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Chapter 1

General introduction

1.1 Cells for tissue engineering

Tissue and organ damage caused by diseases or other injuries is a major problem in health care [1].
Traditional treatments using drugs, transplantation, surgical repair, artificial prostheses and medical devices
have limitations for truly recovery of the functional tissues or organs. Started by Langer and Vacanti, tissue
engineering appeared as an alternative or complementary treatment for tissue and organ damage with great
promise [2]. Three key components involved in tissue engineering are cells, scaffolds and growth factors
(Figure 1.1). Cells as one of the major components play critical roles in formation of tissue and organ. The
cell source for tissue engineering can be generally divided into two categories: somatic cells and stem cells.

Cells

» Somatic

> Stem

Tissue

Engineering

Scaffolds Signals
» Natural > Biophysical
» Synthetic » Biochemical

Figure 1.1 Brief illustration of tissue engineering.

1.1.1 Somatic cells

In general, any cell other than a gamete, germ cell, gametocyte or undifferentiated stem cell
belongs to somatic cells. They are frequently used for skin, vascular, and cartilage regeneration. Some of
them are even applied for clinical applications. Human fibroblasts were cultured on a micronized acellular
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dermal matrix microcarrier and applied for skin regeneration [3]. The newborn human dermal fibroblasts
from foreskins were used to produce artificial skin approved by FDA [4]. Chondrocyte sheets obtained from
superimposing of monolayer sheets were used for cartilage repair [5,6]. Endothelial progenitor cells were
used for vascular regeneration in many studies [7-9]. Although some types of somatic cells can be used for
tissue regeneration, majority of differentiated and progenitor cells are difficult to acquire or expand under
current technologies which limited their application. In order to solve the problem, stem cells become an
attractive cell source for tissue engineering.

1.1.2 Stem cells

Stem cells are defined as the unspecialized cells that can perpetuate themselves through
self-renewal and to generate highly differentiated descendant with specific function [10,11]. The most
attractive features of stem cells are multipotency and self-renewal (Figure 1.2). These features make them
versatile and promising cell source for regenerative medicine and tissue engineering. The stem cells can be
generally divided into three categories: embryonic stem cells (ESCs), induced pluripotent stem cells (iPSCs)
and adult stem cells (ASCs). The ESCs are pluripotent stem cells derived from inner cell mass of blastocysts
[12]. They are reported to have the potential to differentiate into all cell types in the body and were supposed
to be a useful cell source for tissue engineering. However, the risk of tumor formation became the major
concern of the clinical application of ESCs [13]. Meanwhile, since the generation of ESCs destructs the
blastocysts, ethical concern is always accompanied with the use of ESCs. Furthermore, it has not been
feasible to establish the patient-specific ESCs cell line because ESCs can only generate from the embryos.
iPSCs are a new type of pluripotent stem cells generated directly from adult cells [14,15]. A set of
transcriptional genes (originally Oct4, Sox2, cMyc and KIf4) were introduced into adult cell to reprogram
them into pluripotent. The iPSCs hold great promise for tissue engineering and regenerative medicine. They
have same capacity to differentiate into all cell types as the ESCs but without ethical concern. And the
patient-specific iPSCs cell lines can be acquired which overcomes the immune problem. However, the use of
iPSCs still has to face the risk of tumor formation since the cMyc and KIf4 are oncogenic and the use of
virus vectors may also trigger the oncogenes. Meanwhile, current reprogramming procedures are extremely
slow and inefficient.

Self-renewal ||

N _-
v >SN0 —>%

Multipotency

® —

Stem cells Daughter cells Differentiated cells
Figure 1.2 The stem cell features.

The ASCs are tissue-specific stem cells that multiply through cell division to replenish certain type
of dying cells and regenerate damage tissues. The ASCs include various types of cells such as mesenchymal
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stem cells (MSCs), hematopoietic stem cells (HSCs), neural stem cells (NSCs) and so on. Among them,
MSCs attract plenty of interests due to their easy availability and high potential for regeneration of bone,
cartilage and many other tissues. They can be harvested in many tissues such as bone marrow, adipose tissue,
dental pulp and are capable to differentiate into osteoblasts, adipocytes, chondrocytes, myoblasts and
tenocytes [16]. They were even reported to differentiate into cell types other than mesenchymal tissues [17].
Therefore, the MSCs are ideal cell source for tissue engineering.

1.1.2.1 Self-renewal of mesenchymal stem cells

Self-renewal refers to the asymmetrically or symmetrically division of stem cells with the
maintenance of developmental potential [18]. It is a very important and useful property of stem cells and is
not simple cell proliferation. During self-renewal, at least one of the daughter cells needs to inherit the
developmental potential similar to the mother stem cell. Self-renewal is not a unique property of stem cells
but also shared by some restricted progenitor and differentiated cells. Meanwhile, the cancer cells also have
the capacity to self-renew. Therefore, understanding the self-renewal of stem cells would contribute to not
only tissue regeneration but also for cancer therapy.

Self-renewal is a very complex process involving networks that balance proto-oncogenes,
gate-keeping tumor suppressors and care-taking tumor suppressors. Polycomb group genes have been
indicated to maintain stem cell fate by suppressing the initiation of differentiation programs [19]. Wnt, Notch
and BMP signaling pathways were also proved to instruct stem cells [20]. Besides genetic pathways,
stemness of cells can also be confirmed by expression of surface markers. According to the criteria, MSCs
should express CD73, CD90, CD105, and lack expression of CD11b or CD14, CD19 or CD79a, CD34,
CD45 and HLA-DR surface molecules [21]. There are also some other widely accepted surface molecules
which can be used to identify MSCs. CD44 has been reported to be the receptor of hyaluronan and expressed
on MSCs [22]. CD106 is involved in the interaction between MSCs and T lymphocyte, and it is supposed to
be the marker representing the immature, multipotent MSCs [23,24]. Positive expression of STRO-1 has
been found on a subpopulation of MSCs derived from bone marrow which had the capacity for osteogenic
differentiation [25].

Recent studies about self-renewal mainly focused on the maintenance of multipotency of stem cells.
In vivo, the majority of stem cells are quiescent under homeostasis, but capable to undergo activation upon
stimulation [26]. This quiescent state contributes to stem cell maintenance. ESCs kept their undifferentiated
state and maintained their full differentiation capacity when being encapsulated in a hyaluronic acid hydrogel
[27]. And ESCs retained their undifferentiated state on nanopatterned polydimethylsiloxane (PDMS)
substrate, but randomly differentiated on flat plastic culture dishes [28]. Skeletal muscle stem cells (MuSCs)
retained their stemness when being cultured on soft hydrogels which have similar elasticity as nature muscle,
and repaired damaged muscle while being transplanted into mice [29]. As to MSCs, previous studies have
proved that soft hydrogel could be an alternative for maintenance of stem cell phenotype. When MSCs were
seeded on 250-Pa soft hydrogel, they halted progression and became quiescent, but exhibited capability to
differentiate into adipocytes or osteoblasts in presence of chemical or mechanical stimuli [30]. MSCs
cultured within a composite collagen-pullulan hydrogel expressed significantly higher level of Oct4, Sox2
and KIf4 which are associated with self-renewal and multipotency compared to MSCs in standard cell
culture [31]. And the nanopatterned surfaces can affect the self-renewal of stem cells. The 120 nm pits in a
square array with center-center spacing of 300 nhm maintained MSCs phenotype and multipotency above
eight weeks in vitro culture [32]. Meanwhile, micropatterned surfaces were also reported to influence
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self-renewal of MSCs. Cells with small size were more quiescent than those with large size and kept the
potential to osteogenic and adipogenic differentiation [33].

1.1.2.2 Differentiation of mesenchymal stem cells

The MSCs are able to differentiate into osteocytes, adipocytes, chondrocytes, stormal cells,
myoblasts and tenocytes depending on the culture conditions [34-45]. Among the various differentiation
potential, the osteogenic and adipogenic differentiation are most widely studied and supposed to make great
contributions to tissue engineering. To induce the osteogenic differentiation, MSCs are usually cultured with
DMEM medium supplemented with 10% FBS, 1000 mg/L glucose, 584 mg/L glutamine, 100 pg/mL
streptomycin, 100 U/mL penicillin, 50 mg/L ascorbic acid, 0.1mM nonessential amino acids, 100 nM
dexamethasone and 10 mM p-glycerophosphate disodium salt hydrate [46]. The osteogenic differentiated
cells can be characterized using various methods. The staining of alkaline phosphatase (ALP), Alizarin Red
S and Von Kossa can be used to judge the mineralized matrix [47-49]. Immunofluorescence staining of
matrix proteins osteopontin (OPN) and osteocalcin (OCN) can also be used to evaluate the osteogenic
differentiation of MSCs [50]. Certainly, the osteogenic differentiation related gene expression (RUNX2,
BMP2, ALP, etc.) measured by polymerase chain reaction (PCR) is also helpful. To induce the adipogenic
differentiation, MSCs are usually cultured with DMEM medium supplemented 10% FBS, 4500 mg/L
glucose, 584 mg/L glutamine, 100 ug/mL streptomycin, 100 U/mL penicillin, 0.4 mM proline, 50 mg/L
ascorbic acid, 0.1 mM nonessential amino acids, 1 uM dexamethasone, 10 pg/mL insulin, 0.5 mM
methylisobutylxanthine and 100 uM indomethacin [16]. Fat droplets which can be stained using Oil Red O
and Niel Red are good markers for adipogenic differentiation of MSCs [51]. The expression level of maker
genes such as peroxisome proliferator-activated receptor y2 (PPARYy2), fatty acid binding protein 4 (FABP4)
and lipoprotein lipase (LPL) are used to evaluate the adipogenic differentiation [52-56].

1.2 Stem cell fate determination regulated by microenvironment

There are plenty of obstacles need to be overcome in order to promote the clinical application of
stem cells. The most urgent problem is to reliably determine stem cell fate. It is always challenging because
there are many complex influence factors regulated by cell microenvironment. Cell microenvironment (cell
niche) refers to the microenvironment where the cells are found [57]. It is very important especially for stem
cell fate determination no matter under in vivo or in vitro conditions. During development, various niche
factors affected the gene expression of stem cells to induce either self-renewal or differentiation of stem cells
[58-60]. In vivo, stem cell niches maintain the cells in a quiescent state, but after tissue injury, the
surrounding microenvironment activates signals to stem cells to either promote self-renew or differentiation
to form new tissues. Several factors are important to regulate stem cell characteristics within the niche such
as soluble or tethered factors, cell-cell interactions between stem cells, as well as interactions between stem
cells and neighboring differentiated cells, ECM components and physical morphogens (Figure 1.3) [61].
During in vitro culture, the cell culture substrates or other biomaterials need to be taken into account as they
become part of the cell microenvironment. The cells firstly contact to the substrate and depending on the
properties of the contacting surface, the cell adhesion, spreading, migration, proliferation, differentiation and
even apoptosis can be triggered. In one word, these external stimuli from cell microenvironment regulated
internal signals that determine stem cell fate.
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Figure 1.3 Cell microenvironment mainly refers to the soluble factors, neighboring cells, extracellular matrix
(ECM) and the physical morphogens that play critical roles in cell fate determination.
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1.2.1 Soluble factors

The soluble factors are composed of the soluble oxygen, nutrients, cytokines, growth factors and
proteins supplemented in cell microenvironment and play important roles in regulating cell behaviors.
Meanwhile, these soluble factors can also be tethered to the ECM in order to alter their local concentration
and stability. Previous studies reported that the synovial fluid from patients with rheumatoid arthritis (RA-SF)
containing transforming growth factor-betal (TGF-B1) induced the myogenic differentiation of
adipose-derived mesenchymal stem cells [62]. Immunodepletion of TGF-B1 from RA-SF inhibited the
expression of a-smooth muscle actin (a-SMA) indicating that TGF-f1 played critical role in RA-SF-induced
myogenic differentiation of MSCs. And TGF-$ were also shown to be involved in self-renewal of stem cells
[63,64]. Meanwhile, the TGF-B3 can be immobilized onto scaffold and hydrogel to induce the chondrogenic
differentiation of MSCs [65,66]. Fibroblast growth factors (FGF) are important in neurogenic differentiation
of stem cells. In presence of FGF-2, ESCs formed numerous progenitor cells with neural-like structures and
can differentiated into neurons and astrocytes after transplantation into mouse brain [67]. And nanofibers
tethered with FGF-2 were able to support proliferation and colony formation of ESCs [68]. Interestingly, the
epidermal growth factors (EGF) were also reported to regulate neurogenic differentiation of stem cells.
Induced by EGF, partial MSCs differentiated into neuron-like cells in vitro [69]. And both the soluble or
tethered EGF was reported to induce the osteogenic and adipogenic differentiation of stem cells [70,71]. The
leukemia inhibitory factor (LIF) secreted by fibroblast is essential for in vitro expansion of ESCs no matter
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supplemented in medium or immobilized on culture substrate [72,73]. The self-renewal rate of ESCs
decreased in absence of LIF.

Besides the growth factors, small molecules as one of the components of soluble factors are also
involved in stem cell fate determination. The oxygen tension was shown to be related with the differentiation
of stem cells. Hypoxia condition (low concentration of oxygen) facilitated the neurogenic differentiation of
ESCs and chondrogenic differentiation of MSCs [74,75]. Dexamethasone (Dex) known as a steroid drug was
reported to influence stem cell differentiation. Low concentration (10-100 nM) promoted the osteogenic
differentiation of MSCs, while high concentration (1 puM) induced adipogenic differentiation [46,16].
Recently, the extracellular vesicles (e.g. exosomes) released from cells attracted lots of interests. The
extracellular vesicles are composed of various soluble factors and the synergistic influence of sets of soluble
factors can be investigated. The exosomes released from skeletal muscle cells were able to induce the
myogenic differentiation of adipose-derived stem cells [76]. And proosteogenic exosomes induced the
osteogenic differentiation of MSCs and could be tethered to ECM to have long-term effect [77].

1.2.2 Extracellular matrix

The extracellular matix (ECM) refers to the extracellular molecules that provide the structural and
biochemical support for cells [78]. The ECM are secreted by the cell in the matrix and composed of two
major classes of macromolecules: glycosaminoglycans and fibrous proteins. The glycosaminoglycans usually
covalently link to proteins and form the proteoglycan that provide the gel-like environment that protect cells
from mechanical stress while permitting the exchange of the nutrients and metabolisms. The fibrous proteins
participate in the construction of the ECM and mediate cell migration and other cell behaviors.

The ECM has important roles in cell fate determination. Several methods have been developed to
acquire the multiple components of ECM such as tissue decellularization, cell-derived ECM and chemical
coating of ECM. A decellularized heart with preserved ECM and vascular architecture was prepared by
coronary perfusion with detergent [79]. The decellularized heart was seeded with cardiac and epithelial cells
and incubated in a bioreactor that mimics cardiac physiology. After 28 d culture, a functional artificial heart
was obtained. Similarly, artificial liver, kidney and cartilage could be obtained using decellularized method
[80-82]. Cell-derived ECM can also used as culture substrate for regulation of stem cell functions. For
instance, the osteogenic differentiated MSCs-derived ECM facilitated the osteogenic differentiation of MSCs
[83]. And a series of stepwise ECM derived from different stage of osteogenic, adipogenic and chondrogenic
differentiated MSCs were developed to simulate the dynamic change of ECM during tissue formation
[84-86]. Coating of ECM molecules provides the simple method to investigate the influence of certain types
of ECM component on stem cell functions. Using an ECM microarray platform, five types of ECM
molecules (collagen I, 111, 1V, laminin and fibronectin) were arranged into 32 different combinations to
induce the differentiation of ESCs [87].

The researches mentioned above were mainly focused on the influence of biochemical composition
on stem cell fate determination. Since the ECM also provide the structural and mechanical support for cells,
their biophysical properties were also important for stem cells. Recently, the topographical features of ECM
were reported to influence the adhesion, migration, self-renewal and differentiation of stem cells. Increasing
in surface roughness (ranging from 3.5 nm to 80 nm) enhanced the neural stem cell adhesion and spreading
and promoted their differentiation into neuron cells [88]. The periodic grooved surfaces enhanced the cell
adhesion and guided cell orientation which facilitated the myogenic and neurogenic differentiation of stem
cell [89,90]. Depending on the arrangements of 120 nm diameter and 100 nm deep nanopits, MSCs
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underwent self-renewal and osteogenic differentiation, respectively [91,92]. Another widely studied
biophysical property of ECM was the elasticity. As previous report, stem cells would differentiate into
various cell types depending on the elasticity of ECM. The MSCs underwent neurogenic, myogenic and
osteogenic differentiation on soft (0.1-1 kPa), middle (8-17 kPa) and stiff (25-40 kPa) matrix, respectively
[93]. While in another study, PVA/HA hydrogel with gradient stiffness was prepared to study the influence
of stiffness gradient on differentiation of MSCs. The results showed that the MSCs underwent neurogenic,
myogenic, chondrogenic and osteogenic differentiation on matrix with stiffness of 20 kPa, 40 kPa, 80 kPa
and 190 kPa, respectively [94]. According to those researches, MSCs would differentiate into neuron or
other soft tissues when cultured on ECM with low stiffness, while differentiate into bone and other hard
tissues when cultured on ECM with high stiffness. But depending on the ECM component, the required to
undergo same differentiation might be different indicating a strong correlation between ECM chemistry and
mechanics to regulation stem cell functions.

1.2.3 Cell-cell interactions

In multicellular tissues, cells may cling to one another through several types of junctions including
anchoring junctions, occluding junctions, channel-forming junctions and signal-relaying junctions. The
anchoring junctions and occluding junctions provide the spatial and geometrical constraints of cells. The
channel-forming junctions and signal-relaying junctions have important roles in signal transmission because
they allowed the exchange of signal molecules and other metabolism. Direct interactions between stem cells
and supporting cells modulate stem cell retention and regulation. In vivo, endothelial cells (EC) stabilization
via MSCs interactions is known to facilitate the maturation of blood vessels impacting many physiologic
systems, from tumors to engineered tissues [95]. And direct cell-cell interactions between neural stem cells
and their niche cells maintained the quiescent state of the stem cells [96]. Additionally, human ESCs have to
aggregate into clusters for their survival and self-renewal indicating that the cell-cell interactions between
stem cells themselves are also important factors for stem cell fate determination [97].

In vitro, the most commonly used method for investigating the influence of cell-cell interaction on
relevant cell properties is straightforward cell-cell contact. By changing the cell seeding density, the cell
position can be modulated to control the degree of cell signaling. Cortical stem cells differentiated into
neurons, astrocytes and oligodendrocytes with strong cell-cell interactions, and differentiated into smooth
muscle cells with weak cell-cell interactions [98]. More precisely controlled cell-cell interactions could be
achieved using micropattened surfaces. Semi-quantitative analysis of the cell-cell interactions showed that
the osteogenic and chondrogenic differentiation potential of MSCs enhanced with the increase of cell-cell
interactions [99-102].

1.2.4 Physical morphogens

During development, tissues are always suffering various physical stresses such as compression,
stretch, shear flow and electrical stimuli and so on. And these physical morphogens are necessary for
regulation of cell functions and even tissue formation [103]. Applying compressive force (2 g/cm?) to human
pluripotent stem cell line C2C12 enhanced their osteogenic and chondrogenic differentiation while
suppressed the adipogenic differentiation [104]. Compression could also promote the osteogenic
differentiation of MSCs and inhibit the adipogenic differentiation of adipose-derived stem cells [105,106].
Static stretch force leaded to MSCs alignment along the pre-stretched direction and promoted the myogenic
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differentiation [107]. And stimulated by cyclic stretching force, MSCs were reported to differentiate into
osteoblast and cardiomyocyte [108,109]. Shear fluid mimics the shear force generated by blood flow and can
be used to investigate the tissue morphogenesis during in vivo condition. Many studies reported that shear
flow affected the cell alignment and cell fate determination [110-113]. The physical stimuli especially these
mechanical forces participated in regulation of cell functions through mechanotransduction pathway. The
mechanical signal can affect the enzyme protein activity which biochemically regulate cell functions, or
directly transferred to nucleus through cytoskeleton architecture [114-116].

1.3 Micropatterning for Stem cell fate determination

As mentioned above, cell microenvironment plays pivotal role in stem cell fate determination.
Therefore, technologies to simulate the microenvironment are necessary and essential for tissue engineering
and regenerative medicine. Micropatterned cell culture substrates are one of the useful biomaterials which
mimic cell microenvironment to control cell morphogenesis and functions [117]. Conventional cell culture
using uniform substrates lacks the control of cell morphology which is important for cell function
manipulation. In contrary, micropatterned cells had controlled and stable morphology which enabled the
investigation of the influence of subcellular components (e.g. cytoskeleton) on cell functions. Therefore,
micropatterning is an important technique for design and engineering of biomaterials to mimic in vivo
microenvironment [118].

1.3.1 Cell micropatterning methods

Micropatterning of single and multiple cells has promoted the development of biosensors,
microarrays, and biomaterials for cell function manipulation [119,120]. Several micropatterning techniques
have been developed to precisely control the cell morphologies such as photolithography, soft lithography,
photoimmobilization, laser/plasma ablation, stencil-assisted patterning, and robotic printing.

