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ABSTRACT

BEHAVIOR OF NEURO-2A CELLS ON FEMTOSECOND LASER
STRUCTURED SILICON SUBSTRATES

Mingu, Sara
M.S., Department of Micro and Nanotechnology
Supervisor: Assoc. Prof. Dr. Alpan Bek

Co-Supervisor: Assoc. Prof. Dr. Cagdas Devrim Son

July 2020, 86| pages

Cells are known to interact with their physical environment and respond to cues such
as substrate topography. Knowledge of the cell responses to topography may give in-
formation about cell behavior in health and disease, as well as be exploited in order to
exert control on cells for various purposes. Cell responses to topography are depen-
dent on cell type, substrate material and topographical features. In the present study,
Neuro-2a cell line was used as a versatile and widely available neuronal cell model.
The substrates consisted of polished or laser-structured silicon. Structuring was per-
formed using an ultrafast infrared pulsed laser, which generated topographies such as
laser induced periodic surface structures (LIPSS) and microcolumns. The substrates
were characterized with scanning electron microscopy (SEM). Cells were grown on
control substrates (glass or plastic), polished silicon and laser-structured silicon of
different topographies for 3 hours or 24 hours to evaluate various cell behaviors. Ini-
tial cell adhesion and initial motility, as well as cell adhesion and shape after 24 hours
were studied in different substrates using fluorescence microscopy and SEM. Initial

cell adhesion was found to be strongest on the microcolumn topography, allowing for



selective cell patterning on microcolumn regions. After 24 hours, cell adhesion was
found to be equal in all topographies. Moreover, cell motility was found to be fastest
in polished silicon, and slowest in the microcolumn topography. On the other hand,
cell area and perimeter was found to be larger on polished silicon and LIPSS, com-
pared to microcolumn topography or glass. No difference was found in the average
cell circularity for all substrates. Finally, cell preference for microcolumn stripes was
found to be more prominent when LIPSS was found between the stripes, compared
to when thee stripes were separated by flat regions. In conclusion, different cell be-
haviors related to spreading, migration and adhesion were found to be dependent on
the substrate topography. Topography on silicon may be promising to control these

behaviors in the Neuro-2A cell line.

Keywords: Neuro-2A cells, surface topography, silicon, imaging
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NEURO-2A HUCRELERININ FEMTOSANIYE LAZER iLE ISLENMIS
SILIKON YUZEYLERININ USTUNDEKI DAVRANISLARI

Mingu, Sara
Yiiksek Lisans, Mikro ve Nanoteknoloji Boliimii
Tez Yoneticisi: Dog. Dr. Alpan Bek
Ortak Tez Yoneticisi: Dog. Dr. Cagdas Devrim Son

Temmuz 2020 , 86| sayfa

Hiicrelerin bulunduklar fiziksel ortama ve 6zellikle yiizeylerin topografik isaretlerine
tepki verdikleri gozlemlenmistir. Hiicrelerin bu isaretlere verdigi tepkilerin kesfedil-
mesi, hiicrelerin normal aktiviteleriyle ilgili bilgi verebilir yada hiicrelerin davranis-
lar iistiinde kontrol saglayabilir. Hiicrelerin topografiye olan tepkileri; hiicre tiiriine,
substrat malzemesine ve topografik ozelliklerine baglidir. Bu ¢alismada, kullanimi
ve bulunmasi kolay olan Neuro-2a hiicre hatt1 kullanilmistir. Hiicre kiiltiirii substrati
olarak ise silikon malzemesi kullamilmistir. Silikon yiizeyi lazer ile islenerek mik-
rokolonlar ya da lazerle yapilmig periyodik yiizey yapilar1 (LIPSS) olusturulmustur.
Yiizeyler, taramal1 elektron mikroskobu ya da atomik kuvvet mikroskobu kullanarak
karakterize edilmistir. Hiicreler, 3 ya da 24 saat boyunca islenmis yiizeyler iistiinde
biiyiitiilmiistiir ve davraniglari cilali silikon ya da plastik veya cam yiizeylerle kiyas-
lanmistir. Hiicre sekilleri, sayilar1 ve hareketleri taramali elektron mikroskop ya da
konfokal floresan mikroskop kullanilarak gozlemlenmistir. Ik saatlerde hiicreler en

giiclii sekilde mikrokolon topografisine baglanmistir. Bunu gézlem, hiicreleri subst-
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ratlarin belli yerlerine sinirlandirmak i¢in kullanilmigtir. 24 saat sonra ise hiicreler
biitiin silikon topografilerine esit sekilde baglanmistir. Hiicre hareketlerinin, cilali si-
likonda en hizli, mikrokolonlarda ise en yavas oldugu gozlemlenmistir. Hiicre sekille-
rinin de degisiklik gosterdigi; cilali silikon ve LIPSS yiizeylerde hiicre yiizey alami ve
cevre uzunlugu, mikrokolon ve camdaki hiicrelerle kiyasla daha biiyiik oldugu goz-
lemlenmigtir. Son olarak, LIPSS ya da cilali yiizey iistiine mikrokolonlardan olusan
cizgileri olan yiizeylerde, hiicrelerin farkl tepkileri gozlemlenmistir. Hiicreler, LIPPS
olan yiizeylerde cizgilerin iistiine yerlestigi goriiliirken, cilali alanlar1 olan yiizeyler-
deki hiicrelerin mikrokolon cizgilerin iistiine yerlesmedigi goriilmiistiir. Ozet olarak,
hiicrelerin farkli davrasniglarinin yiizey topografisine baglh olarak degistigi gosteril-

migtir. Silikon iistiinde topografi, hiicrelerin yayilimini, hareketlerini ve yapigsmasini

kontrol etmek icin umut vadeden bir yaklagim olabilir.

Anahtar Kelimeler: Neuro-2A hiicreleri, ylizey topografisi, silikon, goriintiileme
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CHAPTER 1

INTRODUCTION

1.1 Rationale for studying cell-substrate interactions

The cells are known to interact with their environment and respond to different cues.
This is not a trivial fact; the success of all medical implants, as well as the possibility
of advancing organ-on-a-chip, artificial organs, tissue engineering and regenerative
medicine applications depends on the proper knowledge of the cell responses to the
environmental cues, and the utilization of this knowledge to obtain the desired results.
Here, environmental cues is a term comprising all kinds of signals the cells may get
from their environment. These may include the presence of certain molecules in the
environment (small molecules, proteins, even other cells), environmental rigidity/e-
lasticity and topography. Each type of cue may have a specific effect on a specific cell
type, and different types of cues may have synergistic effects. Using a reductionist

approach, specific types of cues may be studied separately.

