multiple comparisons was
used for statistical analysis. A valuept 0.05 was considered statistically significant difference.

2.4 Results

2.4.1 Synthesis of photo-reactive PVA

Photo-reactive PVA was synthesized by coupling the hydroxyl groups of PVA with 4-azidobenzoic
acid. The introduction of photoreactive azido groups in AzPhPVA was confirmed by UVHaNWMR
spectrum. The UV spectra of PVA, 4-azidobenzoic acid, and photo-reactive PVA are shown in Figure 2.4. No
special peak appeared in PVA spectrum, whereas the characteristic peak of 4-azidobenzoic acid was 270.6
nm. After azidophenyl groups were introduced into PVA, the characteristic peak shifted to 275.4 nm. Figure
2.5 is the'H-NMR spectrum of the synthesized photo-reactive PVA. The appearance of peaks assigned to the
azidophenyl protons in photo-reactive PVA was around 7.2 and 8.0 ppm. The percentage of the hydroxyl
groups in PVA coupled with the azidophenyl groups determined by peak integration was 2.1%.
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Figure 2.4 UV spectra of PVA, 4-azidobenzoic acid, and photo-reactive PVA.
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Figure 2.5'H-NMR spectrum of the synthesized photo-reactive PVA.
2.4.2 Preparation and characterization of PVA-micropatterned PSt surface

A PSt plate was coated with an aqueous solution of photo-reactive PVA and air-dried in the dark.
The cast plate was covered with a photomask and irradiated by UV light. The photomask, consisting of
UV-non-transparent dark squares and surrounding UV-transparent domains, had three regions: region A, B,
and C. The side length of each dark square was 200and the center-to-center distance between
neighboring squares was 400, 1,000, and 1 4t4or region A, B, and C, respectively (Figure 2.6a). The
photo-reactive PVA in the irradiated areas was inter- and intra-molecularly crosslinked and grafted to the PSt
surface. The photo-reactive PVA covered by the dark squares that was protected from the UV light remained
unreacted. The unreacted photo-reactive PVA was removed by washing with Milli-Q water. Observation with
a phase contrast microscope demonstrated the formation of a PVA micropattern on the PSt plate (Figure 2.6).
A PVA-grafted region surrounded the PSt squares, reflecting the pattern of UV-transparent parts of the
photomask. The PSt squares reflected the UV-non-transparent dark square of the photomask. The PSt squares
had the same properties as that of the cell-culture PSt plate and supported cell adhesion. However, the
PVA-grafted region inhibited protein adsorption and cell adhesion. The ratio of the surface area of the PSt
squares to that of the surrounding PVA-grafted surface in region A, B, and C was 1:4, 1:25, and 1:50,
respectively.

The PVA-micropatterned PSt surface in Milli-Q water was observed by AFM. The height and
three-dimensional images of the border between PVA and PSt are shown in Figure 2.6b, c. The step height of
the micropatterned PVA layer was 50.1 + 4.1 nm. The AFM images obtained in water reflected the real
surface topography of the micropatternd surfaces during cell culture.
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Figure 2.6 Characterization of photomask and PVA-micropatterned PSt surface. (a) Phase contrast
micrographs of photomask (upper panel) and the resulting PVA-micropatterned PSt surface (lower panel).
The photomask has three regions of A, B, and C. The dark squares are UV-non-transparent and the
surrounding bright areas are UV-transparent. The white-dashed squares indicate the hypothetical cell
non-adhesive PVA squares that surrounded the central cell-adhesive PSt squares. The numbers under the
photomicrographs indicate the area ratio of PVA-grafted surface to polystyrene squares in each region. AFM
height (b) and three-dimensional (c) images of the PVA-micropatterned PSt surface measured in Milli-Q
water in contact mode. The light gray region is PVA and dark gray region is PSt. Scale bara: 200 u

2.4.3 Céll adhesion and distribution on PVA-micropatterned PSt surface

MSCs were seeded on the micropatterned surface. Immediately after cell seeding, the cells
distributed evenly on the micropatterned surface (Figure 2.7a). The cell density on the micropatterned
surface immediately after cell seeding was 2.5 + 0.5&&0s/cnf, which could be considered as the seeded
cell density. During cell culture, the cells on the PVA-grafted surface moved to the PSt squares because the
PVA effectively prevented cell adhesion. From regions A, B, and C, the surface area of each PSt square was
constant while the distance between the PSt squares gradually increased. Assuming that all the cells on the
PVA-grafted surface moved to the cell-adhesive PSt squares (Figure 2.6a), the cell densities from region A to
C should be the same as the surface area ratio of the surrounding PVA-grafted surface to the PSt square. That
is, the cell densities from region A to C would theoretically be 4, 25, and 50 times that of the seeded cell
density. After 1 day of culture, cell adhesion and distribution were simultaneously regulated on the
PVA-micropatterned PSt plate (Figure 2.7b-e). The cells adhered to the bare PSt plate region without
patterning and grafting of PVA (non-pattern surface), and PSt squares of regions A, B, and C. The cells
spread after 1 day of culture. The cells in the non-pattern region and region A were sparse and those in region
C were dense.
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Figure 2.7 Phase contrast micrographs of MSCs cultured on PVA-micropatterned PSt plate for 10 min (a)
and for 1 day in non-pattern region (b), region A with low cell density (c), region B with medium cell density
(d), and region C with high cell density (e). The insets are representative fluorescent images of the nuclei of
MSCs adhered to PSt squares. Scale bars: 200 u

The number of cells in each region was counted by staining the cell nuclei with DAPI. The cell
density in the non-pattern region and regions A, B, and C was 2.6 £ 0.6, 10.0 £ 2.5, 50.0 + 15.0, and 112.5 +
10.0x10 cells/cn?, respectively (Figure 2.8). The ratio of cell density in the non-pattern region and regions
A, B, and C to the seeded cell density was 1.0 + 0.2, 4.0 £ 1.0, 20.0 £ 6.0, and 45.0 £ 4.0, respectively. These
results indicate that cell density could be adjusted by controlling the ratio of cell-adhesive and non-adhesive
areas and a cell density gradient with a wide range (2.6 to 113.Bell§/cnf) was formed on the
PVA-micropatterned PSt surface.

2.4.4 Cell proliferation on PVA-micropatterned PSt surface

The proliferation of MSCs on the micropatterned surface during osteogenic culture was evaluated
by counting the number of cells. The cells were stained with DAPI and the number of cells in the non-pattern
region and regions A, B, and C of the micropatterned surface was counted after 1, 3, 7, and 14 days of
culture (Figure 2.9). When the initial cell density was low or medium (non-pattern region, regions A and B),
the MSCs proliferated with culture time. However, when the initial cell density was high (region C), the cells
proliferated for the first 3 days and then stopped proliferating. These results suggest that low cell density is
favorable for MSC proliferation during osteogenic culture.
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Figure 2.8 Cell density in non-pattern region and regions A, B, and C on PVA-micropatterned PSt plate after
1 day of culture. Non-pattern represents the region without patterning and grafting of PVA. Data represent
mean = SD (n = 3). ** p< 0.01 and ** p< 0.001.

200 ~

{ 2241 day

1804 KBZX]3 days
{ [III7 days 1
1609 14 days —]
.s-Eg 140 . g
2L ] —
o 1204 T l —
D i — —
2 100+ = .
e 1 — —
& 80~ — =
g 1 sk E E
'S'JJ 60 ~ s 3 — —
T 1 =3 — =
(©] 40 + e i' — E
M oL — -
0 | _ | . =1 —]

Non-pattern A (Low) B (Middle) C (High)

Figure 2.9 Proliferation of MSCs in non-pattern region and regions A, B, and C after culture in osteogenic
medium for 1, 3, 7, and 14 days. Data represent mean + SD (n 93).0:5, ** p < 0.01, and ***p <

0.001.

2.4.5 Cell viability on PVA-micropatterned PS surface

Cell viability was evaluated by live/dead staining after the MSCs were cultured on the
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PVA-micropatterned PSt surface for 2 weeks. The results are shown in Figure 2.10. After staining, live cells
showed green color while dead cells showed red color. Green living cells were observed on both
micropatterned PSt square and non-patterned PSt region. Very few red dead cells can be detected on
PVA-micropatterned PSt surface. The results indicate that the MSCs on PVA-micropatterned PSt surface had
high viability as those on normal cell-culture PSt surface. The PVA-micropatterned PSt surface can keep the
cell viability during long-term cell culture.

RegionA + | RegionB

_Non—pél.t‘t.ern

Figure 2.10 Fluorescenct images of Live/dead staining of MSCs cultured on a PVA-micropatterned PSt plate
in control medium for 14 days. Scale bars: 26 u

2.4.6 Osteogenic differentiation of MSCs on PVA-micropatterned PSt surface

To investigate the effect of cell density gradient on the osteogenic differentiation of MSCs, ALP
staining was performed after MSCs were cultured on a PVA-micropatterned PSt surface in osteogenic
medium for 3, 5, 7, and 14 days (Figure 2.11). The osteogenic differentiation of MSCs in regions A, B, and C
and non-pattern region was compared. The extent of the MSC osteogenesis depended on cell density and
culture time as evidenced by ALP staining. At high cell density in region C, MSCs were positively stained
after 3 days of culture. At medium cell density in region B, MSCs were only slightly stained after 3 days of
culture but positively stained after 5 days of culture. At low cell density in region A and the non-pattern
region, MSCs were not positively stained after 3 days and only slightly stained after 5 days of culture but
positively stained after 7 days of culture. However, MSCs did not show osteogenic differentiation at any cell
density when MSCs on the micropatterned surface were cultured in control medium without osteogenic
induction factors.
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Figure 2.11 Optical micrographs of ALP staining of MSCs cultured on a PVA-micropatterned PSt plate in
osteogenic medium for 3, 5, 7, and 14 days and control medium for 14 days. The insets are representative
magnification images of MSCs adhered to PSt squares. NP: non-pattern region. Osteo (+) and Osteo (-)
represent the presence and absence of osteogenic induction factors, respectively. Scale Ipars: 200 p

The effect of cell density on the expression of genes relative to osteogenic differentiation was
checked by real-time PCR. The MSCs were seeded into cell-culture plates and cultured in the osteogenic
medium for 3 and 7 days. The seeded cell densities were 2.5, 10, 50, and® el /oA, corresponded to
the cell densities on non-pattern region, region A, B and C of PVA-micropatterned PSt plate. The
osteogenesis marker genes encoding alkaline phosphatd®eand bone sialoproteirBG°) were detected
(Figure 2.12)ALP is an early osteoblast markewhile BSP is characteristic of the late stage of osteoblastic
differentiatior’". The MSCs of passage 4 expressed very low level of gene endidingnd they did not
express gene encodi®yP. After 3 days of culture, the lowest cell density did not express gene encoding
BSP and both the ALRndBSP expression levels increased with the increase of cell densities. However, after
7 days of culture, there was no significant difference inAbE expression levels among different cell
densities, whereas the higher cell densities expressed B§Regxpression levels than did the lower cell

densities.
The staining and gene expression results suggest that high cell density stimulated osteogenic
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differentiation more quickly than did low cell density though MSCs at all cell densities eventually underwent
osteogenic differentiation.

. 0.040 - 5 % i "
(1) 77 2.5¢10° cells/iem® by soxt0 77 2.5%10° cells/cm’

0.035 {EZ53 ;g*lgfce::s;cmf 7.0x10° | EZE 10x10’ celisiem’
[T =10 cells/em” (171 50=10" cells/cm’ .
0.030 € 10010’ cells/om’ 6.0x10° 4 E-3100%10’ cellsicm® 3

0.025 - T 5.0x10" 4

0.020 4.0x10°
0.015 3.0610° 4

0.010 2.0x10%4

ALP expression relative to GAPDH
BSP expression relative to GAPDH

0.005 4

0.000 —j T . : e 0.0

! . - o
MSCs 3 days 7 days MSCs 3 days 7 days

1.0x10° 4 = ‘

Figure 2.12 Real-time PCR results of mMRNA expressioAL#T (a) andBSP (b) genes of MSCs cultured at
four different cell densities in cell-culture PSt plates in osteogenic medium for 3 and 7 days. The data are
normalized to GAPDHand represent mean = SD (n = 3). * p< 0.5; * p< 0.01; and *** p< 0.001.