1.3.1.1 Photolithography

Photolithography was initially used for fabrication of electronic microcircuits in semiconductor
industry. Lately, it was explored to be applied in biomaterials engineering and used as a dominant method for
micropatterning of inorganic substrate such as silicon wafer, glass and metal. In the photolithography process,
the geometric features on a mask were transferred onto the target substrate using UV illumination (Figure
1.4). The target substrate is usually coated with photoresist material. The positive photoresist will become
soluble in developing solution, while the negative one became insoluble in developing solution. Then the
surface is covered by a quartz mask with designed microfeatures and exposed to UV illumination. After
initial development, the photoresist micropattern is obtained. In the following step, biomolecules (e.g.
fibronectin) are allowed to adhere on to the surface. After photoresist lift-off, the biomolecules
micropatterned surface is prepared. Various micropatterns have been prepared for cell biology study using
the photolithography method. For instance, the hydrophobic heptadecafluoro-1,1,2,2-tetrahydrodecyl-
trichlorosilane self-assembled monolayers were micropatterned onto a silicon oxide adhesion layer at single
cell level [121]. And the micropatterns can support the osteoblast networks for more than 2 weeks. Although
photolithography is a good method for micropatterning, there are still some limitations of this method. Clean
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room and other expensive facilities are needed which are not easily available for biologists. Additionally,
organic solvent used for development is toxic and the residual is harmful to cells and may denature the

biomolecules.
Photoresist l—lul_lllﬁul_uﬁ Mask
I ... st

surface
; U.V. Development
illumination

Figure 1.4 Typical photolithography micropatterning process

1.3.1.2 Soft lithography

Soft lithography refers to a set of techniques used to create micropatterns using a soft elastomeric
stamp developed by Whitesides and colleagues [122,123]. This method can provide feature size in several
hundreds nanometer scale. Two most typical micropatterns methods are microcontact printing and
microfluidic patterning [124,125].
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Stamping to a surface Following biomolecules with channels
Micropatterned surfaces Micropatterned surfaces

Figure 1.5 Schematic procedure for microcontact printing (left) and microfluidic patterning (right).

An elastomeric stamp is necessary for the patterning processes. The poly(dimethyl)-siloxane
(PDMS) stamp is used in most cases. Other alternative materials such as poly-olefin-plastomers (POP) and
agarose were also reported to be used as stamp for soft lithography micropatterning [126,127]. Depending on
the methods, the stamp may be used in different ways. For instance, in a microcontact printing process, the
stamp firstly will be immersed in biomolecule solution to allow the attachment of interest biomolecules. And
then the stamp will contact with a substrate under a pressure in order to transfer the biomolecules onto the
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substrate to obtain the micropatterned surfaces (Figure 1.5). While in a microfluidic patterning process, the
cast PDMS stamp will directly contact with the substrate and then the biomolecule solution will flow through
the microchannels between the PDMS stamp and substrate until the micropatterns form. Soft lithography has
become a widely used method for cell micropatterning with low cost. And some other derived methods
include micromolding in capillaries, microtransfer molding, replica molding and solvent-assisted
micromolding [122,128-130]. However, several shortcomings need to be considered for application of this
method. The elastomeric stamps are easily deformed and may cause the distortion of the micropatterns. And
it is not suitable for patterning on soft substrate. This method is not appropriate for multiple molecule (more
than two) patterning. And the ligand density usually cannot be precisely controlled using soft lithography.

1.3.1.3 Photoimmobilization

Photo-reactive molecules can be immobilized onto a substrate to generate the micropatterns for
manipulation of cell morphology. In a general process, photo-reactive polymers will be firstly coated onto
the substrate and irradiated upon UV or laser irradiation under a photomask with various microfeatures.
After development, the micropatterned surfaces can be acquired (Figure 1.6). Different photo-reactive
polymers including photo-reactive poly(ethylene glycol) (PEG), photo-reactive polyallylamine (PAAmM) and
photo-reactive poly(acrylic acid) (PAAc) were prepared for the micropatterning process [131]. This is a
simple and robust method to prepare the micropatterned surfaces. Majority of the organic cell culture
substrates can be used for micropatterning. Meanwhile, the chemical bonded micropatterns are suitable for
long-term cell culture. Furthermore, the surface properties (wettability, static electric charge, etc.) can be
tuned by using various photo-reactive polymers.

ﬂ ul_l u ﬁ u Qu ﬁ Photoask &@ e @ @ @ Micropatterned

- W

Photo-reactive cells
polymer [N )i\ M

substrate
. U.V . Cell seeding
illumination

Coating

Biomolecule
DN )

Figure 1.6 Schematic processes for photoimmobilization patterning.
1.3.1.4 Other micropatterning methods

Other typical micropatterning methods include laser/plasma ablation, stencil-assisted patterning and robotic
printing. Laser or plasma with huge energy can be used to directly generate micro- or nano-features on
substrate [132]. This method has high resolution (several nm) but also high cost in both time and money.
Therefore, it is not appropriate for large scale preparation of micropatterns. A stencil has similar function as
a mask but with through-holes of designed geometries. Compact the stencil with the substrate enabled the
locally modification of the substrate through the holes while kept the region outside the holes unmodified.
Then peeling off the stencil, and the micropatternd surface can be acquired. This method is adequate for
coculture of two cell types. After putting the stencil on cell-adhesive substrate, first cell seeding will be
performed without any modification of the substrate. The first type of cells will attach onto the substrate
through the holes. Then, the unattached cells will be removed and the stencil will be peeled off. A second
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cell seeding of different types of cells will allow the cells attach onto the remaining cell adhesive region on
the substrate. Therefore, the coculture of two types of cells can be achieved [133]. Robotic printing has two
types of printing techniques including contact and non-contact printing. Contact printing directly delivers the
biomolecule solution with a tiny needle [134]. This method may destroy the substrate mechanically.
Non-contact printing using a glass capillary as the needle and attached with piezoelectric fitting to contract
the capillary selectively print the biomolecule onto the substrate [135]. This method can avoid the damage
caused by direct contact of needle and substrate, but the processing time will increase a lot.

1.3.2 Application of micropatterning in biological field

Micropatterning technology is becoming increasingly popular in biomedical research, since it can
provide many biophysical cues which can be highly controlled by designing different pattern geometries.
During past decades, many studies have been done to explore the influence of cell microenvironments on cell
functions by using micropatterns. Naturally, the microenvironment firstly affects cell adhesion and spreading
through regulation of focal adhesions (FAs) formation. The cell adhesion and spreading state further
determines the cytoskeleton architecture and the establishment of cell polarity. All these properties regulate
the gene expression of cells through different pathways and finally affected the proliferation and
differentiation of stem cells.

1.3.2.1 Cell adhesion on micropatterned surfaces

Cell adhesion to extracellular matrix (ECM) plays an important role in many cell behaviors
including the migration, proliferation and apoptosis [136]. When cell contact with the ECM, initial cell
adhesion onto a ECM is dominated by the binding of integrin receptors to the extracellular matrix (ECM)
molecules (fibronectin, vitronectin, laminin, etc.). Activated integrin receptors cluster together with a
complex of structure proteins (talin, vinculin, etc.) to form the FAs. The FAs are tightly associated with
cytoskeleton and stabilized by actin-myosin contractility. In return, the reinforced FAs affect the assembly of
cytoskeleton which determines cell shape. The generated intracellular force can be applied onto the
underlying substrate through the cytoskeleton and FAs, and can mediate many cell behaviors such as
migration, proliferation and differentiation. Until now, integrin-based cell adhesion and cadherin-dependent
cell adhesion have been studied by using micropatterns.

Integrins are transmembrane receptors that attach the cytoskeleton to the ECM. Its formation and
maturation was reported to be correlated with the cell size which can be controlled by micropatterns [137].
And a correlation between the tyrosine kinase signaling with FAs and the cell size also existed. At single
molecule level, the clustering of the intergrins was regulated by the distance between the adhesion spots
[138]. When the distance is larger than 73 nm, aberrant FAs formation can be observed and the cell adhesion
and spreading is limited. When the distance is smaller than 58 nm, intergrins cluster together and effective
cell adhesion and spreading will be observed.

Cadherins are another class of thransmembrane proteins that play important roles in cell adhesion
and cell-cell interactions. Recently, it was reported that the cadherin-based adhesion network is
mechanosensitve [139]. The cadherins are coated onto the elastic polyacrylamide hydrogels with different
stiffness. And cells cultured on stiff substrates form cadherin clusters and the intracellular tension is higher
indicating the the cadherin-based adhesion is involved in the mechanotransduction pathway. Future studies
should focus on generation of co-patterning of integrin and cadherin to reconstruct physiological adhesive
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microenvironment.
1.3.2.2 Cell polarity regulated by micropatterned surfaces

Cell polarity refers to the spatial organization of cellular components. The cytoskeleton structure
can be manipulated by the micropatterns and the oriented cytoskeleton will guide the formation of cell
polarity. Micropatterns with various shapes can force cells to spread non-adhesive areas over which cells
form reinforced actin bundles and enhance the RhoA pathway which affects the cytoskeleton force
distribution [140]. Annular micropatterns are used to investigate the cell migration. Cells located at inside
and outside of a donut micropattern showed different migration speed. The inside cells spread
homogeneously, while the outside cells formed leader and follower cells during migration [141]. The
intracellular organization including the positioning of Golgi apparatus, centrosome and nucleus of cells is
also dependent on their adhesive geometries. Therefore, the anisotropic micropatterns can be used to direct
surface polarity and intracellular organization of cells [142]. Also cell division is orientated relative to the
microenvironment geometry. A localized reduction in cell adhesion prevents spindle pole positioning toward
this region. By contrast, a localized increase in cell adhesion attracts spindle poles [143].

1.3.2.3 Stem cell differentiation on micropatterned surfaces

Cell morphogenesis regulated by the micropatterns not only affects cytoskeleton structures, but also
determines the cell fate such as proliferation and differentiation. Spreading area, shapes and aspect ratio as
the biophysical cues which can change the cell contraction were confirmed to influence the differentiation of
stem cells as summarized in Figure 1.7 based on previous studies [144-151].

Conditions
Cell type Micropattern Biochemical Cell fate
Low High cues
contractility contractility
O D Mixed O D
induction
Mesenchymal O * medium O *
stem cells Adipocytes  Osteoblasts
(MSCs)
- D TGF-p O D
Chondrocytes Myocytes
o ) o (]
Epidermal Growth
stem cells factors
(] —= S —
Differentiate Grow
Matrix
Ep]thellal metalloproteinase-3 D
stem cells D D Low concentration D
of TGF- B Grow Differentiate

Figure 1.7 Cell fate determination regulated by micropatterned surfaces. The proliferation and differentiation
of cells are dependent on both cell type and ECM micropatterned geometries.
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1.4 Motivation, objectives and outline

1.4.1Motivation

Stem cells are promising cell source for tissue engineering and regenerative medicine due to their
inherent multi-potency and self-renewal properties. However, the unspecific differentiation and loss of
stemness during cell culture limit the clinical application of the stem cells. In vivo, the majority of stem cells
are quiescent under homeostasis, but capable to undergo activation upon stimulation. The stem cell fate was
mainly determined by their microenvironment including soluble and tethered factors, extracellular matrix
(ECM), neighboring cells and physical morphogens. Strategies to mimic the microenvironment are needed
for manipulation of stem cell functions.

Conventional efforts using soluble factors, ECM components, cell coculture and physical stimuli
are mainly performed on uniform substrates. This is suitable for analysis of entire cell population at multiple
cell level. However, the morphology and cytoskeleton architecture of individual cells cannot be controlled.
In contrary, micropatterning technology can provide relative stable and reproducible cell morphology and
cytoskeleton assembly. Therefore, micropatterning should be a useful tool for the investigation and
manipulation of cell functions at single cell level. Commonly used micropatterning techniques include
photolithography, contact printing, laser/plasma based etching and so on. These methods have some
limitations in high cost and complex fabricating processes. Simple and robust micropatterning technology is
highly required for practical application. In this study, a simple micropatterning method will be developed to
prepare various micropatterns with stable micropatten structures during long period of cell culture.

The micropatterns have been widely used for manipulation of cell functions. They can be used to
regulate cell migration, cell polarity, cell proliferation and cell differentiation. But some issues are still
elusive. For example, the influence of cell morphology on maintenance of cell stemness, cell nanomechanics,
cell/nanomaterials interactionsand the independent influence of cell adhesion and spreading on stem cell
differentiation remain unclear. Therefore, in this research the micropatterns will be used for cell culture to
elucidate the effects of cell size and geometry on the stemness maintenance of stem cells, cell
nanomechanics, cell/nanomaterials interactions and the independent influence of cell adhesion and spreading
on stem cell differentiation.

1.4.2 Objectives and outline

In this study, photo-reactive PVA was synthesized and used for micropatterning of TCPS surfaces
by UV photolithography. A few types of photomasks were designed to control the size and geometry of
micropatterns. The micropatterns were used for culture of a few cell types to disclose the influence of cell
morphogenesis on cell functions. The details are outlines as follows.

Chapter 2 describes the influence of cell size, shape and aspect ratio on maintenance of
multipotency of stem cells. The detailed preparation processes of the micropatterns were described in this
chapter. The prepared micropatterns were characterized using phase-contrast microscope and AFM scanning.
The regulation of cell morphogenesis by micropatterns was confirmed according to phase-contrast
fluorescence images of the attached cells. The multipotency of MSCs on micropatterns was evaluated by the
expression level of surface markers. The cytoskeleton assembly, cell mechanical state and nuclear activity
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were analyzed to reveal the possible mechanism.

Chapter 3 describes the nanomechanical properties of MSCs, NHOst and MG-63 cells on
micropatterns with various sizes. Cell elasticity was firstly evaluated from approach process during AFM
nanoindentation. The cytoskeleton architecture of the micropatterned cells was stained to disclose the
relationship between cell elasticity and their cytoskeleton structure. Non-specific adhesion between cell
membrane and AFM tip was evaluated from retract process. The membrane roughness and phosphoezrin
expression were investigated to reveal the influence of cell size and type on cell non-specific adhesion. A
transfer contact assay was developed to check the influence of cell adhesion on cell migration.

Chapter 4 describes the cellular uptake of AuNPs influenced by cell morphogenesis. The AuNPs
were synthesized using the Turkevich method and conjugated with FITC labeled PEG-SH. The NPs were
characterized using SEM, TEM, DLS and fluorescence spectra. Cell morphology and membrane tension
were evaluated by fluorescence staining and AFM nanoindentation. Cellular uptake of AuNPs was detected
using confocal microscope.

Chapter 5 describes the independent influence of cell adhesion area and spreading area on
osteogenic and adipogenic differentiation of MSCs. Ten types of isotropical micropatterns that were
composed of 2 um microdots were prepared to precisely control the adhesion area and spreading area of
MSCs. The focal adhesion formation of micropattened cells was analyzed via vinculin staining. Myosin and
F-actin were stained to check the cytoskeleton assembly of micropatterned cells. Mechanotransduction was
evaluated using AFM and YAP/TAZ staining. Osteogenic differentiation and adipogenic differentiation were
analyzed by ALP staining and Oil Red O staining, respectively.

Chapter 6 gives the concluding remarks and suggests the future prospects
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Maintenance of multipotency

Chapter 2

Stemness variation of human mesenchymal stem cells by

micropatterns

2.1 Summary

In this chapter, a method to prepare precisely controlled micropattern structures was developed by
using photo-reactive poly(vinyl alcohol). The micropatterns were designed to have different size, shape and
aspect ratio. The micropatterns were used for culture of human bone marrow-derived mesenchymal stem
cells at single cell level to investigate how the micropatterns affect the functions of stem cells. The
morphogenic features of stem cells were regulated by the micropatterns. The stem cells in the micropatterns
showed different properties of cell quiescence, stemness and nanomechanics. The cells with small spreading
area and low aspect ratio were more quiescent and softer than their large and elongated counterpart, and they
showed higher potential to maintain the multipotency of stem cells. The stemness of stem cells could be
controlled by the micropattern structures. The results provided very useful information for stem cell research
and regenerative medicine.

2.2 Introduction

Stem cells have attracted tremendous attention in tissue engineering and regenerative medicine
because of their pluripotency in differentiation to different cell types. Mesencymal stem cells (MSCs) are one
of the most commonly used stem cells due to their easy availability, high expansion efficiency and
multilineage differentiation [1-4]. Multipotency and self-renewal are the essential characters of stem cells [5].
In vivo, the majority of stem cells are quiescent under homeostasis, but capable to undergo activation upon
stimulation [6]. The quiescent state contributes to stem cell maintenance. Stem cells may lose their
pluripotency during in vitro expansion culture which limits their application in clinical use [7]. Motivation to
maintain the stemness of stem cells during expansion culture has initiated plenty of researches to disclose
details of interaction between stem cells and biomaterials [8-13]. Biomaterials can provide various
physiochemical and biological cues to interact with stem cells and therefore impact significant influence on
stem cells functions. For instance, micropatterns which enabled the geometrical and mechanical control of
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cell morphogenesis have been extensively used to regulate stem cell survival, proliferation and
differentiation [14]. However, the influence of spreading area, aspect ratio and geometry of cells on the
stemness of stem cells remains unclear. Thus in this study, different micropatterns were prepared to control
the spreading area, geometry and aspect ratio of single stem cells and disclosed the influences of these
physical cues on the maintenance of stemness of MSCs.

2.3 Materials and methods

2.3.1 Materials

The chemicals and reagents were purchased from Sigma Aldrich unless otherwise noted.
Polystyrene tissue culture flasks and dishes were purchased form BD Falcon. MSCGM medium were
purchased from Lonza. Human MSCs were obtained from Osiris Therapeutics, Inc. (Columbia, MA) at
passage 2. BrdU labeling reagent and the secondary antibodies used for immunofluorescence staining were
purchased from Invitrogen TM (Grand Island, NY). 4’,6-diamidino-2-phenylindole (DAPI) mounting
medium was purchased from Vector Laboratories, Inc (Burlingame, CA). The primary antibodies mouse
anti-CD44s, mouse anti-CD45, mouse anti-CD106 and mouse anti-STRO-1 were purchase from R&D
Systems (Abingdon, OX). Rabbit anti-CD11b and rabbit anti-CD73 were purchased from Novus Biologicals
(Littleton, CO). Mouse anti-CD19 was purchased from Imgenex (San Diego, CA). Mouse anti-CD105 was
purchased from Exbio (Vestec, Czech Republic). Mouse anti-CD34 was purchased from Cayman Chemical
(Ann Arbor, Michigan). The secondary antibodies Alexa Fluor 488-conjugated anti-mouse 1gG, Alexa Fluor
488-conjugated anti-mouse IgM and Alexa Fluor 488-conjugated anti-rabbit 1gG were purchased from
Invitrogen TM (Grand Island, NY). AFM cantilevers were purchased from Bruker (Camarillo, CA) and
Novascan Technologies, Inc. (Ames, IA).

2.3.2 Preparation and characterization of micropatterns

Photo-reactive azidophenyl-derivatized poly(vinyl alcohol) (AzPhPVA) was synthesized by
introducing azidophenyl groups into PVA according to previous report (Figure 2.1a) [15,16]. Briefly,
Dimethyl sulfoxide (DMSO) solution (2 mL) containing dicyclohexylcarbodiimide (234 mg, 1.13 mol,
Watanabe Chemical Industries, Ltd.) was added dropwise to 5 mL DMSO solution containing
4-azidobenzoic acid (185 mg, 1.13 mmol, Tokyo Chemical Industry Co., Ltd.) under stirring at room
temperature in the dark. Then, 2 mL of DMSO solution dissolving 16.8 mg 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 poly(vinyl alcohol) (MW 44,000, 2.26 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 that formed during the reaction was filtered off, and
the filtrate was collected and purified by dialysis against Milli-Q water. The azidophenyl groups introduced
in AzPhPVA were characterized by 1H-NMR (Figure 2.1). The percentage of azidophenyl groups in
AzPhPVA was determined by 1H-NMR from the peak intensities of the azidophenyl protons at around 7 ppm,
and those of the methylene and methylidyne protons of the polymer main chain at 1.5 and 3.9 ppm,
respectively.
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Figure 2.1 "H-NMR spectrum of the synthesized photo-reactive PVA.

The polystyrene plates were cut from tissue culture flask and coated with 0.2 ml of 0.35 mg/mi
AzPhPVA solution and then air-dried at room temperature in the dark. The plates were covered with
photomasks of different micropatterns and irradiated with UV light (Funa-UV-linker FS-1500) at 0.25 J/cm?
from a distance of 15 cm. After irradiation, the plates were immersed in Milli-Q water and ultrasonicated to
completely remove any unreacted polymer (Figure 2.2). The micropattrens of different sizes, shapes, and
aspect ratios were prepared to control the cell morphogenesis which allowed us to investigate the influences
of these biophysical features on stemness of MSCs. The surface topography of PVA-micropatterned
polystyrene plates were characterized by a MFP-3D-BIO atomic force microscope (Asylum Research, Santa
Barbara, USA). The micropatterns were sterilized with 70% ethanol followed by aseptic water washing and
used for cell culture.
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Figure 2.2 Preparation of the PVA micropatterned TCPS surfaces. (a) Photo-reactive PVA was synthesized by
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coupling azidobenzoic acid with PVA. (b) The PVA micropatterned TCPS surfaces were prepared using UV
photolithography. The photo-reactive PVA was chemically bonded onto TCPs surface upon UV irradiation.