In the present work, only topographical cues have been considered, using a model
cell on a model substrate. Although the study falls under basic research, it is hoped

that the observed cell behavior patterns may become useful for future applications.

1.2 The cell at a glance

Cells are composed of various compartments and numerous proteins and protein com-
plexes which mediate their many behaviors. All cells are surrounded by a membrane,
which is composed of a lipid bilayer with numerous different protein receptors inte-

grated in it (transmembrane proteins). A typical cell can range from 10 ym to 50 ym
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in diameter, depending on the cell type.

1.2.1 The actin cytoskeleton and stress fibers

In the inner part of the cell, a dynamic network of fibrous proteins called the cy-
toskeleton is responsible for giving cells shape and rigidity, as well as for performing
several other functions. The cytoskeleton is comprised of three different networks:
the actin cytoskeleton, microtubules and intermediate filaments; each of these has
their specific functions and dynamics. The actin cytoskeleton in particular has been
shown to mediate various cell interactions with the substrates, and it is commonly
observed in cell-substrate interaction studies. Actin is a globular protein which can
polymerize into filaments and depolymerize. Several proteins are known to interact
with the actin monomers or filaments, and affect polymerization/depolymerization,
the arrangement of the actin filaments into bundles or networks, as well as their move-
ments. For example, myosin is a common protein which interacts with actin filaments
by pulling them against each other in order to generate force. Actin polymerization
is promoted by several proteins, and it is an important initial step for cell spreading
on the substrates, as well as for the force generation needed for membrane protru-
sions. Other proteins (myosin, a-actinin) mediate the interaction of individual actin
filaments, joining 10-30 of them together in parallel fashion in larger bundles called
stress fibers. Stress fibers are contractile structures consisting of several types and

important for cell interaction with the extracellular matrix (ECM).

1.2.2 Filopodia and lamellipodia

The actin cytoskeleton is involved in different protrusions important for substrate or
ECM sensing. Filopodia are finger-like projections of the cytoskeleton with diameters
of 100-300 nm. They are composed of 12-20 actin filaments and are highly stable.
Filopodia are sensors of the microenvironment [5]. For example, filopodia are used

for sensing the surface features of neighbor cells during embryo development.

Lamellipodia, on the other hand, are sheet-like projections driven by actin polymer-

ization and cross-linking by the Arp2/3 complex. As such, the lamellipodia contain a
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mesh-like actin network. They are formed by extensions and retractions of the leading

edge of the cell, and have roles in cell motility [3].

1.2.3 Integrins and focal adhesions

Some cell surface receptors, such as integrins, interact with the cytoskeleton and
mediate many relevant responses of cells to ECM or substrates. Integrins are het-
erodimeric proteins composed of different subunits, o and 5. These subunits may
have different signaling and adhesive properties. Cells may express various subunits
at different amounts and can change the repertoire of expressed integrin subunits ac-
cording to environmental signals, and even topography. The integrins interact with
the cytoskeleton through various other proteins. In particular, the points of interac-
tion of integrins with actin stress fibers are composed of a complex protein network
called the focal adhesion. Focal adhesions are found at the periphery and also at other
positions closer to the center at the lower membrane of cells adhering on the sub-
strates. These structures are of great importance in the cell response to the substrate
topography, and focal adhesion size or shape is commonly looked at in cell-substrate
interaction studies. The molecular structure of the focal adhesion has been elucidated
[1]], it is known to contain integrins, focal adhesion kinase and paxillin (integrin sig-
naling layer); talin and vinculin (force transduction layer); and zyxin and a-actinin

(actin regulatory layer). A scheme of the focal adhesion is shown in Figure [I.1]
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Figure 1.1: Nanoscale architecture of focal adhesions. Adapted from [[1]].

Several of these proteins play a role in cell responses to substrate topography and
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may also signal through other pathways in order to affect cell cycle, differentiation
or apoptosis (cell death). Many studies of cell-substrate interactions use antibodies
against these proteins in order to study the focal adhesions of cells on different to-

pographies.

1.2.4 Events in cell spreading

The early events in cell spreading have been described in literature [6]]. Observation
of cells during attachment to substrate shows that cell adhesion occurs in three major

phases:

e Initial attachment through integrin clustering

e Rapid increase in cell spread area through the depletion of cell membrane reser-

VOIrsS

e Slower spreading through periodic protrusion and retraction of cell edge and

increase in membrane area

Before reaching the surface, cells are spherical in shape and their membrane is heav-
ily folded. When the cells reach the surface, integrin receptors on their surface start to
interact with specific motifs on the adsorbed ECM proteins. If the motifs displayed on
the substrate are appropriately spaced, the integrins at the leading edge (the edge of
the cell membrane making contact with the substrate) start to cluster together, provid-
ing both strength and maturation of the nascent adhesion. The clustering of integrins
is an essential first step for the spreading of the cells, and necessitates appropriate dis-
tribution of binding motifs, such as the Arginine-Glycine-Aspartic acid motif (RGD).
Next, the cell applies force to these nascent adhesions through its cytoskeleton in a
process involving actin and myosin. This force is not necessary for integrin clustering
but essential for the further adhesion maturation steps. The adsorption strength of the
proteins to the surface and the substrate rigidity become relevant in this step. The
integrin clusters dissipate if force is not developed on them. If force develops, this
force-dependent activation allows the progression of cell spreading. The membrane,

which had been folded in the prior stages, starts to spread out. The cell shape changes

4



from spherical to flattened out. The process is known to involve actin polymeriza-
tion from the initial integrin clusters. The membrane flattening increases membrane
tension and activates myosin-dependent contractility. This behavior continues after
the first stages, with cells periodically spreading lamellipodia in order to test the sub-
strate rigidity. Inability to generate enough force inhibits further spreading. After cell
spreading is complete, several different behaviors such as migration, division or dif-
ferentiation may take place. These behaviors are strictly regulated by many different

proteins and may be affected by the substrate topography.

1.2.5 Opverview of cell behaviors

Cell migration refers to cell movement on the substrate. It is a common cell behavior;
cells will move around at random if no cues are present, or towards a chemical gra-
dient if available. Cell migration involves the cytoskeleton as well as the adhesions.
The cell extends a lamellipodium, and adhesions start to form at its edge (the leading

edge). A schematic representation of cell motility is shown in Figure

Cell migration may be dependent on the substrate. For example, cells migrate from
soft to hard (rigid) substrate regions, a process called durotaxis. Some topographical

cues may elicit directional migration.

Cell division is a highly regulated process in which cells divide into two daughter
cells. Cell proliferation (or cell growth) refers to a net increase in the cell number,
through divisions outnumbering cell death. For cell-substrate interactions, cell prolif-

eration reflects a positive cell response to the substrates.