2.4.7 Chondrogenic differentiation of MSCs on PVA-micropatterned PSt surface

The correlation between initial cell density gradient and MSC chondrogenic differentiation was
investigated by immunocytochemical staining of type Il collagen, which is a specific chondrogenic marker
(Figure 2.13). In the presence of chondrogenic induction factors, chondrogenesis of MSCs in regions A, B,
and C and the non-pattern region was different due to the difference in initial cell density. Chondrogenesis of
MSCs at low cell density in region A and the non-pattern region was not detected even after 4 weeks of
chondrogenic culture. The MSCs at medium cell density in region B showed negative staining after 2 weeks
of culture, but weak staining after 4 weeks of culture. The staining of MSCs at high cell density in region C
was positive and stable after 2 and 4 weeks of culture. In the absence of chondrogenic induction factors,
however, the MSCs did not show evidence of chondrogenesis in any region according to type Il collagen
staining. These results suggest that high cell density is required for chondrogenic differentiation of MSCs.

2.5 Discussion

PVA was chosen as the non-fouling layer because of its superior ability to resist protein adsorption
and cell adhesion in aqueous culture medium. To immobilize PVA on cell-culture substrate, photo-reactive
azidophenyl groups were coupled with hydroxyl groups in PVA via typical esterification reaction. Upon UV
irradiation, the photolyzed azidophenyl groups generated a highly reactive intermediate, phenyl nitrene,
which can react with neighboring atoms to form a covalent bond. Therefore, photo-reactive PVA can be
expediently grafted to cell-culture substrate using UV light. This simple synthesis method is easy to be
adopted by common cell biology laboratory.

A PVA-micropatterned PSt plate was prepared using photo-reactive PVA and UV photolithography.
Because this micropatterning method uses photo-generated radical reactions that occur on every organic
substrate such as biological matrix and polymeric materials, any special functional groups are not required
such as amino, carboxyl, hydroxyl, and thiol groups. Therefore, different molecules can be immobilized by
the same method, distinguishing this method from other conventional immobilization methods.
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Figure 2.13 Optical micrographs of immunocytochemical staining of type Il collagen of MSCs cultured on
PVA-micropatterned PSt plate in the presence and absence of chondrogenic induction factors for 2 and 4
weeks. The insets are representative magnification images of MSCs adhered to PSt squares. NP: non-pattern
region. Chondro (+) and Chondro (-) represent the presence and absence of chondrogenic induction factors,

respectively. Scale bars: 200 um.

The formation of a cell density gradient with a wide range (2.6 to 112.5x103 cells/cm2) was
realized by modulating the area ratio of a central cell-adhesive PSt square and surrounding non cell-adhesive
PVA domain. Control over different cell densities on the same plate provided a useful platform to compare
the celldensity effect on stem cell functions directly, efficiently, and systematically. For this reason, the
osteogenic and chondrogenic differentiation of MSCs on a PVA-micropatterned PSt plate was investigated.

During osteogenic culture, MSCs at a low cell density proliferated continuously while MSCs at a
high cell density stopped proliferating after 3 days of culture. This result is consistent with previous
report3>*® The cells at low density distributed separately and sparsely on the surface. There was enough
space for cell proliferation. The space for cell proliferation decreased as the cell density increased. The
MSCs at 112.5xT0cells/cnf were compactly positioned on the surface and the space available for cell
proliferation was very limited. The MSCs showed high viability on PVA-micropatterned PSt surface after 2
weeks culture, which indicated the superiority of micropatterned surface for long-term cell culture. ALP
staining indicated that MSCs at a cell density range of 2.6 to 112.%ell8/cni showed osteogenic
differentiation with the synergistic effect of osteogenic induction factors in the culture medium. High cell
density initiated osteogenic differentiation more quickly than did low cell density (within 3 days) as
demonstrated by staining and gene expression. The possible reason might be that during the initial 3 days,
compared with low cell density, incipient high cell density enhanced cell-cell contact, interaction, and thus
osteogenic differentiatidh®. The cells at low density showed high proliferation capacity other than
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osteogenic differentiation. The continuous cell proliferation increased cell density and might induced
osteogenic differentiation later. It has been reported that a low plating density of MSCs could facilitate
osteogenic differentiation after 1 week of cultfir@herefore, the degree of osteogenic differentiation of
MSCs was determined by cell density and culture time.

As for the chondrogenic differentiation of MSCs, previous reports showed that higher cell density
exhibited more cartilage matrix and cartilage-specific gene exprés8iorOur results of the
immunocytochemical staining of type Il collagen also indicated that high cell density was required for the
chondrogenic differentiation of MSCs. Presumably, high cell density prevents the cells from spreading and
flattening; thus the chondrogenic genes were upregdlated

2.6 Conclusions

Photo-reactive PVA was synthesized by introducing azidophenyl groups in PVA. A
PVA-micropatterned PSt plate was prepared by UV photolithography with a photomask. By keeping the area
of the central PSt squares constant and gradually increasing the area of the surrounding PVA-grafted surface,
a cell density gradient was formed on the micropatterned surface, enabling investigation of the effect of
different cell densities on the osteogenic and chondrogenic differentiation of MSCs on a single surface. High
cell density induced the osteogenic differentiation of MSCs more quickly than did low cell density, whereas
low cell density facilitated cell proliferation. High cell density was necessary to induce the chondrogenic
differentiation of MSCs. Therefore, this micropatterning method allowed convenient manipulation of cell
distribution in a density gradient manner for the direct and systematic investigation of stem cell functions
related to cell density.
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Chapter 3

Manipulation of cell spreading on PVA-micropatterned PSt surface

3.1 Summary

In this chapter, poly(vinyl alcohol) (PVA)-micropatterned polystyrene (PSt) surfaces were prepared
using photo-reactive PVA and UV photolithography with a photomask. The micropatterned surface was
suitable for single-cell array formation and long-term cell culture due to the nanometer thickness of
non-adhesive PVA layer. Different degrees of cell spreading with the same cell shape were established by
adjusting the sizes of circular, cell-adhesive PSt micropatterns. Cell spreading and differentiation of human
mesenchymal stem cells (MSCs) on the micropatterns were investigated at the single-cell level. The
assembly and organization of the cytoskeleton were regulated by the degree of cell spreading. Individual
MSCs on large circular micropatterns exhibited a more ordered arrangement of actin filaments than did those
on the small circular micropatterns. Furthermore, the differentiation of MSCs was dependent on the degree
of cell spreading. Increased cell spreading facilitated the osteogenic differentiation but suppressed the
adipogenic differentiation of MSCs.

3.2 Introduction

Stem cells, a reservoir of undifferentiated cells with the capacity for unlimited or prolonged
self-renewal, have the potential to produce differentiated and specialized progeEmégshold the key to a
number of cellular processes, including development, tissue regeneration, and aging, and the promise of
cures for many diseases and injuries. They are a versatile and promising cell source for tissue engineering
and regenerative medicine

The inherent plasticity and multi-lineage potential of stem cells have brought about the requirement
for strictly controlling cell functions, such as growth, phenotypic expression, and differeftiation
Traditionally, the fate of stem cells has been regulated by biological factors, such as cytokines and growth
factor$™. Recently, more and more evidence has revealed that physical factors also contribute to the overall
behaviors and functions of stem cEif€. The area of cell spreading is one such physical factor that has been
demonstrated to affect cell behaviors and functions. Bhadriraju and Hahaea reported that the stiffness
of hepatocytes is affected by cell spreading. Cell stiffness increases with cell spreading but remains low in
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cells with round morphology. Szalb al.'® have demonstrated the high adipogenic potential of wild-type
embryonic stem cells (ESCs) on non-adhesive substrata, where cell spreading is hindered. However, during
routine cell culture, the process of cell spreading is often accompanied by a change in cell shape, the area of
cell spreading is diverse among cells, and the heterogeneity within a cell population, such as cell-cell
interaction, is complex. Therefore, a convenient method for strictly controlling the spreading area of a large
number of individual cells with the same shape is extremely desirable for investigating the effect of cell
spreading on cell functions.

Micropatterning technolody is particularly suitable for this purpose and is already used for
investigating the effects of physical parameters on cell behaviors, such as the orientation of the cell division
axis®, the area for cell adhesidn left-right asymmetry of cell aggregatéscell polarizatiof®?’,
proliferatiorf®, apoptosi§, and differentiatioff. However, one of the main obstacles in applying cell
micropatterning technologies is that few of them are compatible with long-term cell culture. Extended
culture time is normally required because many cell functions, such as differentiation, need a long time to
respond to external stimuli.

In this chapter, we prepared poly(vinyl alcohol) (PVA)-micropatterned polystyrene (PSt) surfaces
using UV photolithography with a photomask. This method is simple and reproducible. The micropatterned
surfaces were used to culture human mesenchymal stem cells (MSCs), form a stable cell array at the
single-cell level for long-term cell culture, and compare the effect of cell spreading on the adipogenic and
osteogenic differentiation of individual MSCs.

3.3 Materials and methods

3.3.1 Synthesis of azidophenyl-derivatized PVA

Azidophenyl-derivatized PVA (AzPhPVA) was synthesized by coupling the hydroxyl groups of
PVA to 4-azidobenzoic acid as previously described in Chapter 2.3.1.

3.3.2 Fabrication of photomask

The photomask was prepared using DWL66 laser lithography system as previously described in
Chapter 2.3.2.

3.3.3 Micropatterning of PVA with a photomask

A PSt plate (2.0 x 2.0 cnwas cut from a tissue-culture PSt flask (BD Falton The
photo-reactive PVA solution (0.15 mL, 0.3 mg/mL) was placed on the PSt plate and air-dried in the dark at
room temperature. The coating region was around 1.5 x .0Tdra preparation method was previously

described in Chapter 2.3.3 and shown in Figure 3.1. The plates were sterilized with 70% ethanol solution and
used for cell culture.

3.3.4 AFM observation

The surface topography of the PVA-micropatterned PSt plate was observed using MFP$D-BIO
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AFM (Asylum Research). A commercially available cantilever (spring constant: 0.06 N/m; oscillation
frequency: 12-24 kHz; DNP, Veeco Probes) with a silicon nitride tip was used to measure the samples (90 x
90 um? in Milli-Q water in contact mode. The diameter and thickness of the circular micropattern were
measured by section analysis of the acquired image. Three randomly selected micropatterns were measured
to calculate the mean and standard deviation.

Polystyrene plate

—

Coating with AZPhPVA

irradiation

Figure 3.1 Preparation scheme of PVA-micropatterned PSt surface.

3.3.5 Cdll culture

Human bone marrow-derived mesenchymal stem cells (MSCs) were obtained from Osiris
Therapeutics (Columbia, MD) at passage 2. The cells were subcultured twice as previously described in
Chapter 2.3.4 and used at passage 4.

The micropatterned PSt plates were placed in 6-well cell culture plates, and a glass ring (diameter:
15 mm; height: 10 mm) was placed over each PVA-micropatterned PSt plate. 3 mL control medium was
added to each well, and then the cell suspension (0.36 mL, 1.5celldmL) was placed inside the glass
ring (seeding density: 3.0 x 16ells/cnf). The compositions of control medium were previously described
in Chapter 2.3.4.

After 6 h, the glass rings were removed, and the control medium was replaced with adipogenic or
osteogenic medium. The adipogenic medium consisted of DMEM supplemented with 4500 mg/L glucose,
584 mg/L glutamine, 100 U/mL penicillin, 1Q@/mL streptomycin, 0.1 mM nonessential amino acids, 0.4
mM proline, 50 mg/L ascorbic acid, 10% FBSpM dexamethasone, 0.5 mM methyl-isobutylxanthine, 10
pg/mL insulin, and 100uM indomethacin. The compositions of osteogenic medium were previously
described in Chapter 2.3.4. The adipogenic and osteogenic media were changed every 3 days.