2.3.4 Cell purification and culture

The human MSCs were seeded onto a cell culture dish (58.9 cm?) at passage 2. Around 20 cells
were added into each dish and subcultured with MSCGM medium (Lonza Group Ltd.) for 3 weeks to get cell
colonies. 0.3% crystal violet was used to stain the formation of colonies. Colonies greater than 4 mm in
diameter were collected and subcultured in 25 cm? tissue culture flasks for another 3 weeks to get
homogeneous cell mass (Figure 2.3). The cells were treated with serum free low glucose DMEM medium
(starvation) for 24 h to obtain the cells at GO/G1 enriched state. Subsequently the cells were collected and
seeded on different micropatterns at a density of 3000 cells/cm® The cells were then cultured with low
glucose DMEM medium supplemented with 10% FBS and 1% penicillin/streptomycin. The cells attached
onto the micropatterned surfaces and spread within the micropatterns to show the same geometries as the
underling polystyrene micropatterns.
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Figure 2.3 Cell purification process. (a) Purification process of the homogeneous MSCs mass. (b)
Phase-contrast micrograph of attached single cell on culture dish. (¢) Phase-contrast micrograph of MSCs
colony after 3 weeks culture. (d) Photograph of MSCs colonies stained by crystal violet to show their size
and distribution. (e) Phase-contrast micrograph of the confluent MSCs form one MSCs colony. The confluent
MSCs kept stem cell-like spindle shape.

2.3.5 Immunofluorescence staining

Cells were stained for different surface markers to check the multipotency of cells. Cells were fixed
with 4% paraformaldehyde for 10 min at room temperature and blocked with 2% BSA and 0.3 M glycine
mixture solution for 30 min followed by PBS washing. Primary antibodies were diluted in 1% BSA solution
at different concentration according to the protocol. The samples were incubated with the diluted primary
antibodies at room temperature for 1.5 h and washed with PBS for three times. Secondary antibody labeling
was performed in 1% BSA solution at room temperature for 1 h. Subsequently the cells were permeabilized
with 0.2% Triton X-100 in PBS solution for 2 min and stained with Alexa Fluor-594 phalloidin for 20 min.
Nuclei were stained with DAPI. The percentage of the cells positively stained with the antibodies was
counted with fluorescence microscopy. Only single cell was counted in each experiment and at least 100
single cells were analyzed. Three independent experiments were performed to calculate the means and
standard deviations.
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2.3.6 Nuclear activity evaluation

After 6 h culture of MSCs on the micropatterns, non-adherent cells were removed by medium
change and low glucose DMEM medium supplemented with 10% FBS, 1% penicillin/streptomycin and 1%
BrdU labeling reagent (v/v) was added. After 24 h incubation, the cells were washed with PBS and fixed
with 70% ethanol for 30 min followed by PBS washing. Cells were denatured with 2 M HCI for 30 min and
then 0.2% Triton X-100 was used to permeabilize cells for 10 min. 2% BSA in PBS solution was used to
block the cells for 30 min. Cells were incubated with monoclonal mouse anti-BrdU primary antibody (1:200)
at room temperature for 1.5 h and then with Alexa Fluor 488-conjugated anti-mouse 1gG antibody (1:500) at
room temperature for 1 h followed by PBS washing. Mounting medium with DAPI (Vector) was used to
mount the samples and stain the nuclei. The percentage of cells staining incorporation of BrdU was counted
by using fluorescence microscopy. Three independent experiments were performed to calculate the means
and standard deviations.

2.3.7 Cell mechanics measurements by atomic force microscopy

Cell mechanical properties were measured with a commercially available MFP-3D-Bio AFM
microscope. An optical microscope was used to find cells and control the position of the AFM tip. Silicon
nitride cantilevers with 600 nm diameter glass ball as a probe were used. Although the cantilevers had
nominal spring constant (k = 0.06 N/m), the exact spring constant was measured before each experiment
using the thermal tuning method [17]. Force-volume height imaging (FVH) was performed to acquire the
cell height map. The scan size was set to 20 pixel x 20 lines at a 80 x 80 um’ area. The image was recorded
at an indentation velocity of 8 um/s with a trigger force of 3 nN. The acquiring image was used to select the
region of interest where the force curves were collected. All the force curves were obtained at the highest
region of cells with a loading rate of 4 um/s and a trigger force of 3 nN. The samples were immersed in
DMEM/HEPES serum medium and measured at room temperature. Live/dead staining was performed after
the measurement to detect whether the cells were still alive.

The force curves were fitted to Hertz’s contact model to calculate the Young’s modulus of cells.
According to the probe geometry, parabolic model was used and the formula is given by:

F(8) =3 VR-E, - 5*/2 )

where F is the loading force, R is the radius of the tip, Er is the reduced Young’s modulus and & is the
indentation depth. The reduced Young’s modulus Er is related with the Young’s modulus of sample Es and is
given by:

1_1—v§+1—v§ @

E. E, E,

where vt and vs are the Poisson ratios of tips and samples. Since the Young’s modulus of tips material (SiO2)
is much greater than that of living cells, equation (2) can be simplified as following:

— ES

=12 3)
The Poisson ratio of sample is assumed to be 0.5 since cells can be treated as soft incompressible materials
[18].

E,

27



Maintenance of multipotency

2.3.8 Statistical analysis

The data was presented as mean + standard deviation (SD). Statistical analysis was performed
using a one-way analysis of variance (ANOVA) with Tukey’s post hoc test for multiple comparisons to
confirm the significant differences among samples. A value of p < 0.05 was considered to indicate
statistically significant difference.

2.4 Results

2.4.1Preparation and characterization of the micropatterns and purified cell mass

Photo-reactive PVA was micropatterned on TCPS surface using UV photolithography. A transparent
quartz slice with interval nontransparent micro-features was used as the photomask. Cell adhesive TCPS
micropatterns were surrounded by non-adhesive PVA. The thin PVA grafted to the substrate surface could
resist cells from migrating and spreading across the PSt micropatterns. Three types of micropatterns with
different spreading areas, geometries and aspect ratios (Figure 2.4) were prepared. They were circular
micropatterns having a diameter of 20, 40, 60 and 80 um and a respective surface area of 314, 1256, 2826
and 5024 pum? 1134 um? micropatterns having a geometry of circle, triangle, square, pentagon and hexagon;
and 706 pum? ellipse micropatterns having an aspect ratio of 1, 1.5, 4 and 8. The height and 3D images of the
micropatterns were observed by AFM in Milli-Q water with a contact mode (Figure 2.5). The diameters of
the PSt micropatterns and thickness of the grafted PVA layer were analyzed by section analysis (Table 2.1).
The diameters of the PSt micropatterns were nearly the same as those of the designed photomasks indicating
good controllability of the micropatterning method. The thickness of grafted PVA varied from 59.66 to 67.98
nm which was effective to constrain cells in the PSt micropatterns. The micropatterns were used for culture
of MSCs to systematically compare the influence of different morphogenic cues on stem cells functions.
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Figure 2.4 Light microscopy images of the photomasks with different size (up), geometry (middle) and
aspect ratio (down). Insert images are the prepared micropatterns.
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Figure 2.5 AFM scanning images of the 80 um diameter microdots. Height (left) and 3D view (right) of the
micropatterns.

Table 2.1 Designed and measured dimensions of the circular micropatterns with various spreading area. Data
represents the mean + SD (n=3).

Designed diameter (pum) Measured diameter (um) Measured thickness (nm)
20 19.88 +0.73 59.66 + 0.48
40 40.44 +0.20 62.92 +0.81
60 60.26 + 0.39 65.40 + 0.67
80 80.04 £ 0.24 67.98 +0.82

Human bone marrow-derived MSCs are usually isolated primarily by their tight adherence to plastic
culture dishes which will cause the initial heterogeneity [19]. In order to get the homogeneous cell mass,
purification of human MSCs was processed based on clonal culture. The initial state of purified MSCs was
checked by immunofluorescence staining. The cells expressed CD73, CD105, CD44, CD106 and STRO-1
surface markers which are commonly used to identify MSCs (Figure 2.6) while lacked expression of CD11b,
CD19, CD34 and CD45 (Figure 2.7) [20-22]. The purified homogeneous MSCs were used for culture on the
micropatterns. The MSCs attached onto the PSt micropatterns and their morphologies were controlled by
underlying polystyrene surfaces (Figure 2.8). Single MSCs arrays with different cellular size, geometry and
aspect ratio were formed.
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CD44 CD73 CD105 CD106 STRO-1

Figure 2.6 Immunofluorescence staining of the positive markers on the purified MSCs after 6 h culture in
culture dish. Nuclei (blue), surface markers (green) and F-actin (red) were stained. The purified MSCs were
positive for CD44, CD73, CD105,CD106 and STRO-1.
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Figure 2.7 Immunofluorescence staining of the negative markers on the purified MSCs after 6 h culture in
culture dish. Staining with only second antibodies without primary antibodies were conducted as controls.
Nuclei (blue), surface markers (green) and F-actin (red) were stained. The purified MSCs were negative for
CD11b, CD19, CD34 and CD45 in accordance with the criteria.
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Figure 2.8 Phase-contrast images of single MSCs attached on the micropatterns with different size (up),
geometry (middle) and aspect ratio (down). Insert images are the high miganification of typical
micropatterned cells with different morphology.

2.4.2 Influence of cell morphology on stemness maintenance of MSCs

After MSCs were cultured on the micropatterns for 2 weeks, the stemness of MSCs was analyzed by
expression of surface markers of CD44, CD73, CD105, CD106 and STRO-1. Each surface marker was
stained and the percentage of positive stained cells was counted to quantify the influence of micropatterns on
stemness variation of MSCs. The expression of CD44, CD73, CD105, CD106 and STRO-1 gradually
decreased with increase of spreading area (Figure 2.9). MSCs cultured on the micropatterns with different
geometry expressed similar level of CD44, CD73, CD105, CD106 and STRO-1 (Figure 2.10). The
expression of CD44, CD73, CD105, CD106 and STRO-1 decreased slightly with increase of aspect ratio.
Round cells (AR=1) exhibited significantly higher expression of CD44, CD73, CD105 and CD106 compared
to the cells with aspect ratio of 8 or 4 (Figure 2.11). The results indicated that the size and aspect ratio of
single cell could affect the stemness of MSCs, while shape showed no influence on stemness of MSCs when
spreading was limited. Small size and low aspect ratio were good for the maintenance of MSCs stemness.
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Figure 2.9 Influence of spreading area on expression of surface markers of single MSCs. (a) Representative
positively stained MSCs with various spreading area. Nuclei were stained by DPAI (blue) to distinguish
single cell from multiple cells. Surface marker was stained (green) to quantify the percentage of positively
stained cells to indicate the stemness of MSCs. Small micropatterned cells exhibited higher expression of
CD44, CD73, CD105, CD106 and STRO-1 than large one. (b) In general, the number of positively stained
cells decreased with the increase of spreading area indicating loss of multipotency of MSCs. The data are
represented as the mean + SD, n > 120. * p < 0.05, ** p <0.01 and *** p < 0.001.
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Figure 2.10 Influence of cell geometry on expression of surface markers of single MSCs. (a) Representative
positively stained MSCs with various geometries. (b) Cells assembled strong stress fibers at cell edge while
cell central part remained disordered. There was no significant difference of expression of surface makers
among cells with different geometries. The data are represented as the mean £ SD, n > 120. N.S. means no

significant difference.
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Figure 2.11 Influence of aspect ratio on expression of surface markers of single MSCs. (a) Representative
positively stained MSCs with various aspect ratios. (b) Elongation of cell morphology leaded to pronounced
nuclear deformation. Elongated cells had lower expression of surface molecules than circular cells. The data
are represented as the mean + SD, n > 120. N.S. means no significant difference, * p < 0.05, ** p < 0.01, ***
p < 0.001.

2.4.3 Nuclear activity of MSCs on micropatterns

In vivo, stem cells are quiescent with low activity of nucleus and metabolism which endow them
superior long-term reconstitution potential [23]. And growing evidences suggest that stem cells in a quiescent
state are prone to maintain their multipotency [24,25]. Thus it was thought that the micropatterns might also
affect the stemness through regulation of cell quiescence. To detect the influence of micropatterns on cell
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quiescence, BrdU staining which reflects the DNA synthesis of the cells was performed (Figure 2.12a). The
results suggested that spreading area had a significant influence on nuclear activity. With the increase of
spreading area, more active nuclei were detected on the micropatterns (Figure 2.12b). However, the cells
cultured on micropatterns with different geometries but same spreading area did not show significant
difference of BrdU staining (Figure 2.12c). Elongation of cells with the same spreading area resulted in
gradual enhancement of nuclear activity. When aspect ratio reached to 8, the cells had significantly higher
nuclear activity than the round (AR = 1) or ellipse (AR = 1.5) cells (Figure 2.12d). Therefore, it was
concluded that single MSC with small size or low aspect ratio preferred to keep a quiescent state with low
nuclear activity which contributed to the maintenance of MSCs stemness.
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Figure 2.12 Nuclear activity of MSCs evaluated by BrdU staining. (a) Staining images of cell nuclei cultured
on circular micropattrens with a diameter of 20, 40, 60 and 80 um. Quiescent nuclei were stained by DAPI
(blue) and activate nuclei were stained by anti-BrdU (green). (b) With the increase of spreading area, the
nuclear activity increased. (c) Cells with various geometries had similar nuclear activity. (d) More positively
stained nuclei were found in elongated cells. The data are represented as the mean £ SD, n > 120. N.S. means
no significant difference, * p < 0.05, ** p <0.01, *** p < 0.001.

2.4.4 Influence of cytoskeleton on cell mechanics

The next question is how the micropatterns modulated nuclear activity. Previous study showed that
cells responded to biophysical stimuli through reorganization of cytoskeleton [26]. F-actin filaments can bind
to the nuclear envelope anchoring proteins and generate force to the nucleus to influence its state [27].
Therefore, we thought that the micropatterns should regulate the cytoskeleton and influence the cell
mechanical state which activated or passivated nuclear activity and finally determined the stemness of MSCs.
To confirm this hypothesis, we firstly investigated the cytoskeleton architecture of single MSCs arrays on the
micropatterns from their F-actin staining images. The F-actin structure of single MSCs was significantly
influenced by spreading area (Figure 2.13a). The circular cells with large spreading area assembled their
actin filaments in both radial and concentric directions of the circle. With the decrease of spreading area, the
radial filaments gradually disappeared and the concentric filaments only assembled at cell periphery. MSCs
cultured on the micropatterns with different geometries showed similar actin organization (Figure 2.13b).
The micropatterned cells predominately assembled their actin filaments at the periphery of the cells and the
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formed stress fibers stretched along the edges of micropatterns, while no ordered filament structure was
found at the central region of cells. Aspect ratio showed significant effect on F-actin structures. Unlike in
circular cells, actin filaments in elongated cells were parallel along the long axis of the cell and spanned over
the nucleus (Figure 2.13c). Not only the cytoskeleton, the nuclear geometry was also elongated dramatically
with increase of aspect ratio and oriented towards the direction of long cell axis.

Cell mechanics which depends on cytoskeleton structure was then measured by AFM
nanoindentation. The AFM measurement of each cell was finished within 1 h to guarantee the cell viability
and all the cells attached on the micropatterns were alive after the measurement. The obtained force curves
were used to calculate the Young’s modulus of cells according to Hertz’s model. The final Young’s modulus
value was determined by fitting the Gaussian function to the histogram created from all the collected data
(Figure 2.14). The center of the fitting curve represented the average value of the Young’s modulus and the
half width at the half height was the standard deviation. The histogram became wider with the increase of
spreading area but showed similar shape for the cells with various geometries and aspect ratios. Table 2
shows the obtained Young’s modulus of MSCs. The results indicated that Young’s modulus of MSCs was
regulated by their F-actin structure which assembled according to the micropattens. MSCs with large
spreading area formed more stress fibers which assembled in radial and concentric directions of the circle.
The highly ordered actin structure resulted in a higher elasticity of the cells. With the decrease of spreading
area, cells became soft. While for cells having different geometries but same spreading area, they showed
similar Young’s modulus. The parallel stress fibers formed in elongated cells also increased the Young’s
modulus of MSCs.

(a)
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Figure 2.13 F-actin staining of MSCs cultured on micropatterns with various spreading areas (a), geometries
(b) and aspect ratios (c). (a) MSCs cultured on circular micropatterns with large spreading area exhibited
highly ordered actin network. With the decrease of spreading area, the actin filaments were weakened and
became randomly orientated. (b) Cells with different geometries formed strong stress fibers at cell edge,
while disrupt actin assembly observed at cell center. (c) With the increase of aspect ratio, MSCs formed
straight stress fibers along the long axis of cells.
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Table 2. Young’s modulus of living MSCs cultured on different micropatterns.

Diameter E (kPa) Geometry E (kPa) Aspect ratio E (kPa)
20 um 0.82 £ 0.65 circle 0.96 £ 0.61 1 0.89 £ 0.60
40 um 0.99+0.71 triangle 0.97 £0.64 15 0.93+£0.65
60 um 1.22 +0.65 square 0.95+0.63 4 1.16 + 0.68
80 um 1.38+0.94 pentagon 0.97 £0.59 8 1.23 +0.69
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Figure 2.14 Histogram of the value of Young’s modulus with Gaussian fittings obtained for MSCs cultured
on micropatterns with various (a) spreading areas, (b) geometries and (c) aspect ratios. The data were
obtained at 200 nm indentation depths. Bin size: 0.2 kPa (n > 200).

2.5 Discussion

Maintenance of multipotency of stem cells is becoming an attractive topic and various methods
have been used to investigate the self-renewal of stem cells. A recent study reported that long time culture of
MSCs on a hard unpatterned surface would cause a irreversible effects on stem cell fate by activating YAP
and RUNX2 in nucleus [28]. The mechanical dosing effects reminding us that it would be difficult to
preserve multipotency of stem cells only use conventional tissue culture plates. In this study, micropatterns
with different sizes, geometries and aspect ratios were used for culture of MSCs at single cell level to
investigate how these physical cues affect the stemness of stem cells and cytoskeleton change. After two
weeks culture on the micropatterns, the expression of CD44, CD73, CD105, CD106 and STRO-1 decreased
with increase of spreading area and aspect ratio of MSCs, while kept at similar level in cells with different
geometry.

The nuclear activity of the micropatterned cells increased with the increase of spreading area. It is
well agreed that spreading area as a crucial parameter of the nuclear deformation process can enhance cell
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proliferation. Increasing in spreading area leads to the enlargement of nucleus which activates DNA
synthesis [29]. Meanwhile, cells need to maintain an intact actin cytoskeleton which increases cell
contraction at the critical time point in the late G1 phase of cell cycle to enter S phase [30]. The ordered actin
structure observed in large cells could fulfil this requirement. When being cultured on the micropatterns of
different aspect ratios, the elongated cells assembled their parallel actin filaments throughout the cells. And
the perinuclear actin filaments formed a cap which has been reported to stimulate cell proliferation [31-33].
On the other hand, the non-elongated cells only assembled their actin filaments at cell periphery. There were
few actin filaments at the perinuclear space. Therefore, no nuclear deformation was observed. MSCs on the
micropatterns with different geometries had limited spreading area. The cells exhibited similar disrupt actin
structure at perinuclear region although they formed intensive stress fibers at cell edge. The results indicated
that the cytoskeletal structure might be an important factor for regulation of cell quiescence which
contributes to keeping stem cell phenotype.

The cellular tension which depends on cytoskeletal organization is also important for maintenance
of multipotency of stem cells. Previous study reported that round ESCs exhibited higher expression of Oct4
and Nanog than flattened ones due to the weak membrane-cytoskeleton linkages [34]. And limited spreading
area was revealed to be beneficial for the maintenance of undifferentiated state of ESCs [35]. Human
induced pluripotent stem cells (iPSCs) with weak stress fibers were Oct3/4 positive while those formed
pronounced stress fibers became Oct3/4 negative [36]. For MSCs, undifferentiated cells were found to have
low contractility compared to osteogenic differentiated cells, indicating the low cytoskeletal tension was
required to maintain the multipotency [37]. In this study, the elasticity of MSCs cultured on the
micropatterns increased with cellular enlargement which was in good accordance with previous work [28].
Similarly, the parallel stress fibers formed in elongated cells also enhanced the elasticity of MSCs. MSCs
with different geometries showed disrupt actin structure at cell center, which leaded to low elasticity.
Combined with the staining results, high elasticity of MSCs was always accompanied with low expression of
surface molecules suggesting partial loss of multipotency.

2.6 Conclusions

In summary, the cell morphogenesis was well controlled by the PSt micropatterns with different
size, geometry and aspect ratio. MSCs on the micropatterns showed different expression level of stem cell
surface markers, and accompanied with different nuclear activity, cytoskeletal structure and nhanomechanics.
The micropatterns should directly affect cytoskeletal structures. The resulting cytoskeletal structure could
determine cellular nanomechanics, nuclear activity and stemness of MSCs. Large spreading area and high
aspect ratio leaded cells to a stressed state with active nuclear synthesis, and therefore resulted in low
expression of stem cell surface markers. When spreading area was limited, changes in cell geometries did not
influence cell elasticity and nuclear activity. Ordered cytoskeletal structure resulted in high cell elasticity and
nuclear activity and decreased the expression of surface markers indicating partial loss of multipotency.
MSCs with disrupt cytoskeletal structure exhibited low nanomechanical properties and retained in a
quiescent state which promoted stem cell phenotype.
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Chapter 3

Regulation of single cell nanomechanics on micropatterns

3.1 Summary

In this chapter, the micropatterned surfaces with various sizes were prepared using
photolithographic micropatterning of photo-reactive poly(vinyl alcohol) on cell-culture polystyrene plates to
provide controllable and reproducible cell morphology. The nanomechanics of stem cells, normal cells and
cancer cells were compared on the micropatterned surfaces. The three types of cells showed different
responses and nanomechanics on the micropatterned surfaces. Especially, cancer cells showed less
dependence on their microenvironments compared to the stem cells and normal cells. The results suggest that
the nanomechanical differences between normal and cancer cells can be used as a biomarker to enhance the
diagnosis of cancers. The use of micropatterns should be a very useful technique to compare the
nanomechanics of cells.