Cell differentiation refers to a specialization of the cell towards a specific lineage
(for example, neural cells) accompanied by a loss of division potential. Cells which
differentiate develop highly specific functions, such as projections, electrical activity
or secretion of specific proteins. Cells which have not differentiated, on the other
hand, retain their proliferative potential. In particular, stem cells are cells which have
not differentiated yet and have the potential to differentiate into multiple cell types.
Their differentiation into various lineages and the factors affecting it are important

for basic science as well as for many applications.
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Figure 1.2: Schematic representation of cell motility, showing the leading edge,

lamellipodia and filopodia. [2].

1.2.6 Effects of topography on cell behaviors

Nanotopography can affect cell spreading and adhesion, usually in a cell and material-
dependent manner. For example, SH-SYSY cells responded negatively to isotropic
roughness on gold; roughness down to Ra values of 40 nm inhibited focal adhesions
and led to loss of polarization and necrosis. This effect was used to generate cytophilic
and cytophobic areas on the same substrate [7]]. Laser treatment of stainless steel was
shown to change the wettability characteristics and surface energy of the material,
and increase the adhesion and spreading of osteoblasts compared to both untreated
and mechanically roughened surfaces [8]. In another study involving MCF7 cells on
patterned poly-L-lactic acid (PLLA) films, it was found that a particular subpopula-
tion of the cells (the CD44tCD24~/"**ESA* subpopulation) preferentially adhered
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to 350 nm gratings. Specific enrichment, isolation and characterization of cancer stem
cells could therefore be possible by using topography as a selection [9]. Laser irra-
diation of Ti6Al4V alloy and the formation of microgrooves was found to increase
its biocompatibility, affect wettability and protein adsorption on the surface, and in-
crease the viability and spreading of MG63 cells [10]. Fibroblast cells grown on
PMMA nanocolumns of 100 nm diameter and 160 nm height showed a decrease in
cell perimeter and an increase in filopodia number/um perimeter. Their filopodia was
seen to interact with the environment [11]. The importance of the physical environ-
ment and topography was emphasized by a study on neuronal cells. The substrates
were glass slides covered with silica nanoparticles of controlled size. It was found
that a roughness (Rq) of 32 nm (corresponding to the roughness of healthy astrocytes)
caused the dissociation of hippocampal neurons from astrocytes in a co-culture study,
underlining the importance of nanotopography in the interactions between neurons

and astrocytes [12].

Isotropic substrates may also affect cell alignment. Gratings of width 1 ;sm and depths
of 1 um or more on olefin copolymer foils were found to speed up endothelial cell
spreading and elicit their alignment [13]]. PC12 cells induced with NGF showed neu-
rite alignment and guided movement on grating-like structures on polystyrene with
200 nm depth and 500 or 1000 nm linewidth. Leech neurons were found to interact
with grating topographies on plastic, by polarization of their tubulin cytoskeleton in
the direction of the grating. The substrates had 350 nm depth and 1 gm or 2 pum
width and were made using pattern transfer from silicon molds fabricated using elec-
tron beam lithography. The topography sensing was suggested to take place through
filopodia. A comparison to other neuronal cell lines (PC12, SH-SYSY, F11, differen-
tiated mouse embryonic stem cells and murine hippocampal neurons) showed that all
cell types showed neurite alignment to grating topographies of the two widths [14].
Primary culture neurons grown on grating topographies on glass showed a correlation
between ridge height and neurite alignment. The influence of the ridges on the neurite
was defined as a change in the neurite direction through temporal interaction with the
ridge. About half the neurites interacted with 25 nm high ridges while 80% interacted
with 100 nm high ones, emphasizing the importance of the grating depth in eliciting

alignment responses [[15)]. In another study, different ridge and groove sizes of grat-



ing topographies on cyclic-olefin-copolymer films were found to influence polarity
(number of neurites) and alignment of neurons; the effect being related to the focal
adhesion formation onto the ridge structures [13]. Finally, in one study, neurons were
grown on a substrate with nanopillars of different sizes in specific locations. Neurons
interacted with the topographical cues by engulfing them with their cell body or pro-
trusions. Moreover, neurons which interacted with the nanopillars were less likely to
migrate; in that sense, nano-pillars allowed for the non-invasive “pinning” of neural

cells [116].

Some topographies can induce or enhance cell proliferation for certain cell types. For
example, osteoblasts were able to adhere, grow and proliferate on vertically aligned
TiO, nanotubes formed by anodization. Proliferation rate was shown to increase by
3-4 times on this topography [17]. Nano-pit topography consisting of 120 nm pits
of square arrangement with 300 nm side length was shown to affect the cell cycle
in skeletal stem cells, and permit the cells’ proliferation together with multipotency
retention [|18]]. TiO, nanotubes were shown to be better for osteoblast adhesion than
both polished and etched Ti. The osteoblast response was attributed to the high rough-
ness, high hydrophilicity and high surface energy of the substrates. Cell proliferation,

osteoblastic phenotype expression and adhesion were all improved [19].

Some topographies, on the other hand, enhanced cell differentiation. In one study,
authors generated a multiple-architecture chip comprising various topographies to
find the optimal topography for neural progenitor cell differentiation. Among nu-
merous topographies, 2 yum and 250 nm anisotropic gratings were found to promote
neural differentiation whereas 2 pm holes and 1 pum pillars promoted glial differ-
entiation [20]. Multiple-architecture chip with different topographies was used in
one study to find optimal topographies to modulate neuronal or glial differentiation
of embryonic stem cells (hESCs). It was found that neuronal differentiation is pro-
moted by anisotropic patterns such as gratings while glial differentiation by isotropic
topographies such as pillars [21]. Nano-pit topography on polycaprolactone (PCL)
was shown to affect differentiation of skeletal stem cells. Highly regular 120 nm pits
in a square arrangement with distance 300 nm was shown to increase retention of
MSC markers and multipotency; on the other hand, offsets in pit placement (resulting

in more irregular square lattice structures) enhanced osteogenic differentiation [22].



Collagen-fibroin blend films with microchannel topography of 4.8 ym ridge width,
10.8 pm groove width and 4 pm depth was found to increase the aspect ratio, align-

ment and osteogenic differentiation of adipose derived stem cells [23].