3.3.6 F-actin staining

After incubation for 6 h in control medium, the cultured cells were fixed with 4%
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paraformaldehyde for 10 min at 4C, permeabilized with 0.2% Triton X-100 for 2 min, and blocked with

1% BSA solution for 30 min at room temperature. The F-actin and nuclei of cells were stained with Alexa
Fluor® 488 phalloidin (Invitrogen) for 20 min and 4’, 6-diamidino-2-phenylindole (DAPI, Vector
Laboratories, Inc.) for 10 min, respectively. Fluorescence photographs of stained MSCs were captured by an
Olympus BX51 microscope with a DP-70 CCD camera (Olympus, Tokyo, Japan).

3.3.7 Oil Red O staining

After incubation in adipogenic medium for 7 days, the cultured cells were fixed with 4%
paraformaldehyde for 10 min at 4C, incubated in 60% isopropanol for 5 min, and then stained with fresh
Oil Red O solution for 5 min. The nucleus was counterstained wijih/@L DAPI solution for 10 min
(Dojindo). The Oil Red O solution was prepared by mixing three parts stock solution (0.3% in isopropanol)
with two parts Milli-Q water and filtering through a Qu2n filter. Photomicrographs were captured by an
optical microscope with a DP-70 CCD camera (Olympus, Tokyo, Japan).

The probability of MSC adipogenesis at different cell spreading areas was studied by calculating
the percentage of MSCs that committed to an adipocyte lineage. MSCs containing lipid vacuoles positively
stained by Oil Red O were considered to be adipocytes, and only single cells on each circular micropattern
(as confirmed by nuclear staining) were counted. Three samples were used to calculate the mean and
standard deviation.

3.3.8 Alkaline phosphatase staining

Cellular ALP activity was assessed after culture for 7 and 21 days in osteogenic medium. The
cultured cells were rinsed three times with PBS and fixed with 4% paraformaldehyde for 10 nfi€.at 4
The fixed cells were soaked in 0.1% naphthol AS-MX phosphate (Sigma) and 0.1% fast red violet LB salt
(Sigma) in 56 mM 2-amino-2-methyl-1,3-propanediol (pH 9.9, Sigma) for 10 min at room temperature,
washed with PBS, and then observed by an optical microscope with a DP-70 CCD camera (Olympus, Tokyo,
Japan).

The probability of MSC osteogenesis at different cell spreading areas was studied by calculating
the percentage of MSCs that committed to an osteoblast lineage. MSCs positively stained were considered to
be osteoblasts, and only single cells on each circular micropattern (as confirmed by nuclear staining) were
counted. Three samples were used to calculate the mean and standard deviation.

3.3.9 Satistical analysis

A one-way analysis of variance (ANOVA) with Tukey’s post hoc test for multiple comparisons was
used for statistical analysis. A valuept 0.05 was considered to be a statistically significant difference.

3.4 Results

3.4.1 Preparation and observation of PVA-micropatterned PSt surfaces

The AzPhPVA-coated plate was covered with a photomask and irradiated with UV light. The
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photomask had three different circular micropatterns with diameters of 40, 60, amd @tgures 3.2).

These circular micropatterns were UV blocking, and the underlying AzPhPVA was protected from UV light,
unreacted during UV irradiation, and washed away by Milli-Q water after UV irradiation. However, the
AzPhPVA under the surrounding UV transparent domains was exposed to UV light, inter- and
intra-molecularly crosslinked, and grafted to the PSt surface. Therefore, three different circular PSt
micropatterns were formed and surrounded by PVA domains (Figures 3.2). The circular PSt micropatterns
promoted cell adhesion, whereas the surrounding PVA domains inhibited cell adhesion.

40 pm

Figure 3.2 Phase contrast micrographs of the photomask (upper panel) and PVA-micropatterned PSt surface
(lower panel). Three types of circular PSt micropatterns with different diameters were formed and
surrounded by PVA domains. Scale bars: B0 p

To measure the diameter of each circular PSt micropattern, the PVA-micropatterned PSt surfaces
were observed by AFM in Milli-Q water in contact mode. The three-dimensional images of the three circular
PSt micropatterns are shown in Figure 3.3. The diameter and thickness of the circle were analyzed by section
analysis of the acquired images (Table 3.1). The diameters of the circular micropatterns formed from the 40-,
60-, and 8Q4m-diameter photomask micropatterns were 39.24 + 0.50, 59.86 + 0.43, and 79.84um0.61
respectively. The circular PSt micropatterns had almost the same diameters as the designed photomask
micropatterns. The thickness of the PVA layer was ranged from 51.4 to 53.6 nm. Therefore, circular PSt
micropatterns with different diameters were formed, and their structures could be controlled by designing the
micropatterns of a photomask.
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Figure 3.3 Three-dimensional AFM images of the three types of circular PSt micropatterns with different
diameters measured in Milli-Q water in contact mode.

Table 3.1 The designed diameter of the circle on the photomask and the measured diameter and thickness of
the prepared circular micropatterns, as determined by AFM section analysis. Data represent mean + SD (n =
3).

Designed diametep(n) Measured diametepif) Measured thickness (nm)
40 39.24+0.50 51.4+1.9
60 59.86 + 0.43 53.6+2.8
80 79.84 +0.61 52.9+3.0

3.4.2 Cell adhesion and spreading

The micropatterned surfaces were used for the culture of MSCs in control medium. After 6 h of
culture, MSCs only adhered to cell-adhesive circular PSt micropatterns, and MSCs on non-adhesive PVA
regions were removed by a medium change. About 85% of circular micropatterns were occupied by a single
cell, as confirmed by cell nuclear staining using DAPI. Therefore, the heterogeneity of the cell population in
routine cell culture could be reduced, and the behaviors and functions of MSCs could be studied at a
single-cell level.

As shown in Figure 3.4, F-actin staining revealed that the spreading of MSCs followed the
underlying circular PSt micropatterns and was confined by the surrounding non-adhesive PVA domains,
whereas MSCs spread freely on bare PSt surfaces (non-pattern). Interestingly, the assembly and organization
of the actin structure of MSCs were affected by the degree of cell spreading. Circular MSCs with the largest
degree of spreading (8@m) mainly assembled actin in the radial and concentric directions of the circle.
However, such organization of the actin structure weakened as the degree of cell spreading decreased. On the
smallest circle (4@um), MSCs predominately assembled actin along their edges, between the adhesive PSt
and non-adhesive PVA. The MSCs cultured on the bare PSt plate did not exhibit any regular organization.
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40 pm 60 pm

Non-pattern

Figure 3.4 Fluorescent images of MSCs with different spreading areas stained for F-actin (green) and nuclei
(blue) after culture in control medium for 6 h. “Non-pattern” indicates a bare PSt surface without
micropatterning and grafting of PVA. Scale bars: &0 p

3.4.3 Adipogenic differentiation of MSCswith different cell spreading areas

MSCs were cultured on the micropatterns in adipogenic medium for 7 days. Some MSCs on
micropatterns committed to adipocytes that contained lipid vacuoles. Lipid vacuoles were stained with Oil
Red O, a specific marker for adipogenic differentiation. Representative optical photographs of positively
stained cells with different cell spreading areas are shown in Figure 3.5.

The probabilities that MSCs with different degrees of cell spreading committed to adipocytes were
evaluated. The cells containing lipid vacuoles positively stained by Oil Red O were considered to be
adipocytes, and only single cells on each circular micropattern were counted. The results show that the
probability of MSC adipogenesis was dependent on the degree of cell spreading (Figure 3.6). The
percentages of MSCs undergoing adipogenic differentiation were 45.3 + 3.4%, 26.3 + 3.4%, and 14.7 + 4.2%
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for 40- to 80pm circles and 12.4 + 2.0% for the bare PSt surface (non-pattern). Therefore, the probability of
adipogenic differentiation of MSCs decreased as the degree of cell spreading increased.

Figure 3.5 Representative optical photographs of MSCs with different spreading areas stained by Oil Red O
after culture in adipogenic medium for 7 days. Scale barsnb0 p

Figure 3.6 The percentage of adipogenic differentiation of MSCs with different spreading areas. Data
represent meant SD (n = 3). *p < 0.05, ** p< 0.01, and *** p < 0.001.
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3.4.4 Osteogenic differentiation of MSCswith different cell spreading areas

MSCs were cultured on the micropatterns in osteogenic induction medium for 7 and 21 days. The
cells that were constrained on the micropatterns did not spread out from the micropatterns, even after 21 days
of culture, while a confluent cell layer already formed on the bare PSt surface (Figure 3.7). This result
indicates that the micropatterned surfaces were stable and useful for long-term cell culture and assessment.

Osteogenic differentiation was evaluated by ALP staining, a marker for osteogenesis.
Representative optical photographs of positively stained cells are shown in Figure 3.8. The probabilities that
MSCs with different degrees of cell spreading committed to osteoblasts are shown in Figure 3.9. The
percentages of MSCs undergoing osteogenic differentiation were 13.0 £ 2.2%, 28.3 + 3.0%, and 41.2 + 1.9%
on micropatterns with 40- to §0m circles and 54.6 + 4.2% on the bare PSt surface (non-pattern) after 7
days of osteogenic culture. The probability of osteogenic differentiation of MSCs increased as the degree of
cell spreading was enhanced. After osteogenic culture for 21 days, the percentages of MSCs undergoing
osteogenic differentiation were 17.5 + 3.5%, 40.2 + 3.8%, and 53.9 £5.4 % on the micropatterns with 40- to
804m circles and 86.0 + 3.0% on the bare PSt surface (non-pattern). Although the trend of the probability of
osteogenic differentiation at 21 days was similar to that at 7 days, more cells underwent osteogenic
differentiation after long-term culture. These results indicate that cell spreading facilitated osteogenic
differentiation of MSCs, and long-term cell culture on the micropatterned surfaces was realized.

Figure 3.7 Phase contrast photographs of MSCs after culture on micropatterned surfaces in osteogenic
medium for 21 days. Scale bars: 50.u
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Non-pattern

Figure 3.8 Representative optical photographs of ALP staining of MSCs with different spreading areas after
culture in osteogenic medium for 7 and 21 days. Scale barsn50 p
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Figure 3.9 The percentage of osteogenic differentiation of MSCs with different spreading areas after culture
in osteogenic medium for 7 and 21 days. Data represent mean + SD (qp=<30.05,** p < 0.01, andk=x
p < 0.001. Scale bars: 50ru

3.5 Discussion

In this study, different degrees of cell spreading with the same cell shape were controlled using
micropatterning technology, and the effect of different cell spreading area on the differentiation of MSCs was
investigated on a micropatterned surface at the single-cell level.
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Although many methods have been adopted to construct micropatterned surfaces for céfl culture
few of them would be compatible with long-term cell culture (especially longer than 2 weeks), mainly
because of the unstable non-fouling layer. Here, photo-reactive PVA was micropatterned on cell-culture PSt
surfaces using photolithography. Because PVA molecules were intra- and inter-molecularly crosslinked and
covalently grafted to the PSt surface, PVA-micropattern on PSt surface is stable during long-term cell culture.
The thickness of non-adhesive PVA layer within nanometer scale is important for preventing protein
adsorption and cell adhesion and for trapping single cell in PSt circle. Arim# ézale reported that highly
hydrated PVA layer with the thickness around 53.3 nm effectively resists serum proteins adsorption. The
thickness of our micropatterned PVA layer is ranged from 51.4 to 53.6 nm. Therefore, long-term stability of
this micropatterned surface in aqueous culture medium is probably due to the suitable thickness and
hydration of PVA layer. On the other hand, the thickness of PVA layer was controlled at nanometer scale to
capture the single cell by means of different surface chemistry other than topography. The cell adhesion
result showed that ~85% of circular PSt domain was occupied by single cell. Otherwise, the topography of
PVA layer with micrometer scale thickness is similar to micro-well structure. Multi-layer cells are likely to
be trapped in such PVA micro-well. It has been reported that micro-well structures were adopted to prepare
multi-layer cell spheroid$®. Consequently, nanometer thick PVA-micropattern on PSt surface is compatible
with single-cell array formation and long-term cell culture.