3.2 Introduction

Since developed, micropatterning technology has been widely used in various fields. Recent
applications of micropatterns in biomedical researches enable manipulation of cytoskeletal structures by
restraining cells in a controlled size and geometry, which plays crucial role in regulating cell spatial and
mechanical functions [1-2]. Micropatterned surfaces with various geometrical features can provide
controllable and reproducible cell morphology with relatively stable cytoskeletal structure which cannot be
fulfilled with conventional uniform cell culture substrates [3]. The quantitative description of the influence of
subcellular structures can also be achieved on micropatterns without the influence caused by the diversity of
cell morphology [4]. Therefore, systematical investigation of cell nanomechanics on micropatterned surfaces
is required to elucidate the relationship between nanomechanics and subcellular structures.

Several techniques have been developed to measure the nanomechanical properties of individual
cells such as magnetic twisting cytometry (MTC), micropipette aspiration (MA), optical stretcher (OS),
traction force microscopy (TFM) and atomic force microscopy (AFM) [5-12]. Compared with the other
techniques, AFM has the highest spatial resolution and the largest force range. It was proved to be one of the
least invasive techniques for nanomechanical measurement of cells. In this study, we prepared micropatterns
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with various sizes using UV photolithography. The nanomechanical properties of the major osteosarcoma
microenvironment cells (NHOst, MSCs and MG-63) were compared on micropatterned surfaces. These three
types of cells represent the normal somatic cells, stem cells and cancer cells, respectively. The influence of
cytoskeletal organization regulated by micropatterns on cell stiffness and non-specific adhesion was
investigated using AFM nanoindentation. The results of this study should inspire the development of the
novel way for cancer diagnosis and therapy, and provide information to reveal how the nanomechanics of
individual cells can be manipulated by their surrounding microenvironment.

3.3 Materials and methods

3.3.1 Preparation and characterization of the PVA micropatterned TCPS surfaces

The synthesis process of photo-reactive PVA, preparation scheme of the PVA micropatterned TCPS
surfaces and AFM scanning of the micropatterns were performed in the same way as described in Chapter
2.3.2.

3.3.2 Cell culture

Human bone marrow-derived mesenchymal stem cells (MSCs) and normal human osteoblast cells
(NHOst) were purchased from Lonza Walkersville, Inc. (Walkersville, MD) and subcultured using their
growth medium got from the same company. MG-63 cells were acquired from Japanese Collection of
Research Bioresources (JCRB) Cell Bank (Osaka, Japan) and subcultured using minimum essential medium
eagle (EMEM, Sigma) supplemented with 10% fetal bovine serum (FBS), 2 mM glutamine and 1% non
essential amino acids (NEAA). Prior to use, the micropatterns were sterilized with 70% ethanol followed by
exhaustive Milli-Q rinsing. The micropatterns were put in 6-well cell culture plates and a glass ring was
placed over each PVA-micropatterned polystyrene plate. A 3 mL aliquot of growth medium was added to
each well and 200 pl cell suspension solution (2.7 x 10® cells/ml) was added within the glass ring (3000
cells/cm?®). After 6 h, the glass rings were taken out and the unattached cells were removed by changing
medium. After 24 h, cells were washed with warm PBS and then merged in HEPES medium and directly
used for AFM indentation or cell migration assay. HEPES was reported to have better capability at
maintaining physiological pH compared to bicarbonate buffer which was commonly used in commercially
available medium [13]. The medium was composed of 13.4 g/L DMEM powder (Sigma) and 20 mM HEPES
(Sigma). The pH value of the medium was adjusted to 7.2 using NaOH solution. HEPES can maintain the pH
value of the medium at 7.2 after exposure to 5% CO, atmosphere or air in 2 h. Meanwhile, the HEPES
medium was serum free which can exclude the influence of serum protein on measurement of non-specific
adhesion force and cell migration. To disrupt actin structure, 0.2 pg/ml cytochalasin D (Sigma) in growth
medium was applied to cells after 6 h post-seeding. After incubation for another 18 h, cytochalasin D
containing medium was replaced with HEPES medium and the cytochalasin D treated cells were used for
AFM nanoindentation.

3.3.3 Immunofluorescence staining

Cells were fixed with 4% paraformaldehyde after incubation for 24 h. For F-actin staining, cells
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were permeabilized with 0.2% Triton X-100 for 2 min and blocked with 2% bovine serum albumin (BSA)
solution for 30 min followed by PBS washing. Actin filaments were stained with either Alexa Fluor-488 or
Alexa Fluor-594 phalloidin (1:40, Invitrogen) for 20 min. Nuclei were stained with DAPI. To stain
phosphoezrin, cells were permeabilized with 0.2% Triton X-100 for 2 min and blocked with 2% BSA
solution for 30 min followed by PBS washing. Primary phosphoezrin antibody (Cell Signaling Technology)
was diluted in 1% BSA solution (1:500). The samples were incubated with the diluted primary antibody at
room temperature for 1.5 h and washed with PBS for three times. Secondary antibody (donkey anti-rabbit
1gG, 1:1000) labeling was performed at room temperature for 1 h. For visualization of vinculin, cells were
permeabilized with 1% Triton X-100 and 0.02% Tween-20. After PBS washing, the samples were blocked
with 2% BSA in PBS solution for 30 min at room temperature. The samples were incubated with the diluted
primary antibodies (1:100 in Can Get Signal solution) at 37 °C for 1.5 h and washed with 0.02% Tween-20
for three times. Secondary antibody (1:500) was diluted in Can Get Signal solution and the labeling was
performed at 37 °C for 1 h followed by PBS washing. Fluorescence micrographs of the stained cells were
captured using an Olympus BX51 microscope with a DP-70 CCD camera (Olympus, Tokyo, Japan).

3.3.4 Nanomechanics measurement by atomic force microscopy

The nanomechanical properties of living NHOst, MSCs and MG-63 cells were measured using a
commercially available MFP-3D-BIO AFM instrument in a contact mode. An optical microscope was used
to visualize the samples and the position of the AFM tip. Each measurement was performed within a
maximum of 1.5 h to minimize the influence on cells during the experiment. To perform the nanoindentation,
a silicon nitride cantilever (Novascan, Ames, USA) coated with reflective gold were used for force curve
detection. The exact spring constant of the cantilever was measured before each set of experiment using the
thermal tuning method [14]. The cantilever has a silica glass ball with a diameter of 600 nm attached to the
end as the probe. The indentation rate was 4 um/s and the trigger force was set to 2 nN to avoid any damage
to the cell surface. The AFM indentation was performed at the highest part of cells (usually cell center). Ten
force curves were collected on each cell to decrease cell damage. To acquire the non-specific adhesion force,
the tip was set to dwell on cell membrane for 30 s. In order to correlate cell surface to its nanomechanical
property, membrane roughness of micropatterned cells was recorded using AFM scanning. To process the
scanning, a cantilever with spring constant of 0.06 N/m was used to reduce the damage of cell during
scanning. There is a conical tip at the end of the cantilever with radius of 20 nm which can provide high
resolution scanning images. The scanning rate was set to 0.5 Hz and the set point was 0.8 V. The scan size
was 90 x 90 um®. The height and deflection images of 20 micropatterned cells were recorded to evaluate the
membrane roughness of cells.

The force curves were fitted to Hertz’s contact model to calculate the Young’s modulus of cells.
The ten force curves acquired from the same cell were used to calculate the average rigidity of the single cell.
And the average Young’s modulus of 20 single cells was calculated to represent the stiffness of the cells on
the same micropattern. According to the probe geometry, parabolic model was used and the formula is given

by:
F(6)=g-\/§-Er-83/Z (1)

where F is the loading force, R is the radius of the tip, Er is the reduced Young’s modulus and & is the
indentation depth. In this study, the Young’s Modulus was calculated at indentation depth of 200 nm which
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has been reported to be the region rich in actin network [15]. The reduced Young’s modulus Er correlates
with the Young’s modulus of sample Es and is given by:
1 1-vZ 1-V?
E R + E, (2)
where v; and v; are the Poisson ratios of tips and samples. Since the Young’s modulus of tips material (SiO,)
is much greater than that of living cells, equation (2) can be simplified as following:

ES
-2 )
The Poisson ratio of sample is assumed to be 0.5 since cells can be treated as soft incompressible materials
[16]. The maximum adhesion force was analyzed by Asylum Research data processing software Igor Pro

6.37.

E, =

3.3.5 Cell migration assay

Before migration, the number of adhering cells on each micropatterns was firstly counted according
to the micrographs. The micropatterned TCPS plates with cells were moved to a new cell culture dish. A new
TCPS plate (2.5 x 2.5 cm2) without micropattern, defined as transferring plate, was placed onto each
micropatterned TCPS plates with adhering cells. 50 pl serum-free medium was added between the
micropatterned plate and the transferring plate. This “contact transfer assay” was then put into incubator to
induce the cell migration. A timelapse system (Olympus, Tokyo, Japan) was used to capture the migrating
process. After 45 min incubation, the two plates were separated and the remaining cell number on
micropatterned plate was counted again. Decrease of cell number was defined as the cells that moved from
micropatterned plate to the plate without micropattern.

3.3.6 Statistical analysis

The data were presented as means * standard deviations (SDs). Statistical analysis of surface
roughness and cell migration percentage of micropatterned cells was performed using a one-way analysis of
variance (ANOVA) with Tukey’s post hoc test for multiple comparisons to confirm the significant
differences among samples. And Student’s t-test was used to compare the differences between cytochalasin
D treated and untreated samples. A value of p < 0.05 was considered to indicate statistically significant
difference.

3.4 Results and discussion

3.4.1 Preparation and observation of PVA-micropatterned surfaces

UV photolithography was used to prepare the micropatterned surfaces. Azidophenyl-derivatized
photo-reactive poly(vinyl alcohol) (AzPhPVA) was synthesized as cell resistant material. It was immobilized
to the tissue culture polystyrene (TCP) surfaces upon UV irradiation. A photomask containing microdots
with various sizes (suitable for single cell) were designed to control the shape and spreading area of cells.
The designed diameters of the microdots were 20, 40, 60 and 80 um (Figure 3.1). The 3D images of the
microdots were observed by AFM which can be used to detect their exact size and depth. According to the
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analysis results, the diameters of the microdots were nearly the same as those of the designed photomasks
indicating good controllability of this method. The thickness of the micropatterns could be adjusted by
controlling the concentration of photo-reactive PVA solution. In this study, the thickness of PVA layer was
around 60 nm that was effective to resist cell adhesion on PVA layer but did not influence cell attachment
and spreading on TCP microdots. When cells were cultured on the micropatterned surfaces, the cells were
constrained in the TCP microdots (Figure 3.2). MSCs and NHOst cells occupied all the micropatterned TCP
dots area and showed the same circular geometry as that of underlying TCP microdots. MG-63 cells could
spread and occupy the whole TCP microdots when the diameters were smaller than 80 pum, but they did not
fully occupy the microdots with a diameter of 80 um.
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Figure 3.1 Characterization of the prepared micropatterns. (a) and (b) are the phase-contrast micrographs of
the photomasks and prepared micropatterns. (c) The 3D and section view of the micropatterns visualized by
AFM. The diameters of the microdots were 20, 40, 60 and 80 um to control cell spreading area and shape.
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Figure 3.2 Phase-contrast micrographs of NHOst, MSCs and MG-63 cells cultured on the micropatterned
surfaces. The values (20, 40, 60, 80 um) indicate the diameter of the microdots. Except MG-63 cells cultured
on 80 um diameter microdots, all other micropatterned cells showed the same round geometry as the
underlying adhesive TCP microdots.
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3.4.2 Influence of cell size on cell stiffness

The nanomechanical properties of the micropatterned cells were measured by AFM
nanoindentation (Figure 3.3a). During the approach and retract process, cell stiffness and adhesion
information was acquired (Figure 3.3b). The nanoindentation was performed at the highest part of cells. This
could reduce the influence of substrate on the measured stiffness of micropatterned cells [17]. The Young’s
modulus of micropatterned cells was calculated to compare the influence of spreading area on
nanomechanics of various cell types. Because the morphology of MG-63 cells on 80 um diameter microdots
was not stable, their stiffness on 80 um diameter microdots was not compared with the other micropatterned
cells. According to the analysis results, the stiffness of micropatterned cells increased with increase of cell
size (Figure 3.4 and Table 1). However, the influence of cell size on cancer cells stiffness was not as evident
as the somatic cells and stem cells, indicating the cancer cells behaved less dependently on their
microenvironment compared to their normal counterparts. This should be reasonable because cancer cells,
especially the metastatic cancer, require the ability to survive in the physiological microenvironment that
differ from their original tissues [18]. Behaving less dependent on microenvironment should provide a
relative stable condition which benefits the proliferation and colony forming of cancer cells in a new
microenvironment. On small diameter patterns (20 um), the difference of cell stiffness among the three types
of cells was not significant. With increase of spreading area, cell stiffness increased and the difference among
the three types of cells became significant. Cell stiffness had the order of NHOst > MSCs > MG-63. The
result was in accordance with previous report that the adherent cancer cells were softer than their normal
counterparts, which should endow them high ability to penetrate tissues and the extracellular matrix, and
hence promote their invasiveness [19]. NHOst cells had larger Young’s modulus than MSCs indicating that
the mature osteoblast was stiffer than their ‘progenitor’ stem cells. Several studies have also reported a
higher Young’s modulus of osteoblasts or osteogenic differentiated MSCs compared to that of
undifferentiated MSCs [20,21]. Tt is quite interesting to notice that the Young’s modulus of MSCs and
MG-63 cells was similar on 20 and 40 um diameter microdots which would not happen if the cell stiffhess
was compared on a uniform TCP surface without micropatterning. The low mechanical state of MSCs should
be considered in a state close to the quiescent MSCs in vivo, which can preserve the multipotency of MSCs
and should enhance the homing capacity of MSCs for penetration and migration among tissues [22,23].
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Figure 3.3 Measurement of cell nanomechanics under AFM nanoindentation. (a) Bright field images of the
micropatterned cells and AFM probe. The tip was above a cell and processing the nanoindentation. Insert is
the SEM image of the AFM cantilever with a 600 nm diameter glass ball as the tip. (b) A typical force curve
of the micropatterned cells measured by AFM. During indentation and stretching, the stiffness and adhesion
force of cells can be acquired.
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Figure 3.4 The Young’s modulus of NHOst, MSCs and MG-63 cells on micropatterns with various spreading
area. The data are represented as the means £ SDs, n = 20, *p < 0.05, ***p < 0.001 and unlabelled columns
mean no significant difference.

Table 1. The Young’s modulus of NHOst, MSCs and MG-63 cells on micropatterned surfaces with various
spreading area.

CellN\_E (kpa)SIZG 20 pm 40 pm 60 um 80 um
NHOst 0.63+0.19 1.30+0.17 1.95+0.33 2.33+0.44
MSCs 0.49 £ 0.04 0.83+0.15 1.34+£0.22 1.72+0.21
MG-63 0.56+0.11 0.68 £0.10 0.78 £0.12

3.4.3 Cytoskeletal organization depends on cell size and type

Nanomechanical properties of cells are intimately related with their cytoskeletal organization. The
F-actin structure of the micropatterned cells was examined since actin filaments were reported to be the
major component of the cytoskeleton which localizes beneath the cellular membrane and were supposed to
play a crucial role in regulating cell mechanical properties [24,25]. The actin filament organization of the
micropatterned cells was dependent on spreading area and cell type (Figure 3.5). MSCs and NHOst cells on
large microdots (60 and 80 um) assembled their actin in both radial and concentric directions which formed
integrated actin network. The actin filaments of NHOst cells were denser than those of MSCs. According to
previous studies, the radially and concentrically assembled actin filaments are defined as dorsal stress fibers
and transverse arcs, respectively [26,27]. The dorsal stress fibers have one end attaching to the focal
adhesion site at the cell-substrate interface and growing to cell center weave into actin cortex around nucleus
beneath cell membrane [28]. The transverse arcs are contractive because they are abundant of motor protein
myosin. The transverse arcs are connected to the dorsal fibers. The contractive force generated in transverse
arcs can be transferred to the actin cortex through dorsal fibers to influence the cortex tension. Therefore,
highly ordered F-actin structures should generate high cortex tension which leads to the enhanced cell
stiffness. When spreading area decreased, MSCs and NHOst cells assembled their actin structure in different
ways. On 40 pm diameter microdots, MSCs predominately assembled concentric actin filaments at periphery
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region, while NHOst cells still showed organized radial and concentric actin filaments. On the smallest
microdots (20 um), actin structure of MSC cells were randomly oriented and no obvious filament could be
observed. But NHOst cells still had thin and short actin filaments along the cell body. MG-63 cells exhibited
less ordered thin actin filaments at cell edge on 60 um diameter microdots and it disappeared with the
decrease of spreading area. The staining results of cytoskeleton are in consistent with the measure cell
stiffness. When cells had well organized F-actin filament structure, their stiffness was high like the MSCs
and NHOst cells on large micropatterns. By decreasing the spreading area, the F-actin assembly was
inhibited and cell stiffness decreased. The cancer cells always showed less ordered F-actin structure and their
stiffness was low.
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Figure 3.5 The F-actin (green) organization of NHOst, MSCs and MG-63 cells with various spreading area
controlled by micropatterns. Nuclei (blue) were stained by DAPI to show the single patterned cells.

3.4.4 Disruption of cytoskeleton reduced cell stiffness

To further investigate the relationship between cell nanomechanics and cytoskeletal structure, the
micropatterned cells were treated with cytochalasin D which is known as a reagent to inhibit actin filament
polymerization [29]. The integrated actin network observed in the large micropattern MSCs and NHOst cells
was disrupted after cytochalasin D treatment (Figure 3.6a). The ratios of the Young’s modulus of
cytochalasin D treated cells to that of untreated cells are shown in Figure 3.6b. Significant decrease of cell
stiffness was observed after cytochalasin D treatment. The ratio further decreased with increase of spreading
area indicating that the influence of cytochalasin D was more evident on cells cultured on large microdots.
This should be attributed to the disruption of F-actin structures. On large microdots, the highly ordered actin
structures played a major role for supporting cell nanomechanics. When the actin structures were disrupted,
cell stiffness would significantly decrease. However, on small microdots, the F-actin filaments in cells
already disappeared. Therefore, the influence of cytochalasin D treatment on cell stiffness was not evident.
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Figure 3.6 Disruption of F-actin filaments by cytochalasin D. (a) The F-actin staining images of NHOst,
MSCs and MG-63 cells with various spreading area after treatment with cytochalasin D. (b) Three
independent experiments were performed to evaluate the ratio of the Young’s modulus of cytochalasin D
treated cells to that of untreated cells. The data are represented as the means = SDs, *p < 0.05, **p < 0.01,
***pn < 0.001 and unlabelled columns mean no significant difference.

3.4.5 Non-specific adhesion force of micropatterned cells

Cell adhesion which is critical for cell migration and invasion has been investigated using various
techniques [30-37]. Previous studies mainly focus on the interaction between certain type of proteins
(fibronectin, laminin, etc.) and integrin receptors [38-40] Such interactions are definitely important since the
specific adhesion of cell to the ECM proteins is essential process during cell attachment. However, the real
adhesion process is usually more complex and generally accepted to occur in two stages, an initial stage
dominated by non-specific adhesion and a second stage depended on the specific adhesion [41]. Therefore,
understanding non-specific adhesion force is also important. Herein, the non-specific adhesion of
micropatterned cells was evaluated basing on the maximum adhesion force recorded during retract process.
The force curves were collected at the highest part of cells to predict the cell migration in the following
experiment. The non-specific adhesion force showed negatively correlation with spreading area. It decreased
with increase of spreading area (Figure 3.7 and Table 2). There was no significant difference of adhesion
force among the three types of cells on small diameter patterns (20 um). With increase of spreading area,
non-specific adhesion decreased and it became significantly different among the three types of cells. The
adhesion force had an order of MG-63 > MSCs > NHOst. Larger adhesion force of micropatterned MG-63
cells indicated the cancer cells were more deformable compared with their normal counterparts.

Table 2. The non-specific adhesion force of NHOst, MSCs and MG-63 cells on micropatterned surfaces with
various spreading area.

Size 20 pm 40 pm 60 pm 80 um
cell \F (PN)
NHOst 473.1+£53.4 404.3+£32.8 322.96 £27.5 280.69 £17.2
MSCs 501.7 £55.2 440.2 £ 46.4 362.24 £ 32.2 323.87 £ 37.3
MG-63 511.9 +48.9 456.5+41.8 412.39 + 34.8
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Figure 3.7 The adhesion force of NHOst, MSCs and MG-63 cells on micropatterns with various spreading
area. The data are represented as the means + SDs, n = 20, *p < 0.05, **p < 0.01, ***p < 0.001 and
unlabelled columns mean no significant difference.