Some studies have looked at the changes in gene or protein expression elicited by
topography, in order to shed more light on the cell responses. In PC12 cells, nan-
otopography was shown to affect various proteins involved in processes like cell-cell
interaction, ECM, membrane/f-actin linkage, integrin activation, cytoskeleton, nu-
clear organization and transcriptional regulation. In particular, ILK, mTOR, Wnt and
calcium signaling pathways were affected [24]. One study compared the responses
of human embryonic stem cells (hESCs) and mesenchymal stem cells (hMSCs) on
nanotopographies using multi-architecture chips in order to shed light on mechan-
otransduction pathways and topography-mediated differentiation. The two cell types
showed differences in the expression levels of lamin A/C and histone methylation
protein H3K9me3 among each other and on topographies. In particular, hMSCs
had a significant increase in H3K9me3 in the first 24 hours of seeding onto 250 nm
nanogratings, pointing to possible differentiation pathways on nanotopography [25].
The fibroblast response to 13-nm nanoislands on polymer-demixed polystyrene and
polybromostyrene was evaluated using microscopy and microarray expression. On
the nanoislands topography, up-regulation of genes involved in cell signaling, prolif-
eration, cytoskeleton and ECM production was observed. In agreement, microscopy
images revealed a higher number of filopodia interacting with the substrate, as well
as better cell spreading and higher number of focal adhesions [26]. Integrin subunit
expression was shown to be affected by nanotopography. Human mesenchymal stem
cells (hMSCs) aligned their actin cytoskeleton in the direction of a 350-nm grating
topography on PDMS and TCPS. Meanwhile, expression of a2, a6, a'V, 52, 53 and

(4 integrin subunits decreased compared to control substrates [27]].

Neuro-2a is a widely used commercially available cell line. It is commonly used in
cell-substrate interaction studies as a model cell line for neuronal cells, in order to
study neuronal cell response to different topographies. This cell line is used in the
present work. This cell line has many advantages as a neuronal cell model. They
are widely available and easy to grow and handle. Neuro-2a cells have been char-

acterized and used widely. Upon differentiation, they are able to show neuron-like



characteristics, and differentiation can be induced with well-known methods such
as serum starvation. This allows to reduce the use of primary cells, which have to
come directly from the animals and which can only be used a limited amount of time.
Neuro-2a cells have been shown to interact positively with cell culture substrates and
do not require intricate growth systems like astrocytes or other feeder cultures. They
can be sustained on standard cell culture dishes for a few months. For these reasons,
Neuro-2a have been chosen in the present study and also in other similar studies as
model cells to evaluate the response of neuronal cells to candidate substrate materi-
als. Previous reports of Neuro-2a cell behavior on various materials and topographies
are available in the literature. For example, in one study, PDMS neurochips were de-
veloped which allowed specific positioning and differentiation of Neuro-2a cells into
definite synthetic neural networks [28]]. A neurochip for Neuro-2a cells was prepared
by replicating PDMS over a silicon mold fabricated with lithographic techniques. The
chip was then chemically treated in order to render some parts hydrophilic and some
parts hydrophobic. Neuro-2a cells adhered preferentially to hydrophilic surfaces and
were able to differentiate into viable neuronal networks in highly defined regions [28]].
Reviews of the responses of various neural cells to different topographies are avail-
able. Khan and Newaz underline some important results and present hypotheses on

the mechanism of cell response to materials and topographies [29].

It is understandable from the various examples above that cell responses are highly
dependent on the substrate material, topography and cell type. It is difficult to predict
the cell responses to the topography in a theoretical manner, and there seem to be
few general trends when it comes to how a specific cell will interact with a specific
topography. The response depends on various factors, such as the cell type, age and

state, as well as surface chemistry, surface topography, and further modifications.

There seems to be a cell-dependent optimal size for eliciting maximal response by
the cell’s body or cell parts [30]. Usually, the feature size should be comparable
to the size of the cell part with which it will interact. For example, the cell body
is usually between 10-50 micrometers and topographical features of this size may
confine the whole cell or enhance its elongation or alignment. On the other hand,
smaller features may interact with more specific parts of the cells. Filopodia have

sizes of 100-300 nm, and several studies have probed the interaction of the filopodia
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with topographical features. The height limit of filopodial sensing was found to be
8 nm. The distance limit for integrin clustering was found to be 70 nm; if binding
molecules on the substrate are positioned more than 70 nm apart, the integrins are not

able to cluster and the cell is not able to anchor itself onto the substrate.

The importance of focal adhesions in mediating the cell response has also been de-
scribed in various studies. Focal adhesions may be confined by sharp features such
as gratings and pillars. On gratings, the focal adhesions may be confined to grow
in elliptical shape, rather than circular. Contact guidance and cell polarization may
occur due to the alignment of individual focal adhesions and protrusions. For ex-
ample, in a study using 2D fibrillar substrates, it was found that adhesions formed
preferentially in the direction of the fibers, whereas gaps between fibers prevented
sequential adhesion formation. In turn, the alignment of several protrusions polarized
the entire cell [31]]. A study of 3T3 fibroblast cells on micron-sized pillar topography
shed some light on the role of myosin and focal adhesion kinase (FAK) on the cell
response to the topography. Cell response included a more branched shape, higher
speed and lower directionality on the micropillars. It was suggested that an increase
in surface contact on the structured surfaces regulates adhesion strength and contrac-
tion through myosin II and FAK, and results in the cell responses [32]. One group
used nano-line gratings and nanopillars of different sizes to study the assembly and
disassembly of focal adhesion protein paxillin. Cell motility was found to be highest
on the smallest nanopillars, where focal adhesions were composed of sparser, mostly
dimeric paxillin complexes. On the other hand, on larger nanopillars larger focal ad-
hesions with higher order paxillin aggregates provided greater temporal stability and
less migration [33]]. Alongside signal transduction through focal adhesion proteins, it
has been suggested that forces encountered by the cells while spreading on different
topographies may also be directly transferred to the nucleus through the cytoskeleton.
This, in turn, may affect the positioning of interphase chromosomes and ultimately

gene expression [11].

The role of protein adsorption on cell response has also been well described. Cells do
not make direct contact with the substrate’s surface but rather with proteins adsorbed
onto it [34, 35)]. The composition of the adsorbed layer mediates the cell behavior.

Similar to cells in their native environment, adherent cells in vitro are anchored to
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the ECM proteins on the surface of their substrate. The conformational changes that
occur during protein adsorption to the substrate surface must allow the display of

motifs cells can recognize, if cells are to attach to the surface.