With the advantage of micropatterns, cell adhesion, shape, and spreading were regulated at the
single-cell level. Hence, the complexity of cell-cell interactions and the heterogeneity of the cell population
during routine cell culture were significantly reduted’he behaviors and functions of individual MSCs
could be investigated and compared at specific conditions with a fixed shape but varied spreading areas. The
actin structure of MSCs was affected by the degree of cell spreading. Well-organized stress fibers appeared
in MSCs that adhered to the large circular micropatterns. In contrast, MSCs confined to small circular
micropatterns assembled thicker actin filaments at the edge than in the interior, a phenomenon suggesting
that cells were maximizing their spreading. It has been reported that actin structures play an important role in
the differentiation of MSC§3® Thus, the different actin arrangements suggest a tight relationship among
cell spreading, the cytoskeletal network, and stem cell functions.

The long-term effects of different degrees of cell spreading on the differentiation of isolated
individual MSCs without direct cell-cell interactions were directly compared on the same
PVA-micropatterned PSt surface. This way, uncertain factors arising from separate cell cultures and
heterogeneity of cell population in common cell culture were greatly reduced. The differentiation of MSCs
strongly depended on the degree of cell spreading. However, osteogenic and adipogenic differentiation of
MSCs exhibited opposite correlations. Namely, cell spreading promoted osteogenic differentiation but
suppressed adipogenic differentiation of MSCs. This result is consistent with other'tépartsich also
suggests that cell spreading favors osteogenic differentiation but inhibits adipogenic differentiation of MSCs.
The reason may be that cytoskeletal contractility was enhanced with increased cell sPr8aalivayhigh
contractility favors osteogenesis, whereas lower contractility enhanced the adipogenesis8fMSCs

3.6 Conclusions

Different degrees of cell spreading with the same cell shape were established on
PVA-micropatterned PSt surfaces. The thickness of PVA micropattern at nanometer scale played a crucial
role in controlling cell micropattern at the single-cell level and in applying to long-term culture. The
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assembly and organization of actin filaments depended on the degree of cell spreading. MSCs on larger
circular micropatterns exhibited a more highly ordered actin structure, whereas MSCs on small circular
micropatterns mainly aligned actin fibers along the edge between cell-adhesive PSt and non-adhesive PVA.
The distinct degree of cell spreading also had an effect on the differentiation of MSCs. Osteogenic
differentiation of MSCs increased with increased cell spreading. In contrast, adipogenic differentiation of
MSCs decreased with increased cell spreading. This micropatterning technigue provides a convenient
method to directly compare stem cell functions for both short- and long-term cell culture.
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Chapter 4

Manipulation of cell shape and its effect on adipogenic differentiation

of MSCs

4.1 Summary

In this chapter, poly(vinyl alcohol) (PVA) micropatterns on cell-culture polystyrene (PSt) plates
were prepared using UV photolithography. Cell-adhesive PSt geometries of triangle, square, pentagon,
hexagon, and circle were surrounded by cell non-adhesive PVA to manipulate cell shapes. These different
geometries had the same small surface areas for cell spreading. Human mesenchymal stem cells (MSCs)
were cultured on the micropatterned surface and the effect of cell shape on the adipogenic differentiation was
investigated. MSCs adhered to the geometric micropatterns and formed arrays of single cell with different
shapes. The distribution patterns of actin filaments were similar among these cell shapes and remolded
during adipogenesis. The adipogenic differentiation potential of MSCs was similar on the small size
triangular, square, pentagonal, hexagonal, and circular geometries according to lipid vacuoles staining.

4.2 Introduction

Manipulation of cell functions, especially among stem cells, has an important role in the fields of
tissue engineering and regenerative medicikarious types of stem cells, such as embryonic stem cells,
induced pluripotent stem cells, and mesenchymal stem cells have been established and isolated for the
purpose of regenerating and repairing defects in various tissues and organs. Differentiation of stem cells into
cells of a specific lineage is critical to reconstructing a tissue or organ. How to manipulate stem cell
functions, such as proliferation and differentiation, remains a great challenge to researchers looking to
regenerate functional tissues and organs

There are many clues founavivo that indicate what aspects of a cell and its environment dictate
the functions of that célf. The in vivo microenvironments surrounding cells regulate cell migration,
adhesion, proliferation, differentiation, and extracellular matrix (ECM) secretion. Factors found in the
microenvironment that influence cell functions are both biochemical and physical. In recent years, along
with biochemical factors physical cues have been reported to play very important roles in the manipulation
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of cell function§. These physical cues include size, shape, morphology, electrostatic properties, mechanical
properties, roughness and topography. With recently-developed surface control and modification
technologies, various surfaces with controlled surface characteristics have been created to study the effects of
these physical elements**''? Micropatterning technology is particularly useful for investigating the
effects of physical parameters on cell behaviors. Micropatterned substrates have been adapted to study the
orientation of the cell division axi cell migratiori*, cytoskeleton assembfy cell proliferatiori®*’, and cell
polarizatiod®*®. Cellular functions such as adhesion, spreading, proliferation, differentiation and apoptosis
can be affected by the size of the cell adhesiorf&resVhen mesenchymal stem cells (MSCs) are cultured

in single form in a mixture medium of adipogenic and osteogenic induction, MSCs prefer to differentiate to
adipocytes on small square island (1,84 but to osteoblasts on large square island (10}06%)°,

whereas intermediate cell size (2,50®°) shows little bias in directing cell differentiation towards either
osteogenic or adipogenic fatésinterestingly, at such intermediate size, the geometry of the cell adhesion
area can direct the differentiation of MSCs. The rectangle with high aspect ratio and the star shape lead to
preferential osteogenesis. In contrast, the square with low aspect ratio and flower shape favor adipogenesis.
However, it is not clear whether different geometries with a small surface area have effect on the
adipogenesis of MSCs in adipogenic medium alone.

Therefore, in this chapter, single cell culture was carried out on different geometric micropatterns
with the same surface area that was in the small range for cell spreading. We used photo-reactive poly(vinyl
alcohol) (PVA) to prepare micropatterns on a cell-culture polystyrene (PSt) plate by photolithography. This
micropatterning protocol is simple because non-adhesive photo-reactive PVA can be easily micropatterned
on the PSt surface by UV irradiation and the micropatterned surface can be directly used for cell culture
without further coating of ECM proteins to support cell adhesion. Additionally, the micropatterned surface is
transparent and hence compatible with routine imaging technique. At the single-cell level, the spread and
shape of cell were defined and thus the heterogeneity among individual cells was reduced. The geometries of
regular triangle, pentagon, hexagon, square, and circle were chosen to minimize the asymmetrical
concentration of actin filaments along the long edge as observed in cells with rectangular and elliptical
shape¥?. The shapes of individual human MSCs were manipulated on such geometric micropatterns. The
symmetry and area of different cell shapes were similar, whereas the roundness of them gradually increased
from triangular to circular shape. The effect of these distinct cell shapes on the adipogenic differentiation of
MSCs was then compared.

4.3 Materials and methods

4.3.1 Synthesis of azidophenyl-derivatized PVA

Azidophenyl-derivatized poly(vinyl alcohol) (AzPhPVA) was synthesized by coupling the hydroxyl
groups of PVA to 4-azidobenzoic acid as previously described in Chapter 2.3.1.

4.3.2 Fabrication of photomask

The photomask was prepared using DWL66 laser lithography system as previously described in
Chapter 2.3.2.
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4.3.3 Micropatterning of PVA with a photomask

A PSt plate (2.5 x 2.5 énwas cut from a tissue-culture PSt flask (BD FaltpnThe AzPhPVA
solution (0.15 mL, 0.3 mg/mL) was placed on the PSt plate and air-dried in the dark at room temperature.
The coating region was around 1.5 x 1.0°.cfine preparation method was previously described in Chapter
2.3.3 and shown in Figure 4.1. The plates were sterilized with 70% ethanol solution and used for cell culture.

Polystyrene plate

|

AzPhPVA

|

—)

Coating with AzZPhPVA

ﬂUV irradiation

PVA micropattern Photomask

|

Washing

Figure 4.1 Preparation scheme of PVA-micropatterned PSt surface.
4.3.4 AFM observation

The surface topography of the PVA-micropatterned PSt plate was observed using MFPI$D-BIO
AFM (Asylum Research). A commercially available cantilever (spring constant: 0.06 N/m; oscillation
frequency: 12-24 kHz; DNP, Veeco Probes) with a silicon nitride tip was used to measure the samples (60 x
60 um? in Milli-Q water in contact mode. The diameter and thickness of the circular micropattern were
measured by section analysis of the acquired image. Three randomly selected micropatterns were measured
to calculate the mean and standard deviation.

4.3.5 Cdll culture

Human bone marrow-derived mesenchymal stem cells (MSCs) were obtained from Osiris
Therapeutics (Columbia, MD) at passage 2. The cells were subcultured twice as previously described in
Chapter 2.3.4 and used at passage 4.

The micropatterned PSt plates were placed in 6-well cell culture plates, and a glass ring (diameter:
15 mm; height: 10 mm) was placed over each PVA-micropatterned PSt plate. 3 mL control medium was
added to each well, and then the cell suspension (0.36 mL, 1 &edlkImL) was placed inside the glass ring
(seeding density: 3.0 x i@ells/cnf). The compositions of control medium were previously described in
Chapter 2.3.4.
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After 6 h, the glass rings were removed, and the control medium was replaced with adipogenic or
osteogenic medium. The compositions of adipogenic medium were previously described in Chapter 3.3.4.
The adipogenic medium was changed every 3 days.

4.3.6 F-actin staining

After incubation for 6 h in control medium and 7 days in adipogenic medium, the cultured cells
were fixed with 4% paraformaldehyde for 10 min at@, permeabilized with 0.2% Triton X-100 for 2 min,
and blocked with 1% BSA solution for 30 min at room temperature. The F-actin and nuclei of cells were
stained with Alexa Flu6r488 phalloidin (Invitrogen) for 20 min and 4’, 6-diamidino-2-phenylindole (DAPI,
Vector Laboratories, Inc.) for 10 min, respectively. Fluorescence photographs of the stained MSCs were
captured by an Olympus BX51 microscope with a DP-70 CCD camera (Olympus, Tokyo, Japan).

4.3.7 Oil Red O and Nile Red staining

After incubation in adipogenic medium for 7 days, the cultured cells were fixed with 4%
paraformaldehyde for 10 min at 4C, incubated in 60% isopropanol for 5 min, and then stained with fresh
Oil Red O solution for 5 min. The nucleus was counterstained witlirBL DAPI solution (Dojindo) for 10
min. The Oil Red O solution was prepared by mixing three parts stock solution (0.3% in isopropanol) with
two parts Milli-Q water and filtering through a Quen filter. Photomicrographs were captured by an optical
microscope with a DP-70 CCD camera (Olympus, Tokyo, Japan).

Alternatively, the F-actin of cultured cells was stained as previously described in Chapter
The lipid vacuoles were stained with u@/mL Nile Red solution (Fluka) and the nuclei of the cells were
counterstained with @g/mL Hoechst solution (Dojindo) for 10 min, respectively. Fluorescence photographs
of the stained MSCs were captured by an Olympus BX51 microscope with a DP-70 CCD camera (Olympus,
Tokyo, Japan).

The probability of adipogenesis of MSCs with different cell shapes was studied by calculating the
percentage of MSCs that committed to an adipocyte lineage. The MSCs containing lipid vacuoles that were
positively stained by Oil Red O were considered as adipocytes, and only single cells from each geometric
micropattern, as confirmed by nuclei staining, were counted. For each cell shape, three samples were used to
calculate the mean and standard deviation.

4.3.8 Area of positively stained lipid vacuoles

To compare the variability in the extent of adipogenic differentiation among different cell shapes,
the area of positively stained lipid vacuoles by Oil Red O was calculated using ImageJ software (freely
available at www.nih.gov). The colorful optical images were converted to 8-bit grayscale images. And then
the threshold images were obtained using Adjust/Threshold settings. The area of positively stained lipid
vacuoles was calculated using Particles Analyze. 24 cells were used to calculate the mean and standard
deviation.