3.4.6 Membrane roughness of micropatterned cells

The non-specific adhesion force was dominated by the physical interactions between the interfaces
of AFM probe and cell membrane. Any change in membrane would affect the interactions. Therefore, we
supposed that changing cell spreading area should alter the cell membrane property such as roughness. To
confirm this hypothesis, the micropatterned cells were scanned to characterize their membrane properties
(Figure 3.8a and b). The roughness of micropatterned cells was in an order of MG-63 > MSCs > NHOst cells
(Figure 3.8c). Previous study reported the different membrane proteins and structures of these three types of
cells when being cultured on uniform surfaces [42]. Interestingly, the present study disclosed that the surface
roughness of cells decreased with increase of spreading area. As mentioned, the spreading area influenced
the cytoskeletal structure of cells. Assembly of cytoskeleton further determined cell stiffness through
regulation of cortex tension. Large force enhanced the cortex tension which would stretch cell membrane to
become smooth. Furthermore, phosphoezrin was stained to check its expression and localization in the
micropatterned cells. Ezrin as a membrane-actin linker restricted to the apical membrane has been proved to
involve in the membrane ruffling which plays a key role in cell surface structure organization [43]. Change
of the expression of ezrin should affect cell membrane roughness. According to the staining results, the
expression of phosphoezrin decreased with the increase of spreading area (Figure 3.9). Cells on 20 pum
diameter microdots showed condensed ezrin network while those on 80 um diameter microdots showed faint
signal. Therefore, we could conclude that the spreading area would influence cell membrane through
regulation of cytoskeleton. On one hand, cytoskeletal assembly would determine the cortex tension force
which exerted on membrane to stretch cell surface. Meanwhile, spreading area controlled the actin cortex
protrusion through regulating expression of ezrin. Small micropattern cells had weak cortex tension but
strong expression of ezrin leading to rough surface. Large micropattern cells had strong cortex tension but
weak expression of ezrin leading to smooth surface.
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Figure 3.8 The influence of spreading area on cell membrane roughness. (a) 3D scanning images of a
micropatterned cells. (b) Deflection image of the same cell. Red square (5 x 5 um?) is the highest region of
the cell (based on section image of (a) in which the roughness was calculated. Red lines are the horizontal
and vertical line pass through the region of interest. Insert is the section images of the two red lines in red
square of (b) which indicates the roughness. (c) The surface roughness of micropatterned NHOst, MSCs and
MG-63 cells.The data are represented as the means £ SDs, n = 20, *p < 0.05, **p < 0.01 and unlabelled
columns mean no significant difference.
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Figure 3.9 Phosphoezrin staining images of micropatterned MSCs. The fluorescence intensity decreased with
the increase of spreading area. The staining images of several cells with the same spreading area were
stacked along Z axis and their mean intensity was projected on a single image shown in fire look up table.

3.4.7 Cell migration regulated by spreading area and cell type

To confirm how the initial non-specific adhesion will affect cell migration, the migration rate of the
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cells with different spreading area was measured. Since the micropatterned cells were restricted within the
microdots, conventional test assay such as scratch assay and transmembrane assay cannot be used [44].
Instead, a simple method, as called “contact transfer assay”, was designed to measure the cell migration
percentage of the micropatterned cells (Figure 3.10a). A cell adhesive surface without micropatterning,
defined as transferring plate, was allowed to contact with the micropatterned cells. Upon contact, cells
restricted on the micropatterns would migrate from the patterned surfaces to the transferring plate. After
contacting for 15 min, most of the micropatterned cells (MSCs on 40 pm diameter microdots) started to
adhere to the transferring plate (Figure 3.10b). And 45 min later, the cells were confirmed to migrate onto the
transferring plate with clear migration leading edge. The results indicated that the “contact transfer assay”
was effective to study the migration of micropatterned cells. Compared with conventional migration assay,
the newly developed method involved the cell migration in Z-axis which mimics the spatial migration of
cells in vivo. By comparing the cell number on micropatterns before and after migration, the migration
percentage of the micropatterned cells was obtained (Figure 3.11). The results indicated that the migration of
micropatterned cells was influenced by both cell type and cell spreading area. The migration potential of the
three cell types was in an order of MG-63 > MSCs > NHOst cells. This confirmed that cancer cells were
more invasive than their normal counterpart. Cell motility decreased with increase of spreading area which
showed the same trend as the non-specific adhesion force. After contacting with the unpatterned surface,
cells remained on the micropatterns showed contracted morphology, especially the cells with large spreading
area. This indicated that the migration of the micropatterned cells was dominated not only by the attachment
to the transferring plate but also by the adhesion on the micropatterned surface. Therefore, vinculin was
stained to evaluate the adhesion of cells on micropatterned surfaces (Figure 3.12). The results showed that
cells with large spreading area formed mature focal adhesion, while those with small spreading area did not.
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Figure 3.10 Contact transfer assay for cell migration analysis. (a) Scheme of the contact transfer assay. The
micropatterned cells (i) were allowed to contact with the unpatterned adhesive surface (ii). After a period, the
patterned cells would migrate to the unpatterned surface (iii). (b) The migration process of the MSCs on 40
um diameter microdots. Black dashed lines indicate the original micropattern area. White dashed lines
indicate the contacting area of the cells with unpatterned surface. Arrows indicate the major migration
direction of the cells after transfer to the unpatterned surface.
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Figure 3.11 Influence of cell size and type on cell migration. (a) The micrographs of the micropatterned
MSCs before and after migration. Insert is the high magnification of the cells remaining on the microdots
with a diameter of 80 um. (b) The migration percentage of micropatterned NHOst, MSCs and MG-63 cells.
The data are represented as the means £ SDs, n = 3, *p < 0.05, **p < 0.01 and unlabelled columns mean no
significant difference.

20 um 40 um 60 um 80 um

Nuclei

F-actin

Vinculin L 4

50 um

Merge

Figure 3.12 Vinculin staining images of micropatterned MSCs. More mature force adhesion complexes were
observed with increase of spreading area.

3.4.8 Relationship between cell size and cell nanomechanics

Based on our results, we concluded that cell nanomechanics were intimately related with their
spreading area, especially for normal cells (e.g. NHOst and MSCs). Large spreading area facilitated the
assembly of cytoskeleton (Figure 3.13a). The dorsal stress fibers and transverse arcs formed the integrated
actin network in large micropattern cells. Highly ordered actin network would generate high cortex tension
force stretching cell membrane. On one hand, high cortex tension counteracted with AFM indentation force
leading to the increase of measured cell stiffness. On the other hand, high cortex tension stretched cell
membrane and inhibited expression of ezrin which resulted in the smooth membrane surface. A stretched
smooth cell surface would decrease the local density of membrane protein which reduced the non-specific
adhesion between AFM tip and cell membrane as measured. Weak non-specific adhesion inhibited cells from

53



Regulating cell nanomechanincs

forming new adhesion to transferring plate. Meanwhile, mature focal adhesions formed on large
micropatterns reduced cell motility. Opposite to large spreading area, small spreading area inhibited cells
from forming integrated cytoskeletal network. Weak organization of actin reduced the intracellular force to
counteract with AFM indentation and stretch membrane. But high expression of ezrin enabled membrane
ruffling to increase local density of membrane protein which endowed strong interaction between cell and
AFM tip. Therefore, small spreading cells had low stiffness but high non-specific adhesion. Initial
non-specific adhesion might stimulate cells to produce specific adhesion proteins to form stable adhesion site
on the transferring plate. Strong adhesion to transferring plate and immature adhesion on small micropatterns
enhanced cell motility. Depending on the intrinsic properties, cancer cells (e.g. MG-63) did not form well
organized cytoskeleton in regardless of spreading area (Figure 3.13b). They usually showed low stiffness but
high motility.
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Figure 3.13 Illustration of the influence of spreading area on nanomechanical properties of normal cells and
cancer cells. (a) Altering of spreading area significantly influenced cytoskeletal organization and membrane
properties of normal cells which resulted in the big variation of cell nanomechanics. (b) Cancer cell
behaviors were less dependent on their microenvironment since the influence of spreading area on cell
nanomechanics was not evident.

3.5 Conclusions

In summary, the nanomechanical properties of osteosarcoma microenvironment cells (NHOst,
MSCs and MG-63 cells) were compared on micropatterned surfaces by AFM. The PVA micropatterned
polystyrene surfaces were prepared by UV lithography. They were used to control the cell size and shape to
reveal the relationship between the cytoskeletal organization and the nanomechanical properties of cells.
Ordering of the cytoskeleton enhanced cell stiffness while disruption of cytoskeleton by cytochalasin D
treatment reduced cell stiffness. Meanwhile, cell spreading area influenced the expression of phosphoezrin
that affected the surface roughness of cells. Rough membrane was accompanied with high non-specific
adhesion force and migration rate. Compared to normal cells, cancer cells behaved less dependently on their
microenvironment as their cytoskeleton did not change much by manipulating the spreading area. These
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differences of the nanomechanical properties between normal cells and cancer cells can be used to
distinguish cancer cells from their microenvironment cells. Cell nanomechanics showed the potential to be
applied for cancer diagnosis and therapy. The use of micropatterned surfaces provides a stable way to
manipulate the cytoskeletal organization to investigate the nanomechanical properties of individual cells
based on cytoskeletal signatures.
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Chapter 4

Cellular uptake of gold nanoparticles regulated by cell size

4.1 Summary

In this chapter, photo-reactive PVA micropatterned TCPS surfaces were used to control the cell size
and investigated how the cell size affected the cellular uptake of polyethylene glycol modified gold NPs
(PEG-AUNPs). The cell morphology was precisely controlled by micropatterned surfaces. Cells cultured on
the micropatterned surfaces had the same shape and dimension as those of micropatterns. Uptake of FITC
labeled PEGylated gold NPs by the micropatterned cells was investigated to disclose the influence of cell
size on cellular uptake behavior. The results showed that the total uptake amount increased with the increase
of cell size, but uptake capacity per unit cell area decreased with the increase of cell size. The results were
correlated with interaction between NPs and micropatterned cells and cell membrane tension. The results
should open new avenues for engineering the NPs based biomedicine for more effective delivery, and inspire
understanding the influence of cell microenvironment on cell behaviors.

4.2 Introduction

Nanoparticles (NPs) have been widely used to improve the diagnosis and treatment of disease in
biomedicine due to their unique physical and structural properties [1-6]. Recent studies have reported that
NPs are able to regulate stem cell differentiation which holds great promise for tissue engineering [7-9].
Efficient cellular uptake of NPs plays a key role in the cell-based biomedical applications of NPs. Therefore,
understanding the interaction between NPs and cells including cellular uptake becomes the cornerstone for
the possible biomedical applications of NPs. Plenty of studies have concentrated on the influence of particle
properties including size, shape and surface chemistry on the cellular uptake of NPs [10-16]. However, how
the cell morphogenesis would affect the cellular uptake remains elusive. Cells develop their morphology
depending on their surrounding microenvironment. Recent studies have reported that the biophysical stimuli
from cell microenvironment (elasticity, topography, etc.) affect cell size that is involved in determination of
cell fate [17-24]. Meanwhile, cell size plays crucial roles in organ development and human disease
progression [25]. Understanding the influence of cell size on cellular uptake should provide useful
information to guide the NPs-based biomedical applications.
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Among numerous NPs, gold NPs (AuNPs) in particular have attracted plenty of interests due to
their chemical stability, easily modified surface chemistry and tunable optical properties [26-30]. AuNPs are
usually modified with biocompatible molecules such as polyethylene glycol (PEG) to improve their
biocompatibility and to prevent aggregation [31,32]. Thiol-end PEG can be easily bound onto the surfaces of
AuNPs through gold-thiol interaction. The modified PEG monolayer on gold surface can enhance the
biocompatibility and blood retention time of AUNPs which is important for biomedical applications [33].

In this study, the cell size was controlled by culturing cells on micropatterned surfaces having
microdots of different diameters. PEG-AuUNPs with a diameter around 50 nm were synthesized and used for
cellular uptake. Fluorescein isothiocyanate (FITC) was used to label the PEG-AUNPSs to trace cellular uptake
process. Cells with different sizes assembled cytoskeleton in different manners which further affected cell
membrane tension that was disclosed by atomic force microscope (AFM) nanoindentation. The endocytosis
of PEG-AuNPs was investigated to reveal the influence of cell size on cellular uptake.

4.3 Materials and methods

4.3.1 Synthesis and characterization of FITC-PEG-AuUNPs

AUNPs were synthesized using Turkevich method as previously described [34,35]. Briefly, 1 ml 1%
wt HAuCI4 (Wako Pure Industries, Ltd, Tokyo, Japan) solution was added to 98 ml pure water and heated in
oil bath (110 °C) with stirring (700 rpm) for 20 min. Subsequently, 1 ml 1% wt tri-sodium citrate (Wako Pure
Industries, Ltd, Tokyo, Japan) solution was added as the reducing and capping agent. After 15 min, the
solution was slowly cooled down to room temperature. The synthesized AuNPs were collected and washed
with water under centrifugation at 8,000 rpm. Finally, the mixture of mMPEG-SH (5 kDa, Nanocs, MA, USA)
and FITC-PEG-SH (5 kDa, Nanocs, MA, USA) at a ratio of 3:2 was added into 3.3 nM AuNPs solution to
reach the final PEG concentration of 100 uM. The reaction mixture was treated with ultrasonic for 30 min
and stirred for another 24 h at room temperature at a condition protected from light. The FITC-PEG-AUNPs
were collected and washed with water using centrifugation at 8,000 rpm and then characterized with
field-emission scanning electron microscopy (FE-SEM, Hitachi, Tokyo, Japan), transmission electron
microscopy (TEM, JEOL, Tokyo, Japan) and dynamic light scattering (DLS, JASCO, Tokyo, Japan). The
fluorescence intensity of the FITC-PEG-AuNPS was tested with excitation wavelength of 490 nm and
emission wavelength from 500 to 600 nm using fluorescence microscopy (JASCO, Tokyo, Japan).

4.3.2 Preparation and characterization of the PVA micropatterned TCPS surfaces

The synthesis process of photo-reactive PVA, preparation scheme of the PVA micropatterned TCPS
surfaces and AFM scanning of the micropatterns were performed in the same way as described in Chapter
2.3.2.
4.3.3 Cell culture

Human mesenchymal stem cells (hMSCs, passage 2) were purchased from Lonza Walersville, Inc.

and subcultured using MSCGM medium (Lonza). The hMSCs at passage 4 were used for the cellular uptake
study. Prior to use, micropattern plates were sterilized using 70% ethanol followed by washing with sterile
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water for 3 times. The micropattern plates were then placed in 6-well plates and glass rings were placed on
the plates to protect cell leakage during cell seeding. An aliquot of 3 mL growth medium (DMEM
supplemented with 4500 mg/L glucose, 584 mg/L glutamine, 100 pg/mL penicillin-sterptomycin, 0.1 mM
nonessential amino acids, 0.4 mM proline, 50 mg/L ascorbic acid, and 10% FBS) was added inside the glass
rings. And then 200 pL cell suspension solution (2.7 x 10* cells/mL) was added within the glass ring (3000
cells/cm?). After being cultured for 6 h, the glass rings were taken out and the medium was changed using the
growth medium supplemented with FITC-PEG-AuNPs. The culture condition of the micropatterned cells
was similar to the normal stem cell expansion condition to exclude the effect of artificial culture condition on
cellular uptake. After being culture for another 24 h, the samples were fixed with 4% paraformaldehyde for
quantification of the uptake amount and immunofluorescence staining.

4.3.4 In vitro cytotoxicity

To evaluate the cytotoxicity of the FITC-PEG-AuUNPs, cell viability was tested using WST-1 assay.
The hMSCs were seeded in 96 well plates at a density of 3,000 cells/cm?® After 6 h culture, the medium was
changed to medium containing FITC-PEG-AuUNPs at a concentration of 0, 0.1, 0.5 and 1.0 nM. After 24 h
incubation, the medium was replaced with 110 pl WST-1 working solution (Roche, Germany, 10 ul of
WST-1 stock solution diluted with 100 ul of growth medium). After 3 h incubation, the absorbance in each
well at 440 nm was measured using a plate reader (Benchmark Plus, USA) to evaluate cell viability.
Live/dead staining was processed using a Cellstain Live-Dead Double Staining kit (Dojindo, Japan). The
hMSCs were seeded in 24 well plates at a density of 3,000 cells/cm?. After 6 h culture, the medium was
changed to medium containing FITC-PEG-AuUNPs at a concentration of 0, 0.1, 0.5 and 1.0 nM. After 24 h
incubation, the cells were washed thrice with PBS and incubated with 2 mM calcein-AM and 4 mM
propidium iodide (PI) in serum-free medium for 15 min at 37 °C. The staining images were observed using
an inverted fluorescence microscope (Olympus, Japan).

4.3.5 Immunofluorescence staining

For myosin and F-actin staining, cells were fixed with 4% paraformaldehyde, permeabilized with 1%

Triton X-100 and blocked with 1% BSA solution for 30 min. The samples were then incubated with rabbit
anti-myosin I1A antibody (Sigma, 1:100) at 4 °C overnight followed by PBS washing. Alexa Fluor-488
labeled donkey anti-rabbit 1gG antibody (Invitrogen, 1:800) and Alexa Fluor-594 phalloidin (Invitrogen, 1:40)
were diluted in PBS solution and the labeling was performed at room temperature for 1 h. Cell nuclei were
stained with 4',6-diamidino-2-phenylindole (DAPI). Fluorescence micrographs of the stained cells were
captured using an Olympus BX51 microscope with a DP-70 CCD camera (Olympus, Tokyo, Japan). The
obtained fluorescence images were analyzed using the ImageJ software. The images were converted to 16 bit
images and the background was subtracted. Gray plot profile was processed across the filaments and fitted
with Gaussian fitting. The full width at half maximum was considered as the thickness of the actin filaments.

4.3.6 Evaluation of cell membrane tension
The membrane tension of the micropatterned cells were evaluated based on cell elasticity measured

using AFM nanoindentation. Briefly, the micropatterned cells were cultured in growth medium for 6 h and
directly used for mechanical test under a living state. A silicon nitride cantilever (Novascan, Ames, USA)
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coated with reflective gold was used for force indentation. The cantilever has a silica glass ball with a
diameter of 600 nm attached to the end as the probe. Using the thermal tuning method, the exact spring
constant of the cantilever was measured [36]. An optical microscope was used to visualize the
micropatterned cells and the position of the cantilever. The measurement was performed within 1.5 h to
minimize the death of cells during the experiment. The force distance curves were collected in the central
region of cells at an indentation rate of 4 um/s with a trigger force of 2 nN to avoid any damage to the cell
surface. For 80 um diameter micropatterned cells, the indentation was performed at both cell central and
periphery region. The obtained force curves were fitted to Hertz’s contact model to calculate the Young’s
modulus of cells. For each sample, 200 force curves were collected from 20 cells and used for calculation.
The average Young’s modulus of the 20 cells was considered as the cell elasticity.

4.3.7 Cellular uptake of FITC-PEG-AuNPs

Cells cultured on the micropatterned surfaces were incubated with 1 nM FITC-PEG-AuNPs for 24
h. After thrice washing with warm PBS buffer, the micropatterned cells were washed with 0.4 % trypan blue
solution (Sigma) to quench the extracellular FITC fluorescence [37]. And then the cells were fixed with 4%
paraformaldehyde for 10 min. After that, the samples were completely washed with PBS and mounted. To
confirm the endocytosis of the FITC-PEG-AuUNPs, the confocal images of the micropatterned cells were
taken under a confocal fluorescence microscope (Zeiss, Germany). Cell membrane was stained with 0.25
ug/mL CellMaskTM Deep Red plasma membrane stain (Invitrogen, CA, USA) solution for 5 min followed
by PBS washing. The fluorescence images of the micropatterned cells were obtained to evaluate the cellular
uptake. The software ImageJ was used to analyze the fluorescence intensity of the micropatterned cells.
Briefly, the micropatterned cells were selected as regions of interest. The area (A) and integrated intensity (1)
of the micropatterned cells were measured. Subsequently, the mean fluorescence intensity (M) of the
unoccupied micropatterns was measured as the background. The corrected total fluorescence (CTF) can be
described as: CTF = 1 - (A x M). While the average fluorescence intensity per unit area (AFI) can be
described as: AFI = CTF/A [38].

4.3.8 Statistical analysis

Statistical analysis was performed using a one-way analysis of variance (ANOVA) with Tukey’s
post hoc test for multiple comparisons to confirm the significant differences among samples. The data was
presented as means + standard deviations (SDs). It was considered to be statistically significant different
when p < 0.05.