The events leading to cell adhesion to the substrate have been described in literature.
Initially, a cell suspension or media only is dropped on the substrate, In the nanosec-
ond scale, water molecules interact with the substrate. This interaction is dependent
on the surface properties. A “water shell” forms at the substrate surface. Soluble
proteins, which also have their water shell, arrive at the substrate surface next, and
interact with the surface in the process of adsorption. Protein adsorption involves
the partial dehydration of the protein and the sorbent surface, surface charge group
redistribution and possible conformational changes of the protein. For hydrophobic
surfaces, displacement of the water layer from the surface is thermodynamically fa-
vorable; the hydrophobic parts of proteins may be adsorbed onto the surface through
hydrophobic interactions. For hydrophilic surfaces, displacement of the water layer
is more unfavorable due to the tight interaction between the water and the surface;
nevertheless, protein adsorption is possible, and it is mostly fueled by energy from
protein conformational changes. The adsorbed ECM proteins usually come from the
cell culture medium serum, such as FBS. In particular, fibronectin and vitronectin
are two important such ECM proteins. The adsorption properties of common ECM
proteins onto different materials have been studied, and it has been shown that these
proteins show different adsorption and conformations on surfaces depending on wet-
tability and charge. In general, hydrophilic surfaces adsorb more protein in the correct
conformation, and therefore can better support cell growth. Fibronectin adsorbs on
hydrophobic surfaces but with a reduction in functionality. Vitronectin has a simi-
lar functionality regardless of the wettability of the surface; however, it can adhere
better to hydrophilic surfaces. In particular, highly hydrophobic surfaces adsorb hy-
drophobic proteins/protein motifs and vice versa. This, in turn, affects the cell or
tissue response [36]. Topography may also affect surface protein adsorption in sev-
eral ways. The increase in surface area may increase total adsorbed protein content.
Moreover, confined spaces in the topographic features may interfere with wetting
and protein adsorption on the surface [35)]. All these effects on protein adsorption

will determine the cell response. For example, nanotopography was found to affect
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protein adsorption on polymeric substrates; decreased adsorption resulted in lower
proliferation and rounded morphology in fibroblasts [37]]. Fibronectin adsorption and
accordingly endothelial cell adhesion and proliferation was altered in silica surfaces
coated with 21 nm colloidal silica nanoparticles, compared to uncoated silica surface.
It was suggested that fibronectin conformation may have been changed on the parti-
cles, therefore reducing the number of cell-binding fibronectin domains presented to

cells. [38]].

Roughness is known to affect cell adhesion; however, different results have been
achieved for different cells and materials. The exact relationship between the sub-
strate roughness and cell adhesion is not known. However, models are available. For
example, it has been suggested that the effect of roughness on cell adhesion is a func-
tion of the surface energy, which is related to the adhesion strength of the cells to the
substrate. As such, surface energy depends on the material and coatings applied. For
small surface energy (substrates to which cells cannot adhere very well), roughness
would further decrease cell adhesion. For intermediate surface energies, roughness
would be irrelevant for cell adhesion. Finally, for large surface energies, roughness
could have a beneficial effect, and an optimal roughness could be found which maxi-

mizes cell adhesion. [39]]

1.3 Light-Matter Interactions and Surface Structuring

The various applications of lasers in biology can be broadly categorized into bio-
micro-device fabrications and tissue engineering applications. Some specific areas
include biomaterial laser printing, DNA or protein microarrays, cell printing, selective
laser sintering, various forms of lithography and near field processing techniques [40].
Laser structuring of materials may result in a wide variety of structures, depending on
various laser, material and structuring parameters. A thorough understanding of the
underlying processes can allow the prediction of the topographies resulting from the

chosen parameters.

13



1.3.1 The nature of light

Light has been established in the quantum mechanical theory as having both wave and
particle nature. In particular, the wave nature of light is appropriate when discussing
light propagation until the surface of the material to be irradiated, while the particle
nature becomes more relevant once the light interaction with the material starts to take
place. As such, both views will be useful in building the theory on the light-substrate

interactions which lead to the topographies used.

The wave theory describes light as an electromagnetic wave with sinusoidally varying
electric and magnetic fields. Their directions are such that their cross product (E x
B) gives the direction of propagation. The behavior of these field components at any
given time during the light propagation or at boundaries can be described using the
well-established Maxwell’s equations. The polarization of light refers to the direction
of the electric field, and is important in the light behavior at boundaries, as well as in

the formation of specific periodic surface topographies.

As a wave, light has wavelength (), unit m) and frequency (v unit s~! or Hz), which

are related to each other by the following equation:

where ¢ (unit m/s) is the speed of light. The energy carried by the light is dependent
on its wavelength, with longer wavelength waves carrying less energy. At bound-
aries, part of the light will be reflected while the rest will be transmitted into the new
medium. This fraction of transmitted light is given by Fresnel’s equations, which are
derived by solving the wave equations with the appropriate boundary conditions. The
reflectivity depends on the material’s properties, the environment, the angle of inci-
dence, the wavelength and the polarization of the light beam. For normal incidence,
the Fresnel Equation below is valid for both polarizations, perpendicular and parallel

to the plane of incidence:
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The reflectivity further depends on the light’s wavelength, temperature, as well as
local plasmonic effects [41, 42]]. The portion of light which is not reflected will be

transmitted through the material and may be absorbed. In absorption phenomena, the

particle nature of light becomes more appropriate.

Particles of light are called photons. Each photon carries an energy is related to the
frequency (or wavelength) of light by Planck’s constant, h (6.62 x 10~3*m?kg/s), by

the following equation:

hc
Ephoton = hv = T

During the absorption process, the energy of the photons is transferred to the electrons
in the material, promoting them to excited states. The energy required to promote the
electrons of the material to an excited state depends on the material’s properties. Note
the formula gives the energy in Joules; it can be converted to electron volts (eV) by

using the following conversion: 1J = 6.24 x 10'%eV.

1.3.2 Properties of silicon

The interactions of the light of chosen wavelength with the chosen material are im-
portant in understanding the processes involved and the final topography results. Rel-

evant information about the silicon material is summarized below.

Silicon is the second most abundant element in the Earth’s crust. Its atomic number
is 14, and it is a semiconductor. Crystalline silicon has a diamond lattice unit cell. In
the crystal, each Si atom forms 4 covalent bonds with neighboring atoms, forming a
tetrahedral structure. The crystal structure of silicon and the three planes formed by
its lattice are of special interest in some silicon microfabrication techniques, such as
etching. Crystalline silicon can be obtained from its source material (sand, quartzite

rock) using well-established methods, such as the Czochralski Method or the Float
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Zone method. For the fabrication of microelectronics, silicon may be doped with
either phosphorus (N-doped) or boron (P-doped). The crystalline silicon is sliced
into disks called wafers and may be further polished. Wafers come in different shapes
(round or semi-squared), sizes, thicknesses (279 pym or 525 pm), and they may be
polished at one (single side polished) or both sides (double side polished), or non-
polished (as-cut). When in contact with air, an oxide layer a few nm thick is present

at the silicon’s surface [4].