4.3.9 Statistical analysis

A one-way analysis of variance (ANOVA) with Tukeysst hoc test for multiple comparisons was
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used for statistical analysis. A valuepof 0.05 was considered to be a statistically significant difference.

4.4 Results

4.4.1 Preparation and observation of PVA-micropatterned PSt surfaces

An aqueous solution of AzZPhPVA was coated on a PSt plate and air-dried in the dark. The cast plate
was covered with a photomask and photoirradiated by UV light. The photomasks had five geometric
micropatterns: triangles, squares, pentagons, hexagons and circles (Figure 4.2). These geometric
micropatterns were UV non-transparent and the surrounding domains were UV transparent. The AzPhPVA
under the UV transparent domains was inter- and intra-molecularly crosslinked and grafted to the PSt surface,
whereas the AzPhPVA covered by UV non-transparent geometric micropatterns was unreacted, and later
removed by washing with Milli-Q water. Observation with a phase contrast microscope demonstrated that
five types of PSt geometric micropatterns were formed and encircled by PVA domains. The PSt geometric
micropatterns had the same properties as the cell-culture PSt plate, which supports cell adhesion, whereas the
surrounding PVA domains inhibit protein adsorption and cell adhesion.

: - i
7 : s 1 L T 1 . 8 4 r

Figure 4.2 Phase contrast micrographs of a photomask (upper panel) and a PVA-micropatterned PSt surface
(lower panel). The photomask has five types of geometric micropatterns: triangles, squares, pentagons,

hexagons, and circles. The dark geometric micropatterns are UV non-transparent, and the surrounding bright
areas are UV transparent. Scale bars:r&0 u

To calculate the surface area of each type of PSt geometric micropattern, the PVA-micropatterned
PSt surface was observed by AFM in Milli-Q water in contact mode. The height images of five types of PSt
geometric micropatterns are shown in Figure 4.3. The side length (triangle, square, pentagon, and hexagon)
or diameter (circle) of the shapes were analyzed by section analysis of the acquired images, and the surface
area of each PSt geometric micropattern was calculated (Table 4.1). The side lengths were 50.9 £ 0.3, 33.8 +
0.2, 25.7 £ 0.3, and 21.0 £ 0.3 um for the triangle, square, pentagon, and hexagon, respectively. The diameter
of the circle was 38.4 + 0)m. The surface area of each was 1122.6 + 13.4, 1140.9 + 16.5, 1138.5 + 28.7,
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1148.5 + 33.9, and 1158.1 + 3218n? for the triangular, square, pentagonal, hexagonal, and circular
micropatterns, respectively. The thickness of the grafted PVA layer was 51.3-55.3 nm. The micropatterns
reflected those of the designed photomask, and there was no significant difference in surface area among the
different PSt geometric micropatterns. Therefore, from the triangular to the circular micropattern, the
symmetry and surface areas of the shapes were almost the same, with only the roundness gradually
increasing as the geometry of the shape changed.

=0
40

;.

: . . . .
"

Figure 4. 3 AFM height |mages of five types of PSt geometric mlcropatterns measured in Milli-Q water in
contact mode.

w2 N @ %0

Table 4.1 Designed size and area of the photomask micropatterns and the measured size, area, and thickness
of the geometric micropatterns. Data represent mean = SD (n = 3).

Designed Measured Designed Measured Depth
Side/Diameter Side/Diameter  Surface area  Surface area (nm)
(um) (um) (um?) (um?)

Triangle 51.2 50.9+0.3 1134.2 1122.6 £13.4 55.3+3.0

Square 33.7 33.8+0.2 1133.7 1140.9+£16.5 54.7+3.1
Pentagon 25.7 25.7+0.3 1134.6 1138.5 £ 28.7 545+ 3.0
Hexagon 20.9 21.0+0.3 1134.9 1148.5 + 33.9 52.8+1.8

Circle 38.0 38.4+0.5 1134.1 1158.1 £ 32.3 51.3+1.6

4.4.2 Cell adhesion and shape

The adhesion and distribution of MSCs on the micropatterned surface after culture in control
medium for 6 hours is shown in Figure 4.4. MSCs only adhered to the cell-adhesive PSt region. MSCs
seeded on the non-adhesive PVA regions did not adhere and were removed by medium change. MSCs spreac
following the underlying geometric micropatterns and were confined by the surrounding non-adhesive PVA
domains. However, when MSCs were cultured on the non-pattern region without grafting of PVA, cells
spread freely. In this way, different cell shapes were manipulated on the same PSt plate.

The MSC nuclei were stained by DAPI to visualize the adhesion of single cells on the micropattern.
About 90% of the geometric micropattern domains were occupied by a single cell. Therefore, stem cell
functions related to cell shape could be investigated at the single cell level while excluding the effect of
cell-cell interactions and cell density.

The F-actin of MSCs was stained to examine the effects of different cell shapes on actin
organization. As shown in Figure 4.5, the cell shapes of MSCs were almost the same as geometries of the
micropatterns. The MSCs cultured on micropatterns predominately assembled actin filaments along the
peripheral edges of the micropatterns, indicating that cells were sensing their peripheral microenvironment
and maximizing their spreading. However, the MSCs cultured on the bare PSt plate had strong actin
filaments and stress fibers at peripheral and central regions.
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Hexagon Circle Non-pattern

Figure 4.4 Phase contrast photographs of MSCs after culture on micropatterns in control medium for 6 h.
Scale bars: 50m.

Triangle Square g4 Pentagons,

r4

Hexagon

Figure 4.5 Fluorescent images of MSCs with different cell shapes stained for F-actin (green) and nuclei
(blue) after culture in control medium for 6 h. Scale bars:rB0 u

4.4.3 Adipogenic differentiation of MSCs with different shapes

MSCs were cultured on micropatterns and non-patterned PSt surface in adipogenic medium for 7
days. Cells on the five types of micropatterns still remained alive and kept the same shapes as cells incubated
for initial 6 hours in control medium. Lipid vacuoles were observed in some of the cells as indicated by black
arrow (Figure 4.6), and were stained by Oil Red O. Representative optical photographs of positively stained
cells of different shapes are shown in Figure 4.7. Because lipid vacuoles are specific markers for adipogenic
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differentiation of MSCs, these results suggest that MSCs of all five shapes can become adipocytes.

Figure 4.6 Representative optical photographs of MSCs with different spreading areas stained by Oil Red O
after culture in adipogenic medium for 7 days. Black arrows indicate the cells containing lipid vacuoles.

Scale bars: 50m.

Figure 4.7 Representative optical photographs of MSCs with different cellular shapes stained by Oil Red O
after culture in adipogenic induction medium for 7 days. Scale barsn50 p

The influence of different cell shapes on the probability of MSC adipogenesis was studied by
calculating the percentage of MSCs that committed to an adipocyte lineage. Cells containing lipid vacuoles
that were positively stained by Oil Red O were considered as adipocytes, and only single cells from each
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shape were counted. The results are shown in Figure 4.8. The percentage of adipogenic differentiation of
MSCs was 35.7 + 1.4%, 33.9 + 5.5%, 35.8 + 4.7%, 43.0 £ 2.5%, and 42.9 + 6.3% on the triangular, square,
pentagonal, hexagonal, and circular micropatterns, respectively. Although the MSCs with hexagonal and
circular shapes showed slightly higher potential for adipogenesis, there was no significant difference among
different cell shapes. However, the percentage of adipogenic differentiation of MSCs on a non-patterned
surface was significantly lower than on the micropatterns, which is consistent with the report that a smaller
spreading area favors the adipogenic differentiation of MSCs

Moreover, the extent of adipogenesis of individual cells among different cell shapes was compared
by analyzing the area of positively stained lipid vacuoles using ImageJ software. The method was illustrated
in Figure 4.9. The colorful optical images were first converted to 8-bit grayscale images. And then the
threshold images were obtained using Adjust/Threshold settings. The area of positively stained lipid vacuoles
was automatically calculated using Particles Analyze of ImageJ. The result of Figure 4.10 showed that the
area was 306.4 + 63.7, 323.9 + 95.2, 310.9 + 85.9, 301.5 + 57.2, and 291.2un*éln7the triangular,
square, pentagonal, hexagonal, and circular shapes, respectively. Therefore, not only the probability but also
was the extent of adipogenic differentiation similar among these different cellular shapes.
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Figure 4.8 The percentage of adipogenic differentiation of MSCs with different cell shapes after culture on
micropatterns in adipogenic medium for 7 days. Data represent the mean + SD (n = 3). N. S. indicates that
there is no significant difference. *** indicates p < 0.001 compared with all other groups.

Finally, to check for the cytoskeletal changes in the MSCs during adipogenic differentiation, the
lipid vacuoles, F-actin, and nuclei of the MSCs were stained by Nile Red, phalloidin and Hoechst,
respectively. The representative fluorescence images of the MSCs that showed adipogenesis are shown in
Figure 4.11. Compared with the F-actin of MSCs incubated in control medium for 6 hours, the organization
and assembly of F-actin weakened in cells of all five shapes after 7 days culture in adipogenic medium,
particularly the actin filaments at the edges between the adhesive PSt and the non-adhesive PVA.
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Figure 4.9 The surface area of positively stained lipid vacuoles was analyzed using Particles Analyze of
ImageJ software.

Figure 4.10 The area of positively stained lipid vacuoles in single cell. Data represent the mean + SD (n =
24). N.S. indicates that there is no significant difference.
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Figure 4.11 Representative fluorescent images of MSCs with different cell shapes stained for lipid vacuoles
(red), F-actin (green), and nuclei (blue) after culture in adipogenic medium for 7 days. Scale bars: 50 p

4.5 Discussion

There are many methods that can be used to make micropatterned structures for céfl Fineure
most frequently used method is based on the micro-contact printing of alkylthiols on gold-coated surfaces. In
micro-contact printing, cell adhesion factors such as fibronectin, laminin, and arginine-glycine-aspartic acid
(RGD) are normally coated on the hydrophobic regions to promote cell adhesion and the formation of cell
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patterns. However, the influence of the coated cell adhesion factors cannot be excluded from the results. To
avoid this, photo-reactive PVA can be directly micropatterned on cell-culture PSt plates by the present
method. The micropatterned surfaces can be used for cell culture without any additional treatment, and the
transparency of PSt plates facilitates the direct observation of cells on the micropatterns.

The five types of geometric micropatterns (triangle, square, pentagon, hexagon, and circle) had
varying degrees of roundness, but all were symmetrical and small for cell spreading. Based on the formation
of lipid vacuole result, no significant difference in the adipogenic differentiation of MSCs was detected
among these five geometric micropatterns. However, MSCs showed significantly higher potential for
adipogenic differentiation on these micropatterns than on the non-patterned PSt surface. Cell spreading was
suppressed by the micropatterns, which have some positive effect on the adipogenic differentiation of MSCs.
The result that constraining MSCs in symmetrically small micropatterns favors adipogenic differentiation of
MSCs is similar to the results reported by Chen ‘%t al

However, the effect of different geometries on the adipogenic differentiation of MSCs was not
evident in this study. In a recent report, Leical.* indicated that the rate of adipogenic differentiation of
MSC aggregates could be affected by different geometric micropatterns. Their work highlighted the
geometric effect on the differentiation of MSCs at the multiple-cell level. However, the cell number, shape,
and cell-cell contact within each geometric micropattern were heterogeneous. In contrast, in this study, the
cell shape cues for the differentiation of MSCs at single-cell level without cell-cell contact were investigated.
The apparent conflicting results actually revealed the diversity and complexity of cell differentiation at
single- and multiple-levels.