4.4 Results and discussion

4.4.1 Preparation of FITC-PEG-AuNPs

The size and shape of the citrate-AuNPs and FITC-PEG-AuNPs were characterized using SEM and
TEM (Figure 4.1). The NPs were well dispersed and showed homogeneous size and nearly spherical shape.
The size of the NPs was analyzed using TEM and DLS (Table 1). The diameter of FITC-PEG-AuNPs was
around 50 nm which should have high cellular uptake amount according to previous studies [39-41]. After
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PEG modification, the surface potential of AuNPs changed from -24.6 + 4.1 mV (citrate AuNPs) to -0.7
1.3 mV (PEG-AuNPs) indicating the PEG layer was successfully coated onto the surface of AuNPs. The
fluorescence spectra of citrate-AuNPs, FITC-PEG-AuNPs and pure FITC-PEG solution were measured to
check whether the FITC-PEG was coated onto the AuNPs (Figure 4.2). Citrate-AuNPs did not show any
fluorescence peak in the range of 500-600 nm, while the pure FITC-PEG solution had strong peak at 520 nm.
The FITC-PEG-AUNPs also showed a peak at 520 nm indicating the PEG-AuUNPs were successfully labeled
with FITC. The fluorescence intensity was proportional to the concentration of FITC-PEG-AuUNPs. Higher
particle concentration resulted in higher fluorescence intensity. Live/dead staining was processed to check
the cytotoxicity of the FITC-PEG-AuNPs (Figure 4.3a). Nearly no dead cells were observed after incubation
with the FITC-PEG-AuNPs for 24 h even the concentration reached to 1 nM. The WST-1 assay was
performed to confirm the cell viability after incubation with the FITC-PEG-AuNPs. Once more, the results
showed that the cells still had high viability after treatment of the FITC-PEG-AuNPs at the studied
concentration of 0.1 — 1.0 nM (Figure 4.3b). Therefore, the FITC-PEG-AuNPs did not show obvious
cytotoxicity to the hMSCs.

SEM

AuNPs

20 nm

FITC-PEG-AuNPs

Figure 4.1 The SEM and TEM images of the AuNPs and FITC-PEG-AuNPs were acquired to characterize
the size and shape of the prepared NPs.

Table 4.1 Characterization of citrate-AuNPs and FITC-PEG-AuNPs.

Diameter (nm) Zeta-potential (mV)
Gold NPs
TEM DLS
AuNPs (Citrate) 43.7+12.9 46.6 £ 15.5 -24.6 +£4.1
FITC-PEG-AuNPs 48.1 £17.1 59.3 £ 16.3 0.7+ 1.3
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Figure 4.2 Characterization of FITC conjugation. (a) The fluorescence spectra of citrate-AuNPs (black),
FITC-PEG-AuUNPs (blue) and pure FITC-PEG (red) solution. (b) The fluorescence intensity (at 520 nm)

increased with the increase of concentrations of FITC labeled PEG-AuNPs.
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Figure 4.3 Evaluationof cell viability after being cultured with the FITC-PEG-AUNPs. (a) Live/dead staining
of the cells after treatment with various concentrations of FITC-PEG-AuNPs for 24 h. Green staining
indicates live cells and red staining indicates dead cells. (b) Cell viability after treatment of
FITC-PEG-AuUNPs with various concentrations for 24 h. N. S. means no significant difference.
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4.4.2 Cell size regulated by PVA micropatterns

Photo-reactive PVA as cell resistant material was micropatterned onto cell adhesive TCPS plate
surface using UV photolithography (Figure 4.4a). Photo-reactive PVA contained the azide groups which can
be irradiated by UV light. In this study, we fabricated the photomasks composed of microdots with various
diameters to control the size of cells. The diameters of the designed microdots were 20, 40, 60 and 80 pm
that were suitable for single hMSCs adhesion and spreading. AFM scanning of the micropatterned surfaces
showed that the size of the microdots was nearly same as the designed photomasks indicating the good
controllability of this method (Figure 4.4b). The section analysis of the microdots showed that the average
depth of the PVA layer was 60 nm which should be effective to constrain the cells in the microdots [42,43].
The hMSCs were used in this study to investigate the influence of cell size on stem cells cellular uptake of
NPs which hold great promise for tissue engineering and cell therapy. The hMSCs attached onto the TCPS
surfaces and showed the same size and shape as the underlying microdots (Figure 4.4c). Therefore, both the
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size and shape of hMSCs were well controlled by the micropatterned surfaces.
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Figure 4.4 Preparation scheme and characterization of the PVA micropatterned TCPS surfaces. (A)
Preparation scheme of the micropatterns with microdots of different diameters. (B) AFM scanning images of
the microdots with diameters of 20, 40, 60 and 80 um. (C) Cell attachment on the micropatterns after culture
for 24 h. Insert is the typical image of attached MSCs.

4.4.3 Influence of cell size on cytoskeleton assembly

F-actin filaments as one of the major cytoskeletal components were stained to check the
cytoskeletal assembly of micropatterned cells. Myosin as the major actin binding motor protein was stained
to estimate the cellular mechanical state (Figure 4.5). According to the staining results, the hMSCs with large
spreading area formed integrated actin network. Meanwhile they showed fibrous pattern of myosin. The
merged images showed the colocalization of actin and myosin indicating a strong binding of myosin to actin
filaments in the large hMSCs. Cells with large spreading area assembled the actin filaments in both radial
and concentric direction of the microdtos. The thick radial actin filaments abundant of myosin are defined as
ventral stress fibers (VSFs), while thin radial actin filaments deplete of myosin are defined as dorsal stress
fibers (DSFs) [44]. The concentrically assembled actin filaments are defined as the transverse arcs (TAS) [45].
Myosin abundant VVSFs are highly contractive and play an important role in regulating intracellular tension
[46]. DSFs are non-contractive but they weave into actin cortex network around nucleus beneath cell
membrane during their growth from cell edge to center region [47]. TAs are contractive since they are
reported to have periodic a-actinin-myosin distribution in the assembled fibers [48]. TAs are linked to DSFs,
thus the contractive force generated in TAs can transfer to other organelle through DSFs. The integrated actin
gradually disassembled with decrease of cell spreading area. The thickness of actin filaments decreased with
decrease of spreading area indicating small spreading area inhibited the recruitment of F-actin filaments
(Figure 4.6). Meanwhile, fibrous pattern of myosin became ambiguous as cell spreading area decreased and
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this would affect cell mechanical state.
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Figure 4.5 F-actin, myosin and nucleus staining images of the micropatterned MSCs that were cultured on
the micropatterns with microdots having diameters of 20, 40, 60 and 80 um for 6 h.
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Figure 4.6 The thickness of the F-actin filaments of the micropatterned MSCs that were cultured on the
micropatterns with microdots having diameters of 20, 40, 60 and 80 um for 6 h. **p < 0.01 and ***p < 0.001
(n =80).
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4.4.4 Influence of cell size on membrane tension

It is well accepted that cell membrane tension is intimately related with cell mechanical state
[49-51]. Therefore, the cytoskeletal tension of micropatterned cells was measured using AFM
nanoindentation to evaluate cell membrane tension. Firstly, the nanoindentation was performed at the cell
center to compare the average elasticity of each micropatterned cells. According to the results, the Young’s
modulus of cells significantly increased with increase of spreading area (Figure 4.7). This was in good
accordance with the cytoskeletal staining results. The well organized cytoskeletal network in the large cells
enhanced cell cytoskeletal tension, while the disordered cytoskeletal network formed in small cells reduced
cytoskeletal tension. The cytoskeletal tension at periphery regions of the large cells (80 um) was further
tested to show the heterogeneous mechanical state at different cell regions. The results showed that the
Young’s modulus at cell edge was significantly higher than that measured at cell center indicating the
cytoskeletal tension at cell edge should be higher than that of cell central region. Previous study has also
reported higher cellular tension at cell periphery region compared to that in cell center [52]. This was also
attributed to the cytoskeletal assembly since the actin filaments were denser at cell edge than those at cell
center. Therefore, the results suggested that the cell membrane tension would increase with the increase of
cell spreading area and it was higher in cell periphery region than in central region.
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Figure 4.7 Cellular mechanical properties measured by AFM nanoindentation. (A) The Young’s modulus of
MSCs that were cultured on the micropatterns with microdots having diameters of 20, 40, 60 and 80 pum for
6 h, which was measured from the center of micropatterned MSCs. (B) The Young’s modulus of MSCs
cultured on the micropatterns with microdots having a diameter of 80 um for 6 h, which was measured from
the center and edge regions of the micropatterned MSCs. ***p < 0.001 (n = 20).

4.4.5 Influence of cell size on cellular uptake

The typical confocal micrographs of the micropatterned cells treated with FITC-PEG-AuUNPs were
shown in Figure 4.8. Cell membrane was stained to distinguish the intra- and extra-cellular environments. In
order to quench the extracellular fluorescence, the micropatterned cells were pre-treated with 0.4 % trypan
blue solution. The confocal micrographs confirmed that the fluorescence intensity mainly accounted for the
internalized FITC-PEG-AuNPs. The majority of FITC-PEG-AuNPs accumulated at the cell center region
rather than cell periphery region. However, the NPs did not enter cell nuclei since there was always a dark
region at nucleus position. Furthermore, the fluorescence images of the micropatterned cells were acquired to
calculate the total and average fluorescence yield of the internalized NPs (Figure 4.9a). Semi-quantitative
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analysis of the fluorescence images of the micropatterned cells showed that the total fluorescence yield
increased with increase of cell spreading area but the average intensity per unit membrane area decreased
with increase of spreading area (Figure 4.9b and c). Herein, the cell spreading area was regarded as the cell
membrane area. This would lead to overestimation of the average intensity of the micropatterned cells,
especially for the cells with small spreading area. However, even the small micropatterned cells were treated
as hemispherecial, and the hemispherecial surface area was used for calculation, the average intensity per
unit membrane area was still significantly higher than that of the large cells. These results indicated that the
large cells had higher total cellular uptake amount than the small ones, while their uptake capacity per unit
membrane area was lower than the small ones.

20 um 40 pm

50 pm

Figure 4.8 Confocal images of the micropatterned MSCs showing cellular uptake of the FITC-PEG-AuNPs
after being cultured on the micropatterns with 1.0 nM FITC-PEG-AuNPs for 24 h. Cell membrane was
stained red and nucleus was stained blue.
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Figure 4.9 Influence of cell size on cellular uptake of the PEG-AuUNPSs. (A) The phase contrast, fluorescence
and merged images of micropatterned MSCs after being cultured on the micropatterns with 1.0 nM
FITC-PEG-AuNPs for 24 h. (B) Total fluorescence yield of the micropatterned cells. (C) Average
fluorescence intensity per unit projection area of the micropatterned cells. *p < 0.05, **p < 0.01 and ***p <
0.001 (n = 3).

Cellular uptake is a complex behavior and many different possible pathways should involve in the
process [53]. The size, shape and surface properties of NPs dominated the interactions between NPs and cell
membrane (contact area, orientation, etc) which leads the NPs to enter cells through phagocytosis,
macropinocytosis, caveolin-dependent, clathrin-dependent, receptor-mediated, non-specific and translocation
pathways [54]. Because the PEG layer coated on the surface of NPs can resist protein adsorption, the
PEG-AuUNPs were likely to be engulfed through non-specific endocytosis.16 Previous studies have reported
that the stiffness and topography of substrate could affect non-specific cellular uptake of NPs through
regulating cell membrane tension and cell spreading [55,56]. In this study, the cell size was controlled using
micropatterns without change of the stiffness and topography of substrate. And all the cells showed round
shape that was regulated by the micropatterns. This could exclude the influence of diverse cell shape on cell
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functions. It was found that the large cell size facilitated cellular uptake, while high membrane tension
inhibited cellular uptake. Large cell size provided large membrane area for NPs adhesion which would
enhance cellular uptake efficiency [57]. High membrane tension required high membrane deformation
energy during the wrapping of NPs which reduced the cellular uptake efficiency [54]. Furthermore, the cell
geometry was controlled in our study which provided a relative stable cytoskeletal network. This enabled us
to evaluate the influence of local mechanical state of different cell region on cellular uptake behavior. It was
found that NPs mainly accumulated at cell center rather than cell edge in micropatterned cells. And the
cellular tension at cell center was lower than that at cell edge. Therefore, it can be concluded that NPs mainly
accumulated at low cellular tension region (cell center) rather than at high cellular tension region (cell edge).
This also confirmed that high cellular tension may reduce the uptake capacity of NPs.

4.5 Conclusions

In summary, FITC-PEG-AuNPs were synthesized and showed no obvious cytotoxicity to hMSCs at
the studied concentration. Photo-reactive PVA micropatterned TCPS surfaces were prepared using UV
photolithography and showed good capability to control cell size. Large cells had large contacting areas with
AuNPs which enhanced total cellular uptake while their ordered cytoskeletal network induced high
membrane tension which reduced average cellular uptake capacity per unit membrane area. Small cells had
low total uptake amount but showed high average uptake per unit area. Therefore, the cellular uptake of
PEG-AuUNPs was positively correlated with cell/NPs contacting area, but negatively correlated with cell
membrane tension. The overall effect of cell size on cellular uptake of NPs would be positive since the total
uptake amount increased with the increase of cell size.
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Chapter 5

Independent influence of cell adhesion and spreading area on stem cell

fate determination

5.1 Summary

In this chapter, the micropatterns were prepared to provide the same spreading area and different
adhesion area or different spreading area and the same adhesion area to precisely control the cell adhesion
and spreading separately. The results showed that adhesion area had more significant influences on stem cell
functions including differentiation than did the spreading area. This study should provide new insight of the
influence of cell adhesion and spreading on cell functions and inspire the design of new functional materials
and devices to process in an effective manner for manipulation of cell functions.

5.2 Introduction

As the basic behaviors of anchorage-dependent cells, adhesion and spreading play crucial roles in
regulating cell functions including migration [1-4], proliferation [5,6] and differentiation [7-11]. When cells
attach to a surface, they initially bind to the extracellular matrix (ECM) molecules adsorbed on the surface
through integrin receptors [12]. Lateral clustering of the integrin receptors, together with other associated
proteins, leads to the formation of focal adhesions (FAs) that constitute a structural link between the
cytoskeleton and the ECM [13]. The FAs can respond to biochemical and biophysical stimulus by initiating a
cascade of events including cytoskeleton reorganization which results in outside-in signaling activities [14].
In the meantime, the cytoskeletal force also affects the formation of FAs and is exerted to outside through the
adhesion site to give feedback to their microenvironment [15]. As a consequence, the cell adhesion and
spreading were manipulated by the cell/lECM interactions. Many studies have reported that the physical
properties of ECM including geometry [16,17], anisotropy [18], topography [19,20] and rigidity [21,22] can
influence the mechanosensing of the microenvironment through regulating cell adhesion and spreading.
However, it is unclear whether cell adhesion or spreading is the predominant factor to influence cell
functions because it has been difficult to separate the two effects by conventional cell culture using uniform
surfaces.
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To discriminate the influence of adhesion and spreading on cell functions, the micropatterning
technology is needed because conventional ECM coating method results in parallel changes of cell adhesion
and spreading areas. Several previous studies using micropatterned surfaces have reported controversial
results on independent influence of adhesion and spreading areas to cell functions [23-26]. The
controversially observed phenomena require further detailed investigation to reveal the influence of cell
adhesion and spreading on cell functions. Meanwhile, how the differentiation, the most attractive point of
stem cell research, is influenced by adhesion and spreading areas remains unclear. In this study, the
independent influence of adhesion and spreading area on differentiation of human mesenchymal stem cells
(MSCs) was investigated by using micropatterning method to precisely control cell adhesion and spreading
areas. A series of micropatterns having the same size and different cell adhesion area or having different size
and the same cell adhesion area were prepared by UV photolithography for cell culture. The formation of
FAs and the cytoskeletal organization in the cells cultured on the micropatterns were investigated to evaluate
cell adhesion and spreading state. The mechanical properties of micropatterned cells and the transduction of
cytoskeletal force into nucleus were characterized to reveal the mechanism of the influence. The osteogenic
and adipogenic differentiation of MSCs were investigated to show how the adhesion and spreading areas
independently influenced cell fate determination (Figure 5.1).

UV irradiation

MSCs The same The same
292 adhesion area  spreading area

Photomask

Induction
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regulates cell spreading determine stem cell fate?

Figure 5.1 Schematic illustration of this study. Photo-reactive PVA micropatterned TCPS surfaces were
prepared using UV photolithography. The designed photomask contains the circles composed of numerous
non-transparent microdots. The area of the circle represents cell spreading area, while the sum area of
non-transparent microdots represents cell adhesion area. Micropatterned MSCs are induced into adipogenic
and osteogenic differentiation to investigate the influence of cell adhesion and spreading on stem cell fate
determination.
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5.3 Materials and methods

5.3.1 Preparation and characterization of the micropatterns

The synthesis process of photo-reactive PVA, preparation scheme of the PVA micropatterned TCPS
surfaces and AFM scanning of the micropatterns were performed in the same way as described in Chapter
2.3.2.

To enhance cell adhesion and guarantee cell spreading, the sterilized micropatterns were incubated
with 20 pg/ml fibronectin (Sigma-Aldrich) in NaHCO3 (pH = 8.4) solution for 1 h followed by exhaustive
washing in NaHCO3 and aseptic water. To confirm the adsorption of fibronectin, the coated micropatterns
were incubated with mouse anti-fibronectin (1:100, Santa Cruz Biotechnology) at 4 °C overnight. And then
the micropatterns were washed and incubated with Alexa Fluor-488 labeled goat anti-mouse 1gG antibody
(1:800, Invitrogen) at room temperature for 1 h. The fluorescence images were observed with an Olympus
BX51 microscope with a DP-70 CCD camera (Olympus, Tokyo, Japan).

5.3.2 Cell culture

Human bone marrow-derived MSCs were purchased from Osiris Therapeutics, Inc. (Columbia,
MA) and subcultured in MSCGM medium (MSCBM supplemented with 10% serum, 2% L-glutamine and
0.1% gentamicin sulfate amphotericin b, Lonza Group Ltd.). The fibronectin coated micropatterns were put
in 6-well plates and a glass ring (inner diameter 1.5 cm) was placed over each micropattern plate. An aliquot
of 3 mL serum-free medium (DMEM medium supplemented with 4500 mg/L glucose, 584 mg/L glutamine,
100 U/mL penicillin, 100 pug/mL streptomycin, 0.1 mM nonessential amino acids, 0.4 mM proline, 50 mg/L
ascorbic acid) was added to each well. And then 200 pL cell suspension solution (2.7 x 104 cells/mL in
serum-free DMEM medium) was added within the glass ring (3000 cells/cm?2). After 6 h culture for cell
attachment, the glass rings were taken out and the medium was changed to serum-containing medium for
cytoskeleton development. Before medium change, cell morphology was observed by an optical microscope.
After another 18h culturein serum medium (totally 24 h), the samples were used for immunofluorescence
staining and cell mechanical test.

5.3.3 Immunofluorescence staining

After 24 h culture, the cells were fixed with 4% cold paraformaldehyde for 10 min. For
visualization of F-actin filaments and vinculin, cells were treated with 1% Triton X-100 and 0.02%
Tween-20 for 30 min. After PBS washing, the samples were blocked with 1% bovine serum albumin (BSA)
in PBS for 30 min at room temperature. The samples were then incubated with the diluted mouse
anti-vinculin antibodies (Merck Millipore, 1:100 in Can Get Signal solution) at 37 °C for 1.5 h followed by
washing with 0.02% Tween-20 for three times. Finally the samples were incubated with Alexa Fluor-488
labeled goat anti-mouse IgG antibody (Invitrogen, 1:800) and Alexa Fluor-594 phalloidin (Invitrogen, 1:40)
at 37 °C for 1 h for visualization. For myosin staining, the fixed cells were permeated with 1% Triton X-100
and blocked with 1% BSA solution for 30 min. The samples were incubated with rabbit anti-myosin 1A
antibody (1:100, Sigma) at 4 °C overnight followed by PBS washing. And then the labeling was performed
with Alexa Fluor-488 labeled donkey anti-rabbit 1gG antibody (1:800, Invitrogen) and Alexa Fluor-594
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phalloidin (Invitrogen, 1:40) at room temperature for 1 h. For YAP/TAZ staining, the fixed cells were
permeated with 1% Triton X-100 and blocked with 1% BSA solution for 30 min. The samples were
incubated with mouse anti-YAP/TAZ (1:50, Santa Cruz Biotechnology) at 4 °C overnight followed by PBS
washing. Secondary antibody labeling was performed with Alexa Fluor-488 labeled goat anti-mouse 19G
antibody (1:800, Invitrogen) at room temperature for 1 h. Nuclei were stained with DAPI. Fluorescence
micrographs of the stained cells were captured using an Olympus BX51 microscope with a DP-70 CCD
camera (Olympus, Tokyo, Japan).

5.3.4 Image analysis

The vinculin and F-actin staining images were analyzed using an ImageJ software according to
previous report [28]. Firstly, the obtained fluorescence images were converted to 16 bit images. And then the
images were processed with the following commands including ‘subtracting background’, ‘enhancing local
contrast’, ‘minimizing background’ and ‘adjusting brightness and contrast’. After that, the ‘Laplacian of
Gaussian or Mexican Hat filter’ (available at: http://bigwww.epfl.ch/sage/soft/LoG3D) and ‘threshold’
command was run to get the final processed images (Figure 5.2). Finally, ‘analyze particles’ command was
executed to calculate the focal adhesion area. The thickness of actin filaments was analyzed based on their
fluorescence intensity. Gray plot profile was processed across the filaments and fitted with Gaussian fitting.
The full width at half maximum was considered as the thickness of the actin filaments (Figure 5.3).
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Figure 5.2 Scheme of the analysis process to calculate vinculin area.
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Figure 5.3 Analysis of the thickness of actin fibers. Gray intensity plot of the actin fibers (right) was
processed along the yellow lines (left). The intensity plot (black) was fitted to Gaussian distribution (red) to
evaluate the thickness of the actin fibers.