The electronic states of silicon are similar to those of other semiconductors. Quan-
tum theory has established that in an atom, electrons may only have discrete energetic
states, with no more than two electrons allowed to have the exact same energy (Pauli
exclusion principle). This principle also holds true for more than one atom: when
two atoms are close enough to interact, their electrons also have to be in separate
energy states. This causes the energy levels to split and form energy bands. These
are composed of a large number of energy levels, which are closely spaced together
and resemble a continuous band. Semiconductors have characteristics electronic band
structures, with a valence band (the highest energy band which is filled) and a conduc-
tion band (the band above the valence band). Electrons may be found in the valence
band (when in ground state) or in the conduction band (when in excited state), but
not between them. The energy difference between the top of the valence band and the
bottom of the conduction band is referred to as the band gap. No electronic states are
allowed in the band gap; for this reason, an electron needs to absorb an energy which
is equal or greater to the band gap energy in order to be promoted to the conduction
band. For silicon, the bandgap energy is 1.12 eV. An electron may be excited by a
single photon of energy 1.12 eV or greater, or by two-photon absorption of lower
energy photons. When an electron is promoted to the conduction band, it leaves an
empty spot called a hole. Once an electron is in the conduction state, it is free to move
around the lattice with any kinetic energy it has; similarly, the hole may also move up

to the top of the valence band. Eventually, the two recombine non radiatively.

Silicon’s optical properties, such as reflectivity and absorbance at different wave-
lengths, have been studied in detail. The reflectivity of silicon is shown in the Figure
[[.3] below. For the wavelength used in this work (1030 nm) it can be extrapolated
from the graph that the reflectivity is around 0.3.
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Figure 1.3: Reflectivity vs. wavelength for silicon, adapted from pveducation.org

Due to light’s interaction with the material, the light intensity decays with depth, as
described by the Beer-Lambert law:

I(z) = Ipe™**

For 1030 nm, the absorption coefficient « for silicon is reported as 30.2 cm™* [43]].
This value can be used to calculate the depth at which the intensity will have fallen
to 1/e ( 37%) of its original value as 330 pum. This depth may be valid for one photon
absorption processes; however, it can be affected by other factors, such as two-photon
absorption, temperature, pulse length and local plasmonic effects [41, 42]. For short
laser pulses, the entire optical energy is absorbed at the surface [44]. As energy is
absorbed by the material, different thermal processes such as melting, amorphization,
annealing, boiling or explosive boiling may take place at the surface, depending on the
amount of energy deposited on the material. For silicon, the modification threshold
was reported as 0.26 J/cm2; larger energies may result in loss of crystal structure
(amorphization). On the other hand, energies larger than 0.55 J/cm2 lead to annealing

[4]. Even higher energies are needed for boiling.
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1.3.3 Laser properties and operation

Lasers (acronym for Light Amplification by Stimulated Emission of Radiation) are
powerful sources of highly coherent light. Lasers typically deliver highly coherent
light with narrow spectral width. There are various types of lasers, changing in many
different parameters. One particular parameter is whether the light is delivered con-
tinuously (continuous wave, or CW lasers) or in pulses, with the laser being on and
off for certain amounts of time (pulsed lasers). The duration of laser pulses can be as
short as a few femtoseconds, with each pulse delivering vast amounts of energies. For
pulsed lasers, pulse length and repetition rate (in pulses/second) are of importance in
the structuring of materials. Laser systems used for material processing usually also
contain motorized precision stages, Galvo heads for scanning the laser beam, a va-
riety of optical elements to control the beam (mirrors, collimators, focusing lenses,
amplifiers. .. ), power meter, as well as appropriate software to control the stages and

the scanning design.

The laser used in this study was a femtosecond laser system, with the properties

summarized in the Table [I.1] below:

Table 1.1: Properties of the ultrafast laser used in this study

Central wavelength 1030 nm
Repetition rate 1 MHz
Pulse duration 370 fs
Average power 360 mW

Spot size 9 um

Scanning velocities | Up to 3000 mm/s

From this table it is understandable that the laser is on for 370 femtoseconds every
10~% seconds, so it is on for a very short time, with 10° repetitions every second. The
average power is the total power measured in one second. For material structuring
purposes, the energy delivered in one pulse is more relevant. It can be calculated

from the average power by using the following relations:
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_ Energy (J)

Power (V) time (5)
Energy (J) = Energy/second (/)
pulse Pulses /second

Plugging in, we get, for 360 mW power:

Energy/pulse = 3.6 x 107"J

However, due to the short duration of each pulse, the intensity for each pulse is quite

large:

ity — Power __ Energy 2
IntenSlty " Area ~  Time X Area (W/Cm )
e 3.6x10~7J
Intensity = 370x 10~ 15 sx 7w x (9% 10—4cm)?

~ 3.8 x 10" W /cm?

The laser is raster scanned on the surface; the shape may be designed in the accom-

panying software. A simple raster scan is shown in Figure 1.4}

F

A

>

Figure 1.4: Raster scan diagram used for laser structuring

In the figure, the red arrow represents the constant distance between each two raster

scan lines. The distance between the lines is called hatch. It is obvious that the laser
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velocity and fluence will influence the effective number of laser shots which will fall
at a particular spot. One can start by considering a single line. The laser velocity
considered can be the maximal scan speed (3000 mm/s = 3 m/s). The spot size is 9
pm and the repetition rate is 1 MHz, corresponding to 10° repetitions every second.

The number of pulses per spot (N) for this velocity is:

Total length of structured area

- Total travelled distance for the beam

_ Repetition rate x Time X Spot diameter

Velocity x Time
_ Repetition rate X Spot diameter

Velocity

10%pulses/s x 9 x 107%m /pulse

N =
3m/s

= 3 pulses/spot

The slower the laser goes; the more pulses can be delivered to a single spot. A
schematic representation of the affected area for three different velocities is shown

in Figure 1.3 below.
Figure 1.5: Schematic representation of laser spots overlap for different velocities

For lower hatch values, overlap between the two raster scan lines is also possible (for

values smaller than 9m), effectively increasing N for a given spot and hence the total
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energy hitting any spot (besides the corners). A schematic diagram is shown in Figure

below.

Figure 1.6: Schematic representation of affected areas showing overlap between two

scan lines for low hatch values (H <9 pm).

1.3.4 Processes involved in laser-substrate interactions

A theoretical background on the general mechanisms of laser interaction with mate-
rials may be found in the literature [3} 44} 4]. A diagram representing the four major
steps of the process, together with their timescales is shown in Figure[I.7|below. Note

that in this study, the next pulse begins at 10~ seconds.