It has been reported that cytoskeletal organization in cells is important to the commitment of
MSC<>% Generally, the assembly of cytoskeleton correlates with intracellular contractility. Large cell
spreading and increased contractility favor osteogenic differentiation, while small cell spreading and low
contractility favor adipogenic differentiation. In this study, MSCs cultured on triangular, square, pentagonal,
hexagonal and circular micropatterns in control medium showed similar patterns of actin filaments. Although
actin filaments were thicker and denser at the edges than in the interior regions of the micropatterns,
asymmetrical concentrations of actin filaments were not shown in either edge of all the geometries and no
predominated alignment of the actin filaments emerged inside the micropattern geometry (Figure 4.5). After
culture in adipogenic medium for one week, the actin cytoskeleton underwent remodeling and the
differentiated cells showed faint actin filaments (Figure 4.11). The similarity and symmetry of cytoskeletal
structures may implicate the similar low level of intracellular contractility in the cells cultured on the five
micropatterns and might partially cause the parallel potential of adipogenic differentiation of MSCs on the
micropatterns. Another possibility is that the global low contractility in cell was dominated by same small
cell size rather than different cell shapes. As different geometries of intermediate size can influence cell
differentiatiorf?, it would be valuable to investigate the threshold size where the geometric effect would be
overwhelmed by size effect. However, the possibility that the slight geometric effects which might be
reflected in protein and gene expression level were overshadowed by morphological phenotype cannot be
completely excluded, which is deserved to be further investigated.

4.6 Conclusions

In summary, we have presented a photolithographic method to make micropatterns with different
geometries using photo-reactive PVA. The photo-reactive PVA was micropatterned on a PSt cell-culture plate,
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and micropatterns with triangular, square, pentagonal, hexagonal, and circular geometries, yet with the same
small surface area for cell spreading, were formed. Human MSCs adhered to the PSt geometric micropatterns
and single cell arrays with different shapes (triangles, squares, pentagons, hexagons, and circles) were
obtained. The effect of cell shape on the adipogenic differentiation of MSCs was compared. The actin
cytoskeletal structures were remolded during differentiation and adipogenic differentiation levels of MSCs
were similar on these different geometric micropatterns with same small surface area. This simple
micropatterning technique using photo-reactive molecules will be useful for creating micropatterns of
arbitrary design on an organic surface and cell functions can be directly and systematically compared on a
single surface without external factors resulting from separate cell culture and coating method.
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Chapter 5

Preparation of micropattern of negatively charged polymer and its

effect on M SCsfunctions

5.1 Summary

In this chapter, the micropatterning method was used to investigate the electrostatic effect derived
from different chemical groups on the functions of individual and multiple human mesenchymal stem cells
(MSCs). Differently sized circular micropatterns of negatively charged poly(acrylic acid) (PAAc) and neutral
polystyrene (PSt) were created using UV photolithography. The PAAc and PSt micropatterns showed
different effects on actin cytoskeleton organization and adipogenic differentiation of MSCs. The assembly
and distribution of actin filaments for individual MSCs correlated with the degree of cell spreading as well as
the surface charge of the underlying substrates. The degree of MSC adipogenesis was evaluated by
comparing the percentage of PAAc and PSt micropatterns that contained Oil Red O stained cells. The
adipogenic differentiation at the single-cell level was enhanced on the PAAc micropatterns and decreased as
the diameter of the circular micropattern increased. The adipogenic differentiation at the multiple-cell level
was stronger on PAAc micropatterns and was independent of the diameter of the circular micropattern.

5.2 Introduction

Stem cells are versatile and promising cell sauces for tissue engineering and regenerative medicine
due to their inherent plasticity and multi-lineages potefftidh vitro, suitable biomaterials are used to
propagate stem cells to obtain sufficient cell quantities for cell transplantafitiernatively, porous
scaffolds are provided for stem cells as a temporary support to regenerate required tissué. implaots
appropriate carriers or scaffolds are loaded with stem cells to protect them from hostile microenvironment
and to delivery them to target SiteAll these applications highlight the important roles of cell-material
interactions on controlling over the functions of stem cells.

The surface chemistry is one of the critical factors of material's properties because it alters the
surface’s energy, wettability, and charge. For examples, polylysine modified surfaces are positively charged
and suitable for neural cells adhesfoh And foreign-body responses are regulated by different cationic
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polymer coating$. Allen et al. synthesized a group of copolymers consisted of varied ratios of
N-isopropylacrylamide (NIPAAmM) and\-tert-butylacrylamide (NtBAAm). The different combinations of
NIPAAmM and NtBAAmM monomers altered the surface hydrophobicity of copolymers and thus modulated the
attachment of HelLa celf§ Brodbecket al. reported that macrophage apoptosis was increiasego on
hydrophilic and anionic surfacés As a high-throughput screen method, the combinatorial library of
chemistry microarrays has also been developed to rapidly interrogate the interactions between biomaterials
chemistry and cell8'’. For example, Andersoet al.'® synthesized a series of biopolymers from diverse
combinations of acrylate and methacrylate monomers and then simultaneously characterize over 1,700
human embryonic stem celtéepolymers interactions.

By using different surface modification methods, various chemical groups were immobilized onto
surfaces and their effects on the differentiation of mesenchymal stem cells (MSCs) have been investigated.
These results indicated that the methyl group maintained the phenotype of?MBEsmino, thiol, and
phosphate groups promoted the osteogelié§isand the carboxyl and hydroxyl groups facilitated the
chondrogenesi$®?# Additionally, the carboxyl coated gels of intermediate and lowest stiffness were in
favor of myogneic and neurogenic differentiation, respectitielylthough these works discerned the
respective effect of different chemical groups on the MSC'’s differentiation, the results were derived from
responses across multiple-cell populations cultured under conventional conditions. Under these conditions,
cells freely spread and divide in all directions, resulting in an inherent variability in cell spreading, shape,
and behavior; therefore, results are sometimes controversial. The high cell-to-cell variation of the overall
population highlights the importance of single-cell analyses regarding the effects of surface chemistry.

In this study, we developed a method to prepare micropatterned surfaces with different surface
chemistries. Negatively charged poly(acrylic acid) (PAAc) micropatterns and neutral polystyrene (PSt)
micropatterns were prepared using photolithography. The micropatterns were used to study single-cell and
multiple-cell cultures of MSCs, and they allowed for the control of shape and spreading of the MSCs. Using
this method, the electrostatic effect on the functions of individual and multiple MSCs was investigated.

5.3 Materials and methods

5.3.1 Synthesis of azidophenyl-derivatized PAAC

Azidophenyl-derivatized poly(acrylic acid) (AzPhPAAc) was synthesized by coupling the carboxyl
groups of PAAc with 4-azidoaniline, as shown in Figure 5.1. PAAc (Sigma-Aldrich, Mw=450,000, 1.0 mmol
on monomer unit), 4-azidoaniline  hydrochloride  (Sigma-Aldrich, 0.1  mmol), and
1-ethyl-3-(3-dimethylamino propyl) carbodiimide hydrochloride (WSC, Wako Pure Chemical Industries Ltd.,
6.0 mmol) were dissolved in deionized water (110 mL). The pH of the solution was adjusted to 7.0 by adding
NaOH or HCI solution. After being stirred at 4C for 48 h, the reaction solution was dialyzed against
Milli-Q water through a seamless cellulose tube (cutoff Mw=12,000) until the absence of azidoaniline in the
washing solution was confirmed by UV spectroscopy. The dialyzed AzPhPVA was freeze-dried and stored at
-4 °C in the dark.
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NH

o
n + m@—wr“u WSC.pH7.0,4°C, 48}1’

0 OH

Poly(acrylic acid) 4-azidoaniline hydrochloride

Hy
Azidophenyl-derivatized
poly(acrylic acid)

Figure 5.1 The chemical equation for the synthesis of azidophenyl-derivatized poly(acrylic acid).
5.3.2 Synthesis of azidophenyl-derivatized PVA

Azidophenyl-derivatized poly(vinyl alcohol) (AzPhPVA) was synthesized by coupling the hydroxyl
groups of PVA to 4-azidobenzoic acid as previously described in Chapter 2.3.1.

5.3.3 Fabrication of photomask

The photomask was prepared using DWL66 laser lithography system as previously described in
Chapter 2.3.2.

5.3.4 Preparation of PVA-PAAc- and PVA-micropatterned PSt surfaces with a photomask

A PSt plate (2.5 x 2.5 cinwas cut from a tissue-culture PSt flask (BD FaltonThe AzPhPAAc
solution (0.15 mL, 0.2 mg/mL) was placed on the PSt plate and air-dried in the dark at room temperature.
The coating region was around 1.5 x 1.G°.cfihe plates were irradiated with UV light (FGAaV-Linker
FS-1500) at energy of 0.5 J/&from a distance of 15 cm without using a photomask. After irradiation, the
plates were immersed in diluted alkaline solution (pH 10) and ultrasonicated to completely remove any
unreacted PAAc. Subsequently the AzPhPVA solution (0.15 mL, 0.5 mg/mL) was placed on the
PAAc-grafted plate and air-dried in the dark at room temperature. The plates were then covered with a
photomask and irradiated with UV light at energy of 0.3 3ftom a distance of 15 cm. After irradiation,
the plates were immersed in Milli-Q water and then ultrasonicated to completely remove any unreacted PVA
from the non-irradiated areas. After complete washing, a PVA-PAAc-micropatterned PSt surface was
obtained. Preparation scheme of PVA-PAAc-micropatterned PSt surface was shown in Figure 5.2. To
visualize the circular PAAc micropatterns, the PVA-PAAc-micropatterned PSt surface was stained with 1%
Brilliant Green solution for 10 sec.

The preparation of PVA-micropatterned PSt surfaces was previously described in Chapter 3.3.3.

The PVA-PAAc- and PVA-micropatterned PSt plates were sterilized with 70% ethanol and used for
cell culture.
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Polystyrene plate PAAC

|
—

1. Coatingwith AZPhPAAc
2. UVirradiation
3. Washing with diluted alkaline solution (pH 10)
Coating with
AZPhPVA
PAAc micropattern Photomask

AZPhPVA

Washing with Milli-Q UV irradiation

Figure 5.2 Preparation scheme of PVA-PAAc-micropatterned PSt surface.
5.3.5AFM observation

The surface topography of the PVA-PAAc- and PVA-micropatterned PSt plate was observed using
MFP-3D-BIO™ AFM (Asylum Research). A commercially available cantilever (spring constant: 0.06 N/m;
oscillation frequency: 12-24 kHz; DNP, Veeco Probes) with a silicon nitride tip was used to measure the
samples (90 x 9Qum? in Milli-Q water in contact mode. The diameter of circular PAAc and PSt
micropatterns and step height of surrounding PVA layer was measured by section analysis of the acquired
images. Three randomly selected micropatterns were measured to calculate the mean and standard deviation.

5.3.6 Cdll culture

Human bone marrow-derived mesenchymal stem cells (MSCs) were obtained from Osiris
Therapeutics (Columbia, MD) at passage 2. The cells were subcultured twice as previously described in
Chapter 2.3.4 and used at passage 4.

The PVA-PAAc- and PVA-micropatterned PSt plates were placed in 6-well cell culture plates, and a
glass ring (diameter: 15 mm; height: 10 mm) was placed over each plate. 3 mL control medium were added
to each well, and then the cell suspension (0.3 mL, 3.0*>cdl®B/mL) was placed inside the glass ring
(seeding density: 5.0xi@ells/cnf). The compositions of control medium were previously described in
Chapter 2.3.4.

The glass rings were removed after 6 h and the control medium was replaced with adipogenic
medium after 24 h. The compositions of adipogenic medium were previously described in Chapter 3.3.4. The
adipogenic medium was changed every 3 days.

5.3.7 F-actin staining

After incubation for 6 h in control medium, the cultured cells were fixed with 4%
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paraformaldehyde for 10 min at 4C, permeabilized with 0.2% Triton X-100 for 2 min, and blocked with

1% BSA solution for 30 min at room temperature. The F-actin and nuclei of cells were stained with Alexa
Fluor® 488 phalloidin (Invitrogen) for 20 min and 4’, 6-diamidino-2-phenylindole (DAPI, Vector
Laboratories, Inc.) for 10 min, respectively. Fluorescence photographs of the stained MSCs were captured by
an Olympus BX51 microscope with a DP-70 CCD camera (Olympus, Tokyo, Japan).