5.3.5 Atomic force microscopy measurement

The cytoskeletal tension of living MSCs with various adhesion and spreading areas was evaluated
using a commercially available MFP-3D-BIO AFM instrument in a force mode. A silicon nitride cantilever
(Novascan, Ames, USA) coated with reflective gold was used for the AFM nanoindentation. At the end of
the cantilever, there was a probe made of a silica glass ball with a diameter of 600 nm. An optical microscope
was used to visualize the samples and the position of AFM tip. The exact spring constant of the cantilever
was measured using the thermal tuning method [29]. The trigger force was set to 2 nN to avoid any damage
to the cell surface. The force versus distance curves were collected at the highest region of cells at an
indentation rate of 4 pm/s.

The obtained force curves were fitted to Hertz’s contact model to calculate the Young’s modulus of
cells. Since the probe was a spherical ball, the parabolic model was used for calculation. The relationship
between the loading force F and the indentation & can be described in formula of:

F(8)=%-\/§-Er-63/2 (1)

where R is the radius of the tip and Er is the reduced Young’s modulus. In this study, the Young’s modulus of
cells was calculated at 200 nm indentation depth where was reported to be abundant of actin network [30].
The reduced Young’s modulus Er correlates with the Young’s modulus of sample Es and is given by:
1_1—v§+1—v§ @
E, E, E,
where vt and vs are the Poisson ratios of tips and samples. Since the Young’s modulus of tips material (Si02)
is much greater than that of living cells, equation (2) can be simplified as following:
— ES
1w 3)
The Poisson ratio of cell is assumed to be 0.5 [31].

Ten force curves were collected from each cell. Twenty cells on each micropattern were measured
to evaluate the average stiffhess of the cell population. Each measurement was performed within a maximum

of 1.5 hours to minimize the death of cells during the experiment.

Er
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5.3.6 Osteogenic and adipogenic differentiation of micropatterned MSCs

After 1 d culture, the growth medium was replaced by osteogenic and adipogenic induction
medium, respectively. The osteogenic induction medium was prepared by supplementing the DMEM
medium with 1000 mg/L glucose, 584 mg/L glutamine, 100 U/mL penicillin, 100 pg/mL streptomycin,
0.1mM nonessential amino acids, 50 mg/L ascorbic acid, 10% FBS, 100 nM dexamethasone and 10 mM
B-glycerophosphate disodium salt hydrate. The adipogenic induction medium was DMEM medium
supplemented 4500 mg/L glucose, 584 mg/L glutamine, 100 U/mL penicillin, 100 pg/mL streptomycin, 0.1
mM nonessential amino acids, 0.4 mM proline, 50 mg/L ascorbic acid, 10% FBS, 1 uM dexamethasone, 0.5
mM methylisobutylxanthine, 10 pg/mL insulin and 100 uM indomethacin. The induction medium was
changed every 3 d. The induction culture was continued for 2 weeks.

5.3.7 Osteogenic and adipogenic analysis

After 2 weeks induction, the samples were fixed with 4% cold paraformaldehyde for 10 min at
room temperature. The alkaline phosphatase (ALP) activity was examined by staining method to evaluate the
osteogenesis of MSCs. To perform ALP staining, the fixed cells were soaked in 0.1 wt% naphthol AS-MX
phosphate (Sigma) and 0.1 wt% 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 followed by PBS washing. The fat droplets which can be stained
by Oil Red O was chosen as the maker of adipogenic differentiated MSCs. To perform Qil Red O staining,
cells were firstly immersed in 60% isopropanol for 5 min and then stained with fresh Oil Red O working
solution for 5 min. The Oil Red O working solution was prepared by mixing three parts 0.3% Oil Red O in
isopropanol (stock solution) with two parts Milli-Q water and filtering through a 0.2 um filter. After staining,
samples were observed using an optical microscope with a DP-70 CCD camera (Olympus, Tokyo, Japan).
Cells positive for ALP or fat droplets were considered as osteogenically or adipogenically differentiated. The
probability of osteogenic or adipogenic differentiation of MSCs on different micropatterns was investigated
by calculating the percentage of differentiated MSCs to the total cells. Three parallel experiments were
carried out to calculate the means and standard deviations (SDs).

5.3.8 Statistical analysis
The data was presented as means + SDs. Statistical analysis was performed using a one-way

analysis of variance (ANOVA) with Tukey’s post hoc test for multiple comparisons to confirm the significant
differences among samples. A value of p < 0.05 was considered to indicate statistically significant difference.

5.4 Results

5.4.1 Preparation and observation of the micropatterns

The micropatterns were prepared by micropatterning non-adhesive PVA on cell adhesive TCPS
surface. Upon UV irradiation, the photo-reactive PVA under the transparent part of the photomask was
corsslinked and grafted to the TCPS surface, while those under the non-transparent microdots of the
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photomask remained un-reacted and were washed away by ultrasonic washing. The micropattern structures
were designed and prepared to control cell adhesion area and cell spreading area separately. Totally ten kinds
of micropatterns were prepared. Four from the ten micropatterns were micropatterned TCPS round circles
having a diameter of 70, 60, 50 and 40 um that are shown in dark in Figure 5.4. The dark region in Figure 5.4
was TCPS while white region was PVA. The other six micropatterns were composed of many TCPS
microdots having a diameter of 2 um in a round circle having a diameter of 70, 60 and 50 um. The TCPS
microdots and round circles were surrounded by PVA. Each row of the micropatterns in Figure 5.4 had the
same size of round circle. The four rows of micropatterns had the round circles with a diameter of 70, 60, 50
and 40 pm and corresponding area of 3846, 2826, 1962 and 1256 pm? respectively. However, the total area
of TCPS region (cell adhesion region) of each micropattern in the same row was different. The cells in the
same row should have the same spreading area but different adhesion area. The four columns of the
micropatterns had a total TCPS area of 3846, 2826, 1962 and 1256 pm?, respectively. The circle size of each
micrpattern in the same column was different. The cells in micropatterns of the same column should have the
same adhesion area but different spreading area.
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Figure 5.4 Phase-contrast images of the photomasks designed to provide various cell adhesion and spreading
areas. Scale bar: 50 pm.

The typical AFM scanning images of a circle with a diameter of 70 um (an area of 3846 um?) and
the total TCPS area of 1256 um? are shown in Figure 5.5a and b. The size of both large circle and small
microdot were nearly the same as the designed values indicating the good controllability of the
micropatterning method. The PVA layer had an average thickness of 57.8 + 8.9 nm. After preparation of the
micropatterns, fibronectin was coated on the TCPS regions. PVA is a hydrophilic polymer that can protect
protein adsorption and cell adhesion [32]. Selective adsorption of fibronectin on the TCPS regions was
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confirmed by immunological staining of adsorbed fibronectin. The green fluorescence in Figure 5.5¢ showed
the adsorbed fibronectin on the micropatterned TCPS regions. Therefore, the fibronectin coated PVA
micropatterned TCPS micropatterns with various adhesion and spreading areas were prepared using UV
photolithography.

A B
80 nm
— 200
60 -
£
= 40 0
20 100
-200
0
20 25 0.
E
40 T
0 20 40 60 80
um
C Adhesion area (um?)
3846 2826 1962 1256
W
o0
~
o)
»
S
@
[\
R a.
& 2
=
o
o}
(]
&
—_ e~
o =
S 3,
N
—
[\
N
o)

Figure 5.5 Characterization of the micropatterned TCPS surfaces. (a) The height images (up) and section
view (down) of a micropattern with a diameter of 70 um (an area of 3846 um2) and the total TCPS area of
1256 um2. The images were scanned by AFM. (b) 3D view of the micropattern shown in b. (c) The
immunofluorescence staining images of the fibronectin coated micropatterns. Fibronectin adsorbed onto the
TCPS surface but not on the PVA surface. Scale bar: 50 um.

80



Cell adhesion v.s. cell spreading

5.4.2 Cell focal adhesion formation mainly regulated by adhesion area

Human bone marrow-derived MSCs were cultured on the micropatterns. MSCs adhered on the
micropatterns and showed round morphology as that of the underlying micropatterns (Figure 5.6). Most of
the micropatterns were occupied by single MSCs. The spreading area of MSCs was controlled by the size of
each round circle of the micropatterns. The adhesion area of MSCs was controlled by the total area of
fibronectin coated TCPS microdots. The MSCs on each row of micropatterns had the same spreading area
but different adhesion area. The MSCs on each column of micropatterns had the same adhesion area but
different spreading area. The spreading area and adhesion area of MSCs were precisely controlled by the
micropatterns.
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Figure 5.6 Cell attachment after being cultured on micropatterned surfaces in serum-free medium for 6h.
Insert is the high magnification of representative image of attached cells. The cell morphology was well
controlled by the micropatterns. Scale bar: 100 um; insert scale bar: 20 um.

Vinculin was stained to check the focal adhesions (FAs) formation of MSCs on the micropatterns
(Figure 5.7).When cell spreading area was the same (each row), MSCs with large adhesion area formed more
obvious FAs at the region under main cell body than did the cells with small adhesion area. When cell
adhesion area was the same (each column), MSCs with large spreading area formed more obvious FAs at cell
periphery region than did the cells with small spreading area. The staining images were further processed
using the ImageJ software to identify the FAs level (Figure 5.8). Semi-quantitative analysis of FAs revealed
that the average size of FAs increased with increase of spreading areas (Figure 5.9a). However, the total area
of FAs slightly but not significantly increased with increase of spreading area (Figure 5.9b). Increasing cell
adhesion area caused significant increase of both average size and total area of FAs. The results indicated
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that the average size of FAs was influenced by both adhesion and spreading area, but the total area of FAs
was determined mainly by the available cell adhesion area rather than the spreading area.
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Figure 5.7 Vinculin staining images (green) of micropatterned cells with different adhesion and spreading
areas. Scale bar: 50 um.

Adhesion area (um?)

3846 2826 1962 1256

(V8]
oo
=
(o))
w2
2=
58
> =
=
[4)°]
2
o
—
Vo T
° F
l\)sm
p—
o
Ln
™

Figure 5.8 The representative vinculin images of micropatterned cells with various adhesion and spreading
areas after ImageJ software processing.
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Figure 5.9 Influence of cell adhesion and spreading area on focal adhesion formation. (a) The average size of
FAs of micropatterned cells. (b) The total FAs area of the micropatterned cells was acquired by analyzing
vinculin staining images. Data are presented as means + SDs (n = 30). *p < 0.05, **p < 0.01, ***p < 0.001
and N.S. means no significant difference.

5.4.3 Cytoskeletal organization influence by both adhesion and spreading area

F-actin filaments of micropatterned cells were stained to check the influence of adhesion and
spreading areas on cytoskeletal organization (Figure 5.10a). According to previous study, the actin stress
fibers assembled in mesenchymal cells can be divided into three different subtypes including ventral stress
fibers (VSFs), dorsal stress fibers (DSFs) and transverse arcs (TAs) [33]. VSFs are myosin abundant fibers
that are highly contractive and are connected to the FAs at both ends. DSFs are non-contractive thin fibers
that are connected to the FAs at one end. The other end of DSFs grows toward cell nuclei and weaves into
actin cortex around nuclei beneath cell membrane [34]. TAs are contractive fibers that are connected to DSFs
rather than to FAs. In a round micropatterned cell, VSFs and DSFs are assembled in radial direction of the
circles while TAs are assembled in concentric direction of the circles [35,36]. In this study, the assembly of
VSFs, DSFs and TAs of the micropatterned cells was determined by both the cell adhesion area and
spreading area. When cell spreading area was the same (each row), cells with large adhesion area formed
thicker radial fibers and more concentric fibers than did the cells with small adhesion area. When cell
adhesion area was the same (each column), cells with large spreading area formed radial fibers across the
whole cell body while cells with small spreading area mainly formed actin network at cell edge. The merged
fluorescence images of F-actin and vinculin showed that both ends of the thick radial fibers were connected
to FAs, while only one end of the thin radial fibers was connected to FAs. The results confirmed that the
increase of spreading area facilitated the formation of DSFs, while the increase of adhesion area contributed
to the assembly of VSFs and TAs. The thickness of F-actin fibers was analyzed to evaluate the assembly of
the cytoskeleton using the ImageJ software (Figure 5.3). The thickness of F-actin fibers increased
significantly with the increase of adhesion area, while did not change significantly when cell spreading area
increased (Figure 5.10b). Thickening of stress fibers indicated the reinforcement of the cytoskeleton which
usually resulted from the increasing of cytoskeletal tension [37].
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Figure 5.10 Cytoskeletal organization on micropatterns. (a) F-actin staining images (red) of micropatterned
cells with different adhesion and spreading areas. Scale bar: 50 um. (b) Actin fiber thickness of the
micropatterned cells. Data are presented as means + SDs (n = 30). *p < 0.05, **p < 0.01, ***p < 0.001 and
N.S. means no significant difference.

5.4.4 Cellular mechanics dominantly regulated by adhesion area
Myosin as the motor protein which binds to F-actin and influences cell contractility was stained to

show its distribution in MSCs cultured on the micropatterns (Figure 5.11). Although all the cells showed
strong staining of myosin, the assembly of myosin was different in the cells cultured on different
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micropatterns. Cells with small adhesion area showed a punctuated pattern of myosin, while those with large
adhesion area had filament-like myosin structures assembled in both radial and concentric directions similar
to their actin structure. The merged staining images of myosin and F-actin showed a colocalization of the
filament-like myosin pattern and F-actin filaments of the cells with large adhesion area. Their colocalization
indicated the binding of myosin to the actin filaments. Although the cells with large spreading area and small
adhesion area formed DSFs, they were depleted of filament-like myosin pattern. These results demonstrated
that the myosin mainly bound to the VSFs and TAs but not to the DSFs which was in accordance with
previous report [38].

Adhesion area (um?)
3846 2826 1962 1256

9t8¢

98¢
(;un) eare Surpeardg

961

[

9¢C

Figure 5.11 Myosin (green) staining images of the micropatterned cells with different adhesion and spreading
areas. Arrows indicate the micropatterned cells with a filament-like myosin structure. Scale bar: 50 pum.

The bound myosin can generate traction force along the F-actin filaments and further influence cell
mechanical state [39]. To confirm this, AFM was used to evaluate the cytoskeletal tension of MSCs cultured
on the micropatterns. The average Young’s modulus of MSCs increased with increase of adhesion area
(Figure 5.12). The cells with the same adhesion area had similar Young’s Modulus even they had different
spreading area. The different mechanical properties should be due to the different assembly of myosin and
actin filaments. Binding of myosin to the VSFs and TAs which formed in cells with large adhesion area
promoted the generation of traction force and resulted in the high cytoskeletal tension of cells. Although
MSCs with large spreading area and small adhesion area formed the DSFs, they still had relatively low
cytoskeletal tension due to the lack of myosin binding. The results suggest that cellular mechanics was
mainly determined by adhesion area rather than spreading area.
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Figure 2.12 The measured Young’s modulus of the micropatterned cells. Data are presented as means + SDs
(n =20). ***p < 0.001 and N.S. means no significant difference.

5.4.5 Mechanotransduction in MSCs on micropatterns

MSCs changed their cytoskeletal organization and tension depending on their adhesion and
spreading areas. Since the cytoskeletal tension can be translated into the nucleus to further influence cell
functions, mechanotransduction of the cells cultured on the micropatterns was investgated. Yes-associated
protein (YAP) and transcriptional coactivator with PDZ-binding motif (TAZ) have been reported as sensors
and mediators of the biophysical stimulus [25]. When cell encounters high cytoskeletal tension, YAP/TAZ
will accumulate into cell nucleus and regulate gene transcription to influence cell functions. On the other
hand, when cells cannot develop cytoskeletal tension, YAP/TAZ will exclude from nucleus and accumulate
into cytoplasm. Therefore, YAP/TAZ was stained to check their localization in cells with various adhesion
and spreading areas to confirm the cytoskeletal tension transduction (Figure 2.13a-c). YAP/TAZ was located
in the cytoplasm in the majority of cells with small adhesion area. However, increasing adhesion area
facilitated the accumulation of YAP/TAZ into nucleus. By counting the number of cells with a clear
colocalization of YAP/TAZ and nucleus, we confirmed that cells with the same adhesion area had similar
percentage of nuclear YAP/TAZ, while the percentage increased with increase of adhesion area (Figure
2.13d). This result indicated that the mechanical transduction process was mainly affected by cell adhesion
area rather than spreading area.
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Figure 2.13 Influence of adhesion and spreading areas on mechanotransductin of the micropatterned cells.
(a) Nuclei (blue) of single micropatterned cells were stained to show their position. Scale bar: 50 um. (b)
YAP/TAZ staining images (green) of the micropatterned cells. Scale bar: 50 um. (¢) Merged images of (a)
and (b) to show the colocalization of the nuclei and YAP/TAZ. Scale bar: 50 um. (d) The percentage of the
micropatterned MSCs with nuclear YAP/TAZ. Data are presented as means + SDs (n = 3). *p < 0.05, **p <
0.01, ***p < 0.001 and N.S. means no significant difference.

5.4.6 Influence of adhesion and spreading area on differentiation of MSCs

Differentiation as one of the most important functions of stem cells was investigated to elucidate
the influence of cell adhesion area and spreading area on stem cell fate determination. After being cultured
on the micropatterns for 2 weeks, osteogenic differentiation was investigated by ALP staining and adipogenic
differentiation was investigated by Oil Red O staining. Osteogenic differentiation of MSCs was promoted
significantly by increasing cell adhesion area (Figure 2.14a and b). However, increase of spreading area did
not show significant influence on osteogenic differentiation. On the other hand, the adipogenic
differentiation potential decreased significantly with the increase of adhesion area (Figure 2.14c and d).
Spreading area showed no influence on adipogenic differentiation. The results should be due to the
cytoskeletal tension and activated YAP/TAZ distribution in the cells with different adhesion and spreading
areas. The cells with large adhesion area showed high cytoskeletal tension and activated nuclear YAP/TAZ,
and therefore had high osteogenic differentiation potential. On the other hand, cells with small adhesion area
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lacked cytoskeletal tension, and therefore preferred to adipogenic differentiation. The results indicated that
adhesion area could regulate cytoskeletal tension and activation of nuclear YAP/TAZ and had dominant
effect on the differentiation of MSCs. Adhesion area was more important than spreading area for
manipulation of cell functions.
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Figure 2.14 Influence of adhesion and spreading areas on osteogenic and adipogenic differentiation of MSCs.
() Representative micrographs of micropatterned MSCs that are positive for ALP staining. (b) Percentage of
ALP positive stained cells indicating the osteogenic differentiation potential of the micropatterned MSCs. (c)
Representative micrographs of micropatterned MSCs that are positive for Oil Red O staining. (d) Percentage
of Oil Red O positive stained cells indicating the adipogenic differentiation potential of the micropatterned
MSCs. The dotted lines indicate the micropattern circles. Data are presented as means + SDs (n = 3). *p <
0.05, **p < 0.01, ***p < 0.001 and N.S. means no significant difference. Scale bar: 50 pm.

5.5 Discussion

Manipulation of stem cell differentiation is always challenging. Efforts have been paid to elucidate
the influence factors. Recently, the influence of biophysical properties of cell microenvironment including
elasticity, topography, geometry, wettability, roughness and electricity on stem cell differentiation has
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attracted many interests [16-20,40-43]. Changes in most of these stimuli can cause the variation of cell
adhesion and spreading which are intimately related to cell functions. Despite of extensive studies, the
independent influence of adhesion area and spreading area on cell functions remains elusive. In this study,
ten types of micropatterns composed of 2 pm microdots were prepared to investigate the independent
influence of adhesion and spreading areas on differentiation of MSCs. The fibronectin coated micropatterns
showed good capacity to precisely control the cell adhesion and spreading. Regulation of adhesion and
spreading areas influenced the formation of FAs. The average size of FAs increased with increase of both
adhesion area and spreading area, while the total area of FAs only increased with the increase of the adhesion
area rather than spreading area. Previous studies reported that the total area and average size of FAs can be
manipulated with the regulation of adhesion and spreading areas [17,24,26]. The total area and average size
of FAs are related with the global cell/material adhesion strength and local maturation of FAs, respectively
[44]. Our results indicated that increasing in cell spreading area would facilitate the local maturation of FAs
at cell periphery region. And increasing in cell adhesion area not only promoted maturation of FAs but also
reinforced the global cell/material adhesion strength.

The assembly of FAs can cause the recruitment of F-actin and direct the cytoskeletal organization
[45]. Regulated by the microenvironment, cells assemble complex F-actin networks in various structures
including lamellipodia, filopodia, and stress fibers [34]. The stress fibers, which are widely exhibited in
micropatterned cells, can be further divided into VSFs, DSFs and TAs depending on their composition and
mode of development [35,36]. In this study, these three types of actin stress fibers were abundant in different
micropatterned cells depending on their adhesion and spreading areas. Cells with small adhesion and
spreading areas had thin actin filaments only at cell edge. Increasing spreading area leaded to the assembly
of DSFs and further increase of adhesion area resulted in the assembly of VSFs and TAs. The thickness of
stress fibers increased with the increase of adhesion area indicated that large adhesion area facilitated the
recruitment of F-actin fibers.

Previous studies classified the VSFs and TAs as myosin abundant fibers while DSFs depleted of
myosin [38]. According to the staining results, although all the micropatterned cells showed strong staining
intensity of myosin, myosin only associated with the VSFs and TAs and formed filament-like structure in
cells with large adhesion area. Movement of myosin along actin filaments generates the traction force to
regulate cell mechanical properties. This was confirmed using AFM nanoindentation. When cell spreading
area was the same, cells with large adhesion area had higher cytoskeletal tension compared with those having
small adhesion area. When cell adhesion area was the same, cells with various spreading areas had similar
cytoskeletal tension. Previous study using micropost arrays reported a similar phenomenon that the
cytoskeletal tension increased with the increase of adhesion area, and it was identical when the adhesion area
was kept at the same degree regardless of their spreading area [26].