The first step of the process, carrier excitation, is the absorption of irradiation by
the carriers in the material. For silicon, single photons with energy greater than the
bandgap (1.12 eV) are able to excite electrons to the conduction band. The process
involves a phonon due to the indirect band structure of silicon. As electrons are pro-
moted to the conduction band, the band structure changes; the band gap decreases un-
til it eventually collapses, when a certain percentage of electrons are in the conduction
band. Promotion of more electrons to the conduction band may occur through impact
ionization, where electrons with enough kinetic energy excite other electrons through
collisions. This way, the absorbed optical energy is transferred to the carriers as exci-
tation to the conduction band and kinetic energy. During thermalization, this energy
is redistributed through carrier-carrier or carrier-phonon scattering. In carrier-carrier

scattering, the carriers interact with one another until they reach a Fermi-Dirac dis-
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Figure 1.7: Timescales of different events taking place during laser structuring of

materials. Adapted from [3].

tribution after some hundreds of femtoseconds. On the other hand, in carrier-phonon
scattering, energy is transferred to the lattice. This process occurs through phonons
and it takes several picoseconds for the carriers and the lattice to reach thermal equi-
librium. In this point, the carriers and lattice will have the same temperature. After
this thermal equilibrium is reached, any excess carriers are removed through different
mechanisms. Excess carrier removal may take place through recombination events,
where electrons fall to the ground state and recombine with the holes, releasing en-
ergy. Recombination may be radiative or non-radiative, with each particular recom-
bination channel having its own probability which is dependent on the material. In
radiative recombination, a photon is released as excess energy; however, such a ra-
diative decay is not allowed in silicon due to silicon’s indirect bandgap. Instead, non-
radiative decay processes are preferred in this material. Examples of non-radiative
decay processes are trap states (not shown in the Figure and Auger recombina-
tion. In Auger recombination, the excess energy from electron-hole recombination is
transferred as kinetic energy to another conduction band electron. Finally, the excess
carriers may also be removed from a region through carrier diffusion, however, this
process depends on the pulse duration of the laser and is generally slower on ultrafast

lasers. In any case, after thermal equilibrium is reached and excess carriers have been
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removed, the effects on the material resemble any other type of heating. Phase transi-
tions (melting, evaporation) may occur if the respective temperature thresholds have
been reached. Simultaneously, non-thermal effects may also occur in materials irradi-
ated with laser pulses of picosecond or sub-picosecond duration [3]]. The non-thermal
plasma model describes lattice disordering through direct excitation of the electronic
system. According to this model, the atoms gain mobility without thermal energy
increase when about 10% of the valence electrons are promoted to the conduction

band. In another reference, this is termed as bond softening [4].

The thermal and structural effects depend on the energy deposited onto the material,
or laser fluence (measured in J/cm?). As described previously, the optical energy is
absorbed by the electrons and transferred to the lattice; this may cause phase changes
such as melting, boiling or ablation. The different structural effects taking place
in silicon upon irradiation with femtosecond laser pulses are shown in Figure 1.8.
A Gaussian beam is assumed in Figure [I.8] with the center of the irradiated spot

receiving the highest fluence as shown in the graph.

Ablation Annealing

Modification
(Oxidation /
Amorphization)

Fluence

A ; (o)

q)ann

q)mod

Figure 1.8: Physical processes during the modification of silicon with femtosecond

laser pulses [4]]
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Modification occurs at the lowest fluences and refers to oxidation and amorphization
processes. In oxidation, silicon reacts with the oxygen in the air to form oxides. In
amorphization, the crystal structure is lost. The oxidation regime has particular im-
portance in the formation of a highly regular periodic topography in other materials
[45]]. Oxidation of the formed structures takes place due to the laser structuring of Si
in ambient atmosphere, forming silica structures [46]. Annealing, on the other hand,
occurs at higher fluences. Annealing is a process commonly used for silicon wafer
doping. During this process, silicon re-solidifies in a crystalline form. The reason for
the difference in solidification between modification and annealing is cooling rate.
Lower temperatures (in modification) do not allow for slow cooling rates and silicon
is solidified in amorphous state. If the material had come to a high enough tem-
perature, on the other hand, cooling is slow and re-crystallization happens. Finally,
ablation refers to removal of material (molecules, clusters, nanoparticles) from the
material’s surface. Ablation requires relatively high fluences, as it can be seen in Fig-
ure[[.9] In the process of ablation, rapid melting at the surface layer causes a pressure
gradient and a tensile wave, resulting in void nucleation inside the liquid layer. These
voids then coalesce and cause material expulsion. In regions with higher fluence,
temperature is higher and cooling rate slower, therefore the bubbles may grow even
larger and yield to more material ablation [4]. Ablation is important in the formation
of different types of surface structures, including some subtypes of periodic surface

structures [47]].

Figure [1.9] summarizes the different processes resulting in different topographies.
They are oxidation, amorphization, re-crystallization, bubble formation due to sub-
surface boiling and ablation [4]. Ripples and columns are among the resulting to-

pographies.
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Figure 1.9: Morphological phenomena after irradiation of the silicon surface with

linearly polarized light of 100 fs duration. Reproduced from [4]

1.3.5 Theories behind the formation of LIPSS and Microcolumns

The two main considered topographies are laser-induced periodic surface structures
(LIPSS) and Microcolumns. Both types of structures have been described previously,
and the parameters under which they form, as well as theories behind their formation,

are known.

LIPSS, also called ripples, are a surface relief composed of quasi-periodic or peri-
odic lines. These ripples form when a linearly polarized laser beam is scanned on the
surface. Since their discovery in 1965, there has been an increase in the number of
papers published on LIPSS theory or applications [48]. There are various types of
LIPSS. They may be classified according to wavelength; in which case we can dif-
ferentiate low-spatial-frequency LIPSS (LSFL) with periodicity similar to the laser’s
wavelength; and high-spatial-frequency LIPSS (HSFL) with periodicity smaller than
half the laser’s wavelength. They can also be referred to as coarse and fine ripples,
respectively [49]]. LIPSS may also be classified according to their orientation as either
parallel or perpendicular to the polarization of the incident light. When perpendic-
ular to the laser polarization, the structures are called normal LIPSS, while those

parallel to the polarization may be called anomalous LIPSS [47]. LIPSS may be
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generated using a wide range of laser pulse lengths; for ultrafast (femtosecond laser)
pulses, LIPSS are covered with nano-sized features such as nanoparticles, nanorods

and nanocavities with sizes as low as 20 nm [30].