5.3.8 Single-cell percentage on PVA-PAAc- and PVA-micropatterned PSt surfaces

After 6 and 24 h of culture in control medium and 7 days of culture in adipogenic medium, the cells
were fixed with 4% paraformaldehyde for 10 min at 4 °C and then the cell nuclei were stained with 4’
6-diamidino-2-phenylindole (DAPI, Vector Laboratories, Inc.). The respective number of circular PAAc and
PSt dots occupied by single cells and multiple cells was counted after the cell nuclei were stained. The
formula (1) was used to calculate the single-cell percentage. At each time point, three plates were used to
calculate the mean and standard deviation.

N .
Singlecell9p = —Sngeceldot 4y

Totalcelldot
Nsingle cell ot 1h€ Number of circular PAAc or PSt dots occupied by a single Nglki cein ot The
total number of circular PAAc or PSt dots occupied by either a single cell or multiple cells.

5.3.9 Oil Red O staining

After incubation in adipogenic medium for 7 days, the cultured cells were fixed with 4%
paraformaldehyde for 10 min at 4C, incubated in 60% isopropanol for 5 min, and then stained with fresh
Oil Red O for 5 min. The nucleus was counterstained with/&\u DAPI solution for 10 min (Dojindo). The
Oil Red O solution was prepared by mixing three parts stock solution (0.3% in isopropanol) with two parts
Milli-Q water and filtering through a 0.2um filter. Photomicrographs were captured by an optical
microscope with a DP-70 CCD camera (Olympus, Tokyo, Japan).

The probability of MSC adipogenesis on the PVA-PAAc- and PVA-micropatterned PSt surfaces
was studied by calculating the percentage of MSCs that committed to an adipocyte lineage as shown in
formula (2) and (3). Cells containing lipid vacuoles positively stained by Oil Red O were considered to be
adipocytes. Both single and multiple cells on each circular micropattern (as confirmed by nuclear staining)
were counted. Three samples were used to calculate the mean and standard deviation.

Adipogenesis ofsinglecel|% = —>2nedngeceldot 5y

Totakinglecelldot
Nstained single cell dot 1 N€ numbeiof circular PAAc or PSt dots occupied by a positively stained
single cell;Nrotal singke cetl aot The total numbeof circular PAAc or PSt dots occupied by a single cell.

Adipogenesis of multiplecells¥p = —anedmitblecelsiot = 3y

Totalmultiplecellsdot
Nstained muttiple cells dot TN€ Numbeiof circular PAAc or PSt dots occupied by positively stained
multiple cells; Nrotal mutipie celis a6t The total numbeof circular PAAc or PSt dots occupied by multiple
cells.
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5.3.10 Statistical analysis

A one-way analysis of variance (ANOVA) with Tukeysst hoc test for multiple comparisons was
used for statistical analysis. A valuept 0.05 was considered to be a statistically significant difference.

5.4 Results

5.4.1 Preparation and observation of PVA-PAAc- and PVA-micropatterned PSt surfaces

Photo-reactive AzPhPAAc was grafted to the surface of cell-culture PSt plate using UV irradiation
without a photomask. To prepare the PAAc micropatterns, the PAAc-grafted PSt plate was coated with
photo-reactive AzPhPVA and dried. The AzPhPVA-coated PAAc-grafted PSt was covered with a photomask
and irradiated with UV light (Figure 5.2). The photomask had three different circular micropatterns with
diameters of 40, 60, and M. These circular micropatterns were not transparent under UV light so that the
underlying AzPhPVA did not react during UV irradiation and was washed away by Milli-Q water after UV
irradiation. The AzPhPVA below the surrounding transparent regions was exposed to UV light, inter- and
intra-molecularly crosslinked, and immobilized to the underlying PAAc-grafted PSt surface. Therefore, three
differently sized circular micropatterns of PAAc were formed and surrounded by PVA, which can effectively
prevent cell adhesion. PVA-micropatterned PSt surface was prepared as previously described in Chapter
3.3.3.

Photomicroscopic images of the PVA-PAAc-micropatterned and PVA-micropatterned PSt surfaces
are shown in Figure 5.3. The micropatterns were clearly displayed when viewed using an optical microscope.
The PVA-PAAc-micropatterned PSt surface was stained with Brilliant Green solution to show the PAAc
micropatterns. The basic dye interacted electrostatically with the negatively charged PAAc, and the circular
PAAc micropatterns were visualized by a dark green color under optical microscopy (Figure 5.3). During the
staining process, the dye permeated through the overlying PVA layer to the PAAc layer below, causing the
surrounding light green color. PVA-PAAc-micropatterned and PVA-micropatterned PSt surfaces were also
observed with AFM in Milli-Q water in contact mode and section images of the boundary between PVA and
PAAc/PSt are shown in Figure 3. The diameter of micropatterned circles and the step height were analyzed
by section analysis of the acquired images (Table 5.1). The diameters of circular PAAc and PSt micropatterns
were same as the designed diameters on photomask. The step height of surrounding PVA layer was ~50 and
~105 nm on PAAc and PSt, indicating that cell non-adhesive PVA sufficiently covered the underlying PAAc
and PSt. These results confirmed the formation of the PAAc and PSt micropatterns.

5.4.2 Cell adhesion, spreading, and proliferation

Human MSCs were cultured on the PVA-PAAc- and PVA-micropatterned PSt surfaces. After
culturing for 6 h in the control medium, the MSCs only adhered to the circular PAAc and PSt micropatterns;
the MSCs on the non-adhesive PVA regions were removed by changing the medium (Figure 5.5). These
results confirmed that the MSCs were confined within the circular micropatterns on the micropatterned
surfaces.
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Photomask

No staining

PVA-PA Ac-micropatterned
polystyrene

Brilliant Green
staining

PVA-micropatterned
polystyrene

Figure 5.3 Photographs of the photomask and the PVA-PAAc-micropatterned and PVA-micropatterned PSt
surfaces. Three types of circular micropatterns with diameters of 40, 60, gmd 8@re fabricated and
surrounded by regions of PVA. The PVA-PAAc-micropatterned PSt surface was stained with Brilliant Green
solution. Scale bars: 50

Table 5.1 The diameters of circular PAAc and PSt micropatterns and step height of surrounding PVA layer, as
determined by AFM section analysis. Data represent mean = SD (n = 3).

Designed diameter Circular diametery(m) Step height of PVA (nm)
(Hm) PVA-PAAC PVA-PSt PVA-PAAC PVA-PSt
40 39.10 + 0.53 39.14 + 0.56
60 58.65 £ 0.35 59.00 £ 0.63 52.0+6.6 105.8+8.1
80 78.90 + 0.36 79.19 + 0.27
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Figure 5.4 Representative AFM section images of step height of surrounding PVA layer on circular PAAc (a)
and PSt micropattern (b). The blue circular dots indicate PVA surface. The blue square dots in (a) and (b)
indicate PAAc and PSt surfaces, respectively.

40 pm 60 um 80 um
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PVA-micropatterned ~ PVA-PAAc-micropatterned
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Figure 5.5 Phase contrast photographs of the MSCs after culturing for 6 h on the PVA-PAAc- and
PVA-micropatterned PSt surfaces in the control medium. The inserts are enlarged photographs. Scale bars:
50 ym.
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As shown in Figure 5.6, F-actin staining revealed that the spreading of MSCs followed the
underlying circular PAAc and PSt micropatterns and that the surrounding non-adhesive PVA regions
confined the spreading. Interestingly, the assembly and organization of the actin filaments of the MSCs were
affected by the degree of cell spreading and the surface charge.|@m @iropatterns, the distribution of
actin filaments was homogeneous on the negatively charged PAAc circles, whereas the circular MSCs
primarily organized actin filaments along the periphery of cell on the neutral PSt circles. The organization of
the actin structure became more ordered as the degree of cell spreading increasethi@dpatterns). As
the cell spreading further enlarged (@M micropatterns), the radial and concentric arrangement of actin
filaments appeared on both PAAc and PSt circles.

40 um

Figure 5.6 Fluorescent images of individual MSCs with different spreading areas on the PVA-PAAc- and
PVA-micropatterned PSt surfaces for F-actin (green) and nuclei (blue) after culturing for 6 h in the control
medium. Scale bars: 50

PVA-PA Ac-micropatterned
polystyrene

PVA-micropatterned
polystyrene

The proliferation of MSCs was investigated by counting the percentage of circular PAAc and PSt
micropatterns that contained only a single cell during cell culture. The results are shown in Figure 5.7. After
culturing for 6 h in the control medium, the percentage of the micropatterns containing only a single cell was
lower on the PAAc micropatterned surfaces than on the PSt micropatterned surfaces. The percentages after
24 h culture were similar to those after culturing for 6 h in the control medium. The proliferation of the
MSCs on the PAAc and PSt micropatterns was not obvious and was independent of the circular size after 24
h. However, the MSCs divided and proliferated during the adipogenic culture period as the percentage of
single cells decreased after culturing for 7 d in the adipogenic medium. The degree of decrement was almost
the same for the PAAc and PSt micropatterns, indicating that PAAc and PSt showed no difference on cell
proliferation. However, the proliferation of the MSCs increased as the circular diameter was increased,
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regardless of the charge properties of the substrates.

Figure 5.7 Single-cell percentage on the PVA-PAAc- and PVA-micropatterned PSt surfaces after culturing in
the control medium for 6 and 24 h, and after culturing in the adipogenic medium for 7 days. Data represent
mean = SD (n = 3). * p<0.5 and ** p<0.01.* p<0.5 and ** p<0.01.

5.4.3 Adipogenic differentiation of MSCs

The MSCs were cultured on the PVA-PAAc- and PVA-micropatterned PSt surfaces in the
adipogenic medium for 7 days. As shown in Figure 5.8, the MSCs were confined within the micropatterns,
indicating that the PVA-PAAc- and PVA-micropatterned PSt surfaces were suitable for long-term cell culture.
Some MSCs on the micropatterns differentiated into adipocytes containing lipid vacuoles. Lipid vacuoles
were stained with Oil Red O, a specific marker for adipogenic differentiation. Figure 5.9 shows
representative optical photomicrographs of the positively stained cells with different cell spreading areas on
the PAAc and PSt micropatterns. Neither the PAAc nor the PSt micropatterns supported the adipogenesis of
MSCs in the control medium without adding adipogenic inductive factors.

The effects of surface charge and circular diameter on the probability that the MSCs would
differentiate to adipocytes were evaluated. The cells containing lipid vacuoles that were positively stained by
Oil Red O were considered to be adipocytes. Single cells and multiple cells on each circular micropattern
were counted. The results showed that the probability of the adipogenesis of the MSC was dependent on the
surface charge and circular diameter (Figure 5.10). At the single-cell level, the adipogenesis of the MSCs
was enhanced on the negatively charged PAAc micropatterns when the circular diameter was small (40 and
60 um micropatterns). By contrast, the adipogenesis of the MSCs was similar between the negatively
charged PAAc and the neutral PSt micropatterns when the circular diameter was large (80 um micropatterns).
Moreover, the percentage of differentiated MSCs decreased as the circular diameter increased; this trend was
independent of surface charge. At the multiple-cell level, the negatively charged PAAc micropatterns
promoted the adipogenesis of the MSCs when compared to the neutral PSt micropatterns. However, the
effect of the circular diameter was not evident in the adipogenesis of groups of multiple MSCs.
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Figure 5.8 Phase contrast photographs of MSCs after culturing for 7 days on the PVA-PAAc- and
PVA-micropatterned PSt surfaces in the adipogenic medium. The inserts are enlarged photographs. Scale
bars: 50 m.
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Figure 5.9 Representative optical photographs of MSCs on the PVA-PAAc- and PVA-micropatterned PSt
surfaces stained by Oil Red O after culturing in the adipogenic medium (adipogenic +) or the control
medium (adipogenic -) for 7 days. Scale bars: B0 p

84



Manipulation of surface charge

Figure 5.10 The percentage of adipogenic differentiation of MSCs on the PVA-PAAc- and
PVA-micropatterned PSt surfaces after culturing in the adipogenic medium for 7 days. Data represent mean +
SD (n = 3). *p<0.05 and ** p<0.01.