The cytoskeletal tension regulated by cell adhesion and spreading areas can be translated into
nucleus to affect gene and protein expression through mechanotransduction pathways [46-48]. Recent
studies reported the activation of YAP/TAZ which is the transcriptional coactivators of mechanical cues
involved in mechanotransduction was regulated by cytoskeletal tension and played crucial roles in stem cell
differentiation [22,25,49]. In this study, the YAP/TAZ accumulated into nucleus when cells had large
adhesion area, and excluded from the nucleus to cytoplasm when cells had limited adhesion area regardless
of the spreading area. This should be attributed to the different degree of cytoskeletal tension influenced by
the binding of myosin to F-actin filaments. High cytoskeletal tension facilitated accumulation of YAP/TAZ
into nucleus, while low tension facilitated accumulation of YAP/TAZ into cytoplasm.

Although previous studies have reported that parallel increase of adhesion and spreading areas
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would enhance osteogenic differentiation while suppresses adipogenic differentiation [50-52], according to
our knowledge, there is no report related to the independent influence of adhesion and spreading areas on
differentiation of MSCs. Herein, the osteogenic and adipogenic differentiation of micropatterned MSCs with
various adhesion and spreading areas was compared to reveal their independent influence. An illustration
was proposed to explain the possible mechanism (Figure 2.15). When cell spreading area was the same, cells
with small adhesion area formed FAs at cell edge. Their cytoskeletal structure was mainly composed of
radically assembled DSFs. The lack of myosin binding to DSFs resulted in low cytoskeletal tension. And the
YAP/TAZ mainly distributed in cytoplasm. Therefore, cells with small adhesion area preferred to
differentiate into adipocytes. While increasing in cell adhesion area reinforced the cell/material adhesion
strength. Cells formed integrated actin network including VSFs, DSFs and TAs. Association of myosin with
VSFs and TAs generated high cytoskeletal tension. The cytoskeletal tension stimulated accumulation of
YAP/TAZ into nucleus to affect gene expression. Since the osteogenic differentiation was correlated with
activation of YAP/TAZ in nucleus, cells with large adhesion area showed high potential to become
osteoblasts. When cell adhesion area was the same, changing spreading area did not significantly affected
stem cell fate determination. Cells with same adhesion area showed similar potential of osteogenic or
adipogenic differentiation.

Spreading area Adhesion area B 1crs 70 pvA @ Fibronectin
/ \ / \ s Integrin I Actin fiber “M)‘osm
Small Large Small Large YAP/TAZ
O
J.

\

Weak cell/material interaction Strong cell/material interaction
and low cytoskeletal force and high cytoskeletal force
Adipogenic differentiation Osteogenic differentiation

Figure 2.15 Schematic illustration of the influence of adhesion and spreading areas on cell functions. Cell
adhesion affected a cascade of events to regulate differentiation of MSCs.

5.6 Conclusions

In conclusion, this study showed that the adhesion area rather than spreading area should play more
important roles in manipulating cell functions. The adhesion area regulated the formation of FAs,
cytoskeletal assembly, cell mechanical properties and mechanotransduction of micropatterned cells.
Altogether, the differentiation of MSCs was determined by the available cell adhesion area rather than
spreading area. Large adhesion area facilitated the osteogenic differentiation, while small adhesion area
promoted the adipogenic differentiation.

90



Cell adhesion v.s. cell spreading

5.7 References

[1] Ridley AJ, Schwartz MA, Burridge K, Firtel RA, Ginsberg MH, Borisy G, et al. Cell migration:
integrating signals from front to back. Science. 2003;302:1704-9.

[2] Lauffenburger DA, Horwitz AF. Cell migration: a physically integrated molecular process. Cell.
1996;84:359-69.

[3] Mitra SK, Hanson DA, Schlaepfer DD. Focal adhesion kinase: in command and control of cell motility.
Nature reviews Molecular cell biology. 2005;6:56-68.

[4] Slater JH, Boyce PJ, Jancaitis MP, Gaubert HE, Chang AL, Markey MK, et al. Modulation of endothelial
cell migration via manipulation of adhesion site growth using nanopatterned surfaces. ACS applied materials
& interfaces. 2015;7:4390-400.

[5] Fiorilli P, Partridge D, Staniszewska I, Wang JY, Grabacka M, So K, et al. Integrins mediate adhesion of
medulloblastoma cells to tenascin and activate pathways associated with survival and proliferation.
Laboratory Investigation. 2008;88:1143-56.

[6] Thakar RG, Cheng Q, Patel S, Chu J, Nasir M, Liepmann D, et al. Cell-shape regulation of smooth
muscle cell proliferation. Biophysical journal. 2009;96:3423-32.

[7] McBeath R, Pirone DM, Nelson CM, Bhadriraju K, Chen CS. Cell shape, cytoskeletal tension, and RhoA
regulate stem cell lineage commitment. Developmental cell. 2004;6:483-95.

[8] Dalby MJ, Gadegaard N, Oreffo RO. Harnessing nanotopography and integrin-matrix interactions to
influence stem cell fate. Nature materials. 2014;13:558-69.

[9] Trappmann B, Gautrot JE, Connelly JT, Strange DG, Li Y, Oyen ML, et al. Extracellular-matrix tethering
regulates stem-cell fate. Nature materials. 2012;11:642-9.

[10] Yim EK, Darling EM, Kulangara K, Guilak F, Leong KW. Nanotopography-induced changes in focal
adhesions, cytoskeletal organization, and mechanical properties of human mesenchymal stem cells.
Biomaterials. 2010;31:1299-306.

[11] Cao B, Peng R, Li Z, Ding J. Effects of spreading areas and aspect ratios of single cells on
dedifferentiation of chondrocytes. Biomaterials. 2014;35:6871-81.

[12] Hynes RO. Integrins: versatility, modulation, and signaling in cell adhesion. Cell. 1992;69:11-25.

[13] Miyamoto S, Teramoto H, Coso OA, Gutkind JS, Burbelo PD, Akiyama SK, et al. Integrin function:
molecular hierarchies of cytoskeletal and signaling molecules. The Journal of cell biology.
1995;131:791-805.

[14] Geiger B, Spatz JP, Bershadsky AD. Environmental sensing through focal adhesions. Nature reviews
Molecular cell biology. 2009;10:21-33.

[15] Lehnert D, Wehrle-Haller B, David C, Weiland U, Ballestrem C, Imhof BA, et al. Cell behaviour on
micropatterned substrata: limits of extracellular matrix geometry for spreading and adhesion. Journal of cell
science. 2004;117:41-52.

[16] Mandal K, Wang I, Vitiello E, Orellana LAC, Balland M. Cell dipole behaviour revealed by ECM
sub-cellular geometry. Nature communications. 2014;5.

[17] Thery M, Pepin A, Dressaire E, Chen Y, Bornens M. Cell distribution of stress fibres in response to the
geometry of the adhesive environment. Cell motility and the cytoskeleton. 2006;63:341-55.

[18] Théry M, Racine V, Piel M, Pépin A, Dimitrov A, Chen Y, et al. Anisotropy of cell adhesive
microenvironment governs cell internal organization and orientation of polarity. Proceedings of the National
Academy of Sciences. 2006;103:19771-6.

91



Cell adhesion v.s. cell spreading

[19] Dalby MJ, Gadegaard N, Tare R, Andar A, Riehle MO, Herzyk P, et al. The control of human
mesenchymal cell differentiation wusing nanoscale symmetry and disorder. Nature materials.
2007;6:997-1003.

[20] Schvartzman M, Palma M, Sable J, Abramson J, Hu X, Sheetz MP, et al. Nanolithographic control of the
spatial organization of cellular adhesion receptors at the single-molecule level. Nano letters.
2011;11:1306-12.

[21] Engler AJ, Sen S, Sweeney HL, Discher DE. Matrix elasticity directs stem cell lineage specification.
Cell. 2006;126:677-89.

[22] Yang C, Tibbitt MW, Basta L, Anseth KS. Mechanical memory and dosing influence stem cell fate.
Nature materials. 2014;13:645.

[23] Chen CS, Mrksich M, Huang S, Whitesides GM, Ingber DE. Geometric control of cell life and death.
Science. 1997;276:1425-8.

[24] Chen CS, Alonso JL, Ostuni E, Whitesides GM, Ingber DE. Cell shape provides global control of focal
adhesion assembly. Biochemical and biophysical research communications. 2003;307:355-61.

[25] Dupont S, Morsut L, Aragona M, Enzo E, Giulitti S, Cordenonsi M, et al. Role of YAP/TAZ in
mechanotransduction. Nature. 2011;474:179-83.

[26] Han SJ, Bielawski KS, Ting LH, Rodriguez ML, Sniadecki NJ. Decoupling substrate stiffness, spread
area, and micropost density: a close spatial relationship between traction forces and focal adhesions.
Biophysical journal. 2012;103:640-8.

[27] Wang X, Song W, Kawazoe N, Chen G. The osteogenic differentiation of mesenchymal stem cells by
controlled cell—cell interaction on micropatterned surfaces. Journal of Biomedical Materials Research Part A.
2013;101:3388-95.

[28] Horzum U, Ozdil B, Pesen-Okvur D. Step-by-step quantitative analysis of focal adhesions. MethodsX.
2014;1:56-9.

[29] Wang X, Nakamoto T, Dulinska-Molak I, Kawazoe N, Chen G. Regulating the stemness of
mesenchymal stem cells by tuning micropattern features. Journal of Materials Chemistry B. 2016;4:37-45.
[30] Pogoda K, Jaczewska J, Wiltowska-Zuber J, Klymenko O, Zuber K, Fornal M, et al. Depth-sensing
analysis of cytoskeleton organization based on AFM data. European Biophysics Journal. 2012;41:79-87.

[31] Nikkhah M, Strobl JS, De Vita R, Agah M. The cytoskeletal organization of breast carcinoma and
fibroblast cells inside three dimensional (3-D) isotropic silicon microstructures. Biomaterials.
2010;31:4552-61.

[32] Ito Y, Nogawa M, Takeda M, Shibuya T. Photo-reactive polyvinylalcohol for photo-immobilized
microarray. Biomaterials. 2005;26:211-6.

[33] Vallenius T. Actin stress fibre subtypes in mesenchymal-migrating cells. Open biology. 2013;3:130001.
[34] Stricker J, Falzone T, Gardel ML. Mechanics of the F-actin cytoskeleton. Journal of biomechanics.
2010;43:9-14.

[35] Tee YH, Shemesh T, Thiagarajan V, Hariadi RF, Anderson KL, Page C, et al. Cellular chirality arising
from the self-organization of the actin cytoskeleton. Nature cell biology. 2015;17:445-57.

[36] Tay CY, Wu Y-L, Cai P, Tan NS, Venkatraman SS, Chen X, et al. Bio-inspired micropatterned hydrogel
to direct and deconstruct hierarchical processing of geometry-force signals by human mesenchymal stem
cells during smooth muscle cell differentiation. NPG Asia Materials. 2015;7:¢199.

[37] Yoshigi M, Hoffman LM, Jensen CC, Yost HJ, Beckerle MC. Mechanical force mobilizes zyxin from
focal adhesions to actin filaments and regulates cytoskeletal reinforcement. The Journal of cell biology.
2005;171:209-15.

92



Cell adhesion v.s. cell spreading

[38] Hotulainen P, Lappalainen P. Stress fibers are generated by two distinct actin assembly mechanisms in
motile cells. The Journal of cell biology. 2006;173:383-94.

[39] Vicente-Manzanares M, Ma X, Adelstein RS, Horwitz AR. Non-muscle myosin |l takes centre stage in
cell adhesion and migration. Nature reviews Molecular cell biology. 2009;10:778-90.

[40] Abagnale G, Steger M, Nguyen VH, Hersch N, Sechi A, Joussen S, et al. Surface topography enhances
differentiation of mesenchymal stem cells towards osteogenic and adipogenic lineages. Biomaterials.
2015;61:316-26.

[41] Hao L, Yang H, Du C, Fu X, Zhao N, Xu S, et al. Directing the fate of human and mouse mesenchymal
stem cells by hydroxyl-methyl mixed self-assembled monolayers with varying wettability. Journal of
Materials Chemistry B. 2014,2:4794-801.

[42] Kalbacova M, Rezek B, Baresova V, Wolf-Brandstetter C, Kromka A. Nanoscale topography of
nanocrystalline diamonds promotes differentiation of osteoblasts. Acta Biomaterialia. 2009;5:3076-85.

[43] Song W, Wang X, Lu H, Kawazoe N, Chen G. Exploring adipogenic differentiation of a single stem cell
on poly (acrylic acid) and polystyrene micropatterns. Soft Matter. 2012;8:8429-37.

[44] Seo CH, Jeong H, Feng Y, Montagne K, Ushida T, Suzuki Y, et al. Micropit surfaces designed for
accelerating osteogenic differentiation of murine mesenchymal stem cells via enhancing focal adhesion and
actin polymerization. Biomaterials. 2014;35:2245-52.

[45] Kuo JC. Mechanotransduction at focal adhesions: integrating cytoskeletal mechanics in migrating cells.
Journal of cellular and molecular medicine. 2013;17:704-12.

[46] Vogel V, Sheetz M. Local force and geometry sensing regulate cell functions. Nature reviews molecular
cell biology. 2006;7:265-75.

[47] Wang N, Tytell JD, Ingber DE. Mechanotransduction at a distance: mechanically coupling the
extracellular matrix with the nucleus. Nature reviews Molecular cell biology. 2009;10:75-82.

[48] Jaalouk DE, Lammerding J. Mechanotransduction gone awry. Nature reviews Molecular cell biology.
2009;10:63-73.

[49] Halder G, Dupont S, Piccolo S. Transduction of mechanical and cytoskeletal cues by YAP and TAZ.
Nature reviews Molecular cell biology. 2012;13:591-600.

[50] McBeath R, Pirone DM, Nelson CM., Bhadriraju K, Chen CS. Cell shape, cytoskeletal tension, and
RhoA regulate stem cell lineage commitment. Dev. Cell 2004;6:483-495.

[51] Song W, Kawazoe N, Chen G. Dependence of spreading and differentiation of mesenchymal stem cells
on micropatterned surface area. Journal of Nanomaterials. 2011;2011:6.

[52] Peng R, Yao X, Cao B, Tang J, Ding J. The effect of culture conditions on the adipogenic and osteogenic
inductions of mesenchymal stem cells on micropatterned surfaces. Biomaterials. 2012;33:6008-19.

93



Concluding remarks and future prospects

Chapter 6

Concluding remarks and future prospects

6.1 Concluding remarks

This thesis summarizes the regulation of cell fate determination by cell morphogenesis controlled
by the micropatterned surfaces. Diverse micropatterns were prepared on TCPS surfaces using photo-reactive
PVA and UV lithography. The influence of cell size, shape, aspect ratio and the independent influence of cell
adhesion and spreading area on cell fate determination were systematically investigated.

Chapter 1 introduces the cell sources for tissue engineering and their characteristics. The main
components of cell microenvironment and their influences on cell fate determination were summarized.
Typical micropatterning techniques were compared and their applications in biological field were
exemplified. Designing and preparation of micropatterned surfaces for cell function manipulation is
motivated.

Chapter 2 describes the influence of cell morphogenesis on maintenance of multipotency of stem
cells. Micropatterns with different sizes, shapes and aspect ratios were prepared and used for culture of
MSCs to investigate their influences on the stemness of MSCs at single cell level. With the increase of
spreading area and aspect ratio, the percentage of cells that were positively stained by stem cell markers
decreased. However, cellular geometry controlled by the geometrical micropatterns showed no significant
influence on the expression of stem cell markers. Stemness change of stem cells was accompanied with
change of nuclear activity and cytoskeleton. The nuclear activity increased with increase of spreading area
and aspect ratio. The actin filament structure was significantly influenced by spreading area and aspect ratio.
Cells became stiffer when they had sufficient area to spread or were elongated.

Chapter 3 describes the nanomechanical properties of MSCs, NHOst and MG-63 cells on
micropatterns with various sizes. Stiffness of normal cells increased with increase of spreading area due to
the ordering of cytoskeleton. Disrupting F-actin assembly reduced cell stiffness. Meanwhile, cell size
influenced the expression of phosphoezrin that affected cell surface roughness. Rough membrane was
accompanied with high non-specific adhesion force and migration rate. However, cancer cells behaved less
dependently on their microenvironment as their cytoskeleton did not change much by manipulating cell size.
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Chapter 4 describes the cellular uptake of AuNPs influenced by cell morphogenesis. Photo-reactive
PVA micropatterned TCPS surfaces were used to control the cell size and investigated how the cell size
affected the cellular uptake of PEG-AuUNPs. Cells with large size had a high total cellular uptake, but showed
a low average uptake per unit membrane area. While cells with small size showed opposite behaviors. This is
the contribution of both cell/NPs contacting area and membrane tension that depends on cell size. Large size
always leaded to a high total cellular uptake due to the large contact area with the NPs. However, high
membrane tension resulted from large cell size would require high wrapping energy for engulfing of NPs and
thus reducing the uptake. This study would shed light on the influence of microenvironment of cells on
cellular uptake behaviors.

Chapter 5 describes the independent influence of cell adhesion area and spreading area on
osteogenic and adipogenic differentiation of MSCs. Ten types of isotropical micropatterns that were
composed of 2 um microdots were prepared to precisely control the adhesion area and spreading area of
MSCs. The respective influence of adhesion and spreading areas on stem cell functions was investigated.
Adhesion area showed more significant influences on the focal adhesion formation, binding of myosin to
actin fibers, cytoskeletal organization, cellular Young’s modulus, accumulation of YAP/TAZ in nuclei,
osteogenic and adipogenic differentiation of MSCs than did the spreading area. The results indicated that
adhesion area rather than spreading area played more important roles in regulating cell functions.

In summary, photo-reactive PVA was synthesized and used to prepare the micropatterns on TCPS
using UV photolithography. This simple and robust method provided a suitable strategy to fabricate the
micropatterns on prevalent cell-culture substrates. Investigation of single cell behaviors could be directly and
systematically achieved using the prepared micropatterns without external interferences resulting from
separate cell culture. The micropatterns were designed to control cell size, shape and aspect ratio to
investigate their influence on cell functions. The stemness, nanomechanical properties, cell/nanomaterials
interaction and cell differentiation were investigated using the ingeniously designed micropatterns. The
micropatterned cells showed different behaviors indicating that the cell morphogenesis regulated by
micropatterns played critical roles in cell fate determination. All these results proved that the micropatterning
technology is useful for manipulation of cell behaviors. And the insights of this study should inspire the
design of biomaterials for manipulation of diverse cell functions.

6.2 Future prospects

In this thesis, the photo-reactive PVA micropatterned TCPS surfaces were prepared using UV
lithography for manipulation of cell functions. The individual influences of cell morphogenesis on stem cell
fate determination controlled by micropatterned structures have been systematically investigated. Little is
known about the interplay of multiple stimuli on regulation of cell behaviors. Further researches are required
to advance the integration of micropatterning techniques with other technologies to investigate the
synergistic effects of various microenvironment cues on cell fate determination.

Preparation of hybrid micro-/nano-structured biointerfaces: Nano-engineering enabled the
fabrication of surfaces with diverse nanofeatures (nanoarrangement, nanospacing, nanoroughness,
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nanotopography, etc.) mimicking the in vivo nanostructures. And these surfaces have been applied in
biomedical application and shown great influence on cell functions. But the cell morphogenesis was still lack
of control on the nanopatterns. Therefore, integration of micropatterning and nanopatterning for fabrication
of the hybrid micro-/nano-patterns would provide novel platform for cell function manipulation.
Nanostructures can be firstly prepared on the organic substrate using conventional methods. Followed by the
micropatterning using photo-reactive polymer and UV lithography, the hybrid micro-/nano-patterned
surfaces can be achieved. The hybrid surface will combine the merits of both micropatterns and nanopatterns
and is suitable to investigate the cell response to their niche in both micro- and nano-scale.

Fabrication of dynamic micropatterns: In vivo, cells are living in a dynamic microenvironment. The
dynamic cellular response to the changes in microenvironment is critical for cells to tune their functions.
However, most of the currently developed micropatterned surfaces are studied in a static mode. Therefore,
development of the dynamic micropatterns should become urgently needed in the near future. Some
materials have been found to be thermo-responsive, light-responsive or voltage-responsive. Fabricating
micropattens on such kind of substrates would provide the dynamically tunable micropatterns for cell
function manipulation.

Construction of the three dimensional micropatterned structures: Three dimensional cell culture is
supposed to be an advantage strategy for cell function manipulation. By using the UV lithography and a
stamp (used in soft lithography), the three dimensional micropatterned structures could be acquired. High
concentrate of cell adhesive photo-reactive polymer would be poured in a container, then press the stamp into
the photo-reactive solution to create the microfeatures. After UV irradiation, the three dimensional
micropatterns could be obtained. Depending on the stamp geometry and volume of the photo-reactive
polymer, the three dimensional structures of the micropatterns could be controlled. And these micropatterns
would be useful to investigate the cytoskeleton assembly in three dimensional structures and cell response to
the microenvironment in three dimensional scales at single cell level.
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