5.5 Discussion

It is well-known that biomaterial surface chemistry regulates cell functions including adhesion,
survival, proliferation, and differentiatiét*® However, most previous works were conducted on
non-micropattern surfaces. The conclusions were based on the average results from multiple-cell populations,
where the spreading, shape, and behavior of each cell were very heterogeneous. This high cell-to-cell
variance of the overall population highlights the importance of single-cell arl@y¥e3o obtain deeper
insights on the effects of surface chemistry, negatively charged PAAc and neutral PSt micropatterns were
constructed on a commonly used cell-culture surface using UV photolithography. Positively charged
polyallylamine (PAAm) micropattern was also prepared. However, it was difficult to obtain single cell array
on the PAAm micropattern because of low viability of single MSC on the micropattern. Therefore, the
negatively charged surface was used in this study. The electrostatic effect on the functions of individual and
multiple MSCs was investigated on different PAAc and PSt micropatterns. The micropatterning method
enabled the precise control of cell spreading and shape by modifying the chemical properties of the
cell-culture substrates at predefined locations. The circular PAAc and PSt micropatterns allowed for the
confinement of single and multiple MSCs and the analysis of the overall cell population at the single- and
multiple-cell levels, reducing the heterogeneity of the cell population.

It has been reported that actin cytoskeleton plays an important role in the differentiation of
MSCs! . Therefore, the organization and assembly of the actin filaments of single MSCs were compared
between the negatively charged PAAc and neutral PSt micropatterns. The actin structure of single MSCs was
affected by the degree of cell spreading, and in the MSCs that adhered to the larger circular micropatterns (60
and 80um micropatterns), well-organized stress fibers appeared. This assembly of actin filaments was not
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dependent on the surface charge of the underlying substrates. However, as the cell spreading was further
restricted (4Qum micropatterns), the arrangement of actin flaments was correlated with the surface charge
of the underlying substrate. The actin filaments uniformly distributed on the negatively charged PAAc circles,
whereas primarily assembled along the periphery of cell on the neutral PSt circles. More importantly, the
assembly of the actin cytoskeleton was highly correlated with intracellular contractility. Large cell spreading
and increased contractility favor osteogenic differentiation, while small cell spreading and low contractility
favor adipogenic differentiati6h® The different distributions of the actin filaments on the PAAc and PSt
micropatterns implied the distinct degree and distribution of intracellular contractility, which could play an
important role in the adipogenic differentiation of M&Cs

Although most circular micropatterns were occupied by a single MSC immediately after cell
seeding, the MSCs inside the micropatterns were dividing, proliferating, and differentiating as they were
incubated in the adipogenic culture. Accordingly, it should be valuable to track the behaviors of MSCs in
negatively charged PAAc and neutral PSt micropatterns. After culturing for 7 days in the adipogenic medium,
the negatively charged PAAc and neutral PSt showed similar effects on cell proliferation. However, larger
micropattern promoted the division and proliferation of the MSCs. The effect of micropattern size was
consistent with previous reports that more space for cell facilitated cell proliféfation

The adipogenic differentiation of MSCs on the circular PAAc and PSt micropatterns was analyzed
by staining the lipid vacuoles. At the single-cell level, the smaller, negatively charged PAAc micropatterns
enhanced adipogenic differentiation. However, the enhancement effect of PAAc was not obvious in the large
micropatterns; the effect of PAAc may be counteracted by the area effect, as the adipogenic differentiation
decreased when cell spreading increased. At the multiple-cell level, the adipogenic differentiation was also
enhanced on the PAAc micropatterns, but the effect of area was not evident. The multiple cells showed
higher potential of adipogenic differentiation than did the single cell. Previous work has demonstrated that
cell-cell contact strengthened adipogenic differentidtiomhe result of this study also highlighted the
importance of the cell-cell interaction, which can tighten cell-cell contact and limit cell spreading within a
preset area of the micropattern. One possible explanation for the stimulatory effect of the negatively charged
PAAc micropatterns may be proteins adsorbed from the medium and secreted from the extracellular matrix.
Proteins have profound influence on the assembly of cell membrane receptors (such as integrin binding
specificity) that transfer the outside signals into thé%c®lland subsequent intracellular signal transductions
activate gene expression and finally determine the cell fate. Gaaticdhas intensively investigated the role
of asP; integrin on the cell adhesion and osteogenesis using self-assembled monolayer with different
chemical groug$™. It is plausible that different but analogous integrin-specific signaling may be associated
with the effect of PAAc, given that the integrin expression was dynamic during adipocyte differefittation

5.6 Conclusions

PVA-PAAc- and PVA-micropatterned PSt surfaces were prepared using UV photolithography to
study the electrostatic effect on the behavior and function of individual and multiple MSCs. The organization
and distribution of actin filaments of the individual MSCs were affected by cell spreading and surface charge.
The negatively charged PAAc and neutral PSt micropatterns showed similar effects on cell division and
proliferation during adipogenic culture. However, the adipogenic differentiation of the MSCs was enhanced
on the PAAc micropatterns at the single-cell and multiple-cell levels. This micropatterning method would be
useful to construct diverse micropatterns on various substrates with different physicochemical compositions
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and topographical features to investigate the corresponding effect of these factors on stem cells.
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Chapter 6

Concluding remarks and future prospects

6.1 Concluding remarks

This thesis summarized the manipulation of stem cell functions by micropatterned polymer surfaces.
Diverse micropatterns were constructed on commonly used cell-culture PSt surfaces using photo-reactive
polymer and UV photolithography. The different density, spreading, and shape of human MSCs were
controlled on the PVA-micropatterned PSt surfaces and their respective effects on the functions of MSCs
were systematically investigated. Moreover, PVA-PAAc-micropatterned PSt surface was prepared to study
the electrostatic effect on the functions of MSCs with highly controlled and uniform cell shape.

Chapter 1 introduces the origins and types of stem cells, especially mesenchymal stem cells and
their differentiation. The main factors that affect stem cell functions are categorized and discussed. The
commonly used micropatterning methods are summarized and their applications in cell biology research are
illustrated by comparing their advantages and limitations. Representative previous stem cell researches using
micropatterning approaches are exemplified. Manipulation of stem cell functions by micropatterned surfaces
is motivated.

Chapter 2 describes the manipulation of gradient cell densities of human MSCs on
PVA-micropatterned PSt surfaces and the effects of different cell densities on the functions of MSCs. To
control different cell densities on a single surface, a micropatterned surface with different area ratios of
non-adhesive PVA to cell-adhesive PSt regions was prepared using photo-reactive PVA and UV
photolithography. Patterned MSC aggregates with gradient cell densities were generated by culturing the
cells on such micropatterned surface. The effects of the cell density gradient on MSC functions such as
proliferation and differentiation were investigated. MSC aggregate at a low density proliferated faster than
those at a high density. Although MSC aggregates at both low and high densities showed the osteogenic
differentiation, the higher cell density of MSC aggregate could initiate the osteogenic differentiation at a
faster rate than the low cell density. Additionally, high cell density of MSC aggregate was required to induce
the chondrogenic differentiation.

Chapter 3 describes the manipulation of cell spreading of individual human MSCs on
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PVA-micropatterned PSt surfaces and the effects of different cell spreading on the functions of MSCs at
single-cell level. To control different degrees of cell spreading with the same cell shape, a series of circular
cell-adhesive PSt micropatterns with different diameters were created and these micropatterns were
surrounded by non-adhesive PVA layer. Cell spreading and differentiation of individual MSCs were
investigated. The assembly and organization of the cytoskeleton were regulated by the degree of cell
spreading. Individual MSCs on large circular micropatterns exhibited a more highly ordered arrangement of
actin filaments than did those on the small circular micropatterns. Furthermore, the differentiation of MSCs
was dependent on the degree of cell spreading. Increased cell spreading facilitated the osteogenic
differentiation but suppressed the adipogenic differentiation of MSCs.

Chapter 4 describes the manipulation of cell shape of individual human MSCs on
PVA-micropatterned PSt surfaces and the effects of different cell shapes on the functions of MSCs at
single-cell level. Cell-adhesive PSt geometries of triangle, square, pentagon, hexagon, and circle were
surrounded by cell non-adhesive PVA layer to control different cell shapes. These different geometries had
the same small surface area for cell spreading. Human MSCs were cultured on the micropatterned surface
and the effect of cell shape on the adipogenic differentiation was investigated. The distribution patterns of
MSC's actin filaments were similar among these cell shapes and remolded during adipogenesis. The
adipogenic differentiation potential of MSCs was similar on the small size triangular, square, pentagonal,
hexagonal, and circular geometries according to the lipid vacuoles staining result.

Chapter 5 describes the electrostatic effect of micropatterned surface on the functions of human
MSCs. Circular negatively charged PAAc and neutral PSt micropatterns with different diameters were
created and surrounded by cell non-adhesive PVA regions using UV photolithography. The assembly and
distribution of actin filaments of individual MSCs were correlated with degree of cell spreading and surface
charge of underlying substrates. At single-cell level, the adipogenic differentiation was enhanced on PAAc
micropatterns and decreased as the increase of circular size. At multiple-cells level, the adipogenic
differentiation was stronger on PAAc micropatterns and independent of circular size.

In conclusion, diverse micropatterns were prepared on commonly used cell-culture PSt surfaces
using photo-reactive polymer and UV photolithography. The respective effect of cell density, spreading,
shape, and surface charge on the functions of stem cells was investigated. This simple micropatterning
method using photo-reactive molecules is advantageous for fabricating arbitrary micropatterns on prevalent
cell-culture substrates, and cell functions can be directly and systematically investigated on a single surface
without external interferences resulting from separate cell culture and pre-coated cell-adhesive molecules.
Moreover, it enables the analysis of entire cell populations at both single- and multiple-cell levels,
significantly facilitating the identification of the optimal parameters to manipulate the functions of stem cells.
The insights derived from these work will be useful to design suitable biomaterials for stem cell research and
scaffolds for tissue engineering.

6.2 Future prospects

This research demonstrated the manipulation of stem cell functions using micropatterned surfaces.
The important factors of cell environment were precisely controlled using micropatterning method and their
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effects on the functions of stem cells were systematically investigated. Further researches and improvements
are required to advance the integration between stem cell biology and micropatterning technology.

Fabrication of robust micropatterns on specially modulated cell-culture substrates: Previous reports
have demonstrated the critical role of substrate’s property such as stiffness and topography on the functions
of stem cells. However, the effects of substrate’s property were based on the overall data collected from
whole cell population. The inherent heterogeneity of cell population should be reduced to investigate the
effects on individual stem cells. Therefore, tailor-made micropatterns controlling specific cell numbers could
be created on substrates with particular mechanical or chemical features. And the impacts of bottom substrate
on individual stem cells of highly controlled and uniform structure could be investigated.

Combination of micropatterns and nano/biotechnology: Stem cells offer an opportunity in studies
from drug efficacy to nanomaterial’s cytotoxicity test, a necessary step in providing therapeutic products for
human use. Most studies are carried out with adherent stem cells grown on a homogenous substrate where
cells spread and divide in all directions, resulting in an inherent variability in cell shape, morphology, and
behavior. The high cell-to-cell variance of the overall population impedes the success of drug development
and nanomaterial screen. The ability of micropatterns to normalize the shape and internal polarity of every
individual stem cell provides a tremendous opportunity for solving this critical bottleneck.

Construction of pseudo-three-dimensional micropatterns: The microwell arrays similar to
extracellular three-dimensional microenvironment can be constructed by adjusting the coating concentration
of photo-reactive polymers. More importantly, the single or multiple bioactive molecules could be tethered
on the bottom and side wall of microwells. Therefore, microwell arrays allow the confinement of individual
stem cells and analysis of entire stem cell populations at the single cell level, overcoming the problem of
heterogeneity of stem cell population. Moreover, the effect of tethered signals on the response and behavior
of stem cells could be investigated in a pseudo-three-dimensional manner. Additionally, the influence of
spatial geometry of microwell on stem cell functions could be studied by controlling the geometric features
of photomask.
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