Theories on LIPSS formation are available in the literature [S1, 4, 48, 477]]. It is gener-
ally accepted that LIPSS ripples start to form due to the interference of incident light
with the surface plasmon polariton wave after scattering on any surface defect, such
as asperities or scratches, and that feedback mechanisms are involved [52, 45,4, 147].
Surface plasmon polaritons (SPPs) are electromagnetic fields which propagate at the
interface between a metal and a dielectric. They are oscillations of the surface elec-
trons and may happen due to the coupling of incident photons. SPP waves propagate
while decaying. A SPP mode may be excited through surface roughness and discon-
tinuities, which provide the conditions for momentum matching processes which can
couple the SPP to the surface. The idea that LIPSS originate from the interference of
incident light with surface plasmon polaritons was put forward by Keilmann and Bai
[53]], whereas Sipe et al. coined the term LIPSS and developed a first-principle theory
on the formation of the structure [54]. They introduced an “efficacy factor” which
described the interactions of the incident light with a rough surface. This theory is
still valid, but it does not describe all types of LIPSS. The combination of Sipe’s
theory with a Drude model (which describes the behavior of carriers in a material
system) was successful in describing the formation of LIPSS on silicon and empha-
sized the importance of permittivity changes during material irradiation with ultrafast
laser pulses [51]. Silicon, and generally semiconductors, are initially non-active plas-
monically. However, changes in electronic band structure following the promotion
of a large number of electrons into the conduction band turns these materials into
metallic, and the excitation of the surface plasmon polaritons becomes possible. The
SPP interferes with the incident light; therefore, light will be preferentially absorbed

in particular regions of the surface.

The fluence determines the structural changes which take place in the regions of ab-
sorption. Normal LIPSS is a result of ablation while anomalous LIPSS is due to
oxidation. In both cases, the incident light interference with the surface waves scat-
tered from surface defects leads to inhomogeneous oxidation or ablation. Analysis

of LIPSS resulting from different irradiation conditions is usually implemented in
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order to shed light on the processes underlying the LIPSS formation. It is possi-
ble to generate normal or anomalous LIPSS by changing the fluence and repetition
rate. For normal LIPSS, high fluence and low pulse number (several pulses) are used;
whereas anomalous LIPSS requires lower fluence and higher pulse number (several
thousand pulses) [47]. One study analyzed the cross section of the ripples with SEM,
and the authors drew some conclusion on the formation mechanism based on the
cross-sectional features. Coarse ripples were shown to be convex with narrow valleys
(grooves). It was suggested that this was due to the phase transformations; amor-
phization in coarse ripples causes volume expansion which makes the ripples more

convex [49]].

Several feedback mechanisms are involved in the formation of LIPSS. It was men-
tioned that LIPSS start out by the interference effect on surface defects. As LIPSS
form, the surface topography changes and the formed structures can serve as scatter-
ing points for the next pulse [45, 48]]. This feedback effect can be exploited to make
large-area regular ripples by overlapping the irradiation spots. The surface optical
properties at each pulse depend on the surface topography at the beginning of the
pulse, as well as the variations in the dielectric function of the surface which occur
due to the laser irradiation during the pulse. This is formalized in one study, where
an equation describing the feedback process was proposed. Positive sign feedback fa-
vors the formation of periodic, ordered ripples while negative sign feedback results in
random surface roughness. It was suggested that after a preliminary LIPSS structure
is formed, then the feedback function changes sign leading to roughness. After more
shots, the feedback changes sign again and a secondary LIPSS is formed, which is
then not subject to more change [S5]]. This prevalence of the LIPSS structure after its
formation is also described for oxidation-type LIPSS as a "negative feedback "effect,
where the limit of oxygen diffusion prevents any further growth or change of the
structures and excess laser shots exert no further change on the topography [435, 47].
On the other hand, ablation type LIPSS does not have any inherent feedback, excess
laser shots eventually result in LIPSS destruction, therefore the anomalous LIPSS
may form only with a certain range of shots (hence, a certain range of laser scan
velocities) [47]. Furthermore, the surface electromagnetic wave (SEW) propagation

limits the LIPSS regularity. The decay length (or mean free path) of the excited SEW
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depends on the material. Materials such as Mo, Ti and steel, which have high optical
losses at the irradiation wavelength and short SEW decay lengths, can support highly
regular LIPSS. On the other hand, materials with long SEW decay lengths allow for
more unwanted interactions of the SPP with itself or other surface irregularities, and

result in less regular LIPSS with bifurcations and discontinuities [56].

For fluences above threshold (which initially result in ablation-type LIPSS) as the
number of pulses increases, micro-column topographies start to form. After ripple
formation, the surface acquires topographical features which change the angle of in-
cidence of the laser light at each point. Light is further guided by reflections on the
various surface features. The most absorption takes place at the topography maxima
or minima. As the material vaporizes with increasing number of pulses, the vapor
is preferentially deposited at the top parts of the topography, forming growing struc-
tures [4]. The structures have column-like or hill-like shape of micron-scale height.
The microcolumns may be covered with LIPSS, by scanning the laser beam on the

microcolumn topography with an adequate velocity to obtain LIPSS [52]].

Although polymers cannot be easily structured with laser, LIPSS topography can be
transferred efficiently and reliably to various polymer biomaterials. This increases
the range of materials on which the effect of LIPSS on cells can be studied [57].
Due to changes in surface roughness, the wettability of the surface changes after laser
processing. For example, LIPSS-covered surfaces show higher hydrophobicity; this
is thought to be caused by the trapping of air underneath the liquid, in between the
nano-scale surface topographies of LIPSS [48].

1.4 Cell-substrate interaction studies involving femtosecond laser structuring,

LIPSS, or silicon

The effect of femtosecond laser treatment of different materials on cell response has
been studied for various cell types. For example, femtosecond laser treatment of
silicon has been used to produce inhibitory regions for HeLa cells [46]. Femtosec-
ond structuring of stainless-steel stents, producing micro-structures with secondary

nanostructures, was shown to decrease the proliferation of monocytes. Endothelial
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cell proliferation was not affected. As such, femtosecond laser treatment of stents
was proposed as an appropriate modification to increase stent function [58]. On
stainless-steel plates, femtosecond laser structuring was shown to improve the sur-
face’s hydrophilicity and increase its carbon content. Laser-treated surfaces signif-
icantly improved the adhesion of endothelial and bone marrow mesenchymal cells,
while decreasing the adhesion of fibroblasts. In this aspect, this surface modification
was proposed as appropriate for bone prostheses [59]. Femtosecond laser treatment
was used in one study to fabricate different structures on stainless steel, such as 2D
periodic grating, pseudo-periodic coral-like structures and 1D grating (channel-like)
structures. The structures were also reliably imprinted onto polycarbonate. Cell align-
ment was observed on the 1D gratings, whereas corals were shown to inhibit cell
proliferation [60]. Femtosecond laser irradiation of polydimethylsiloxane (PDMS)
changes the topography and wetting properties of the material and allows for the fab-
rication of hydrophilic and superhydrophobic regions on the substrate. This effect
was used to control the adhesion of C2C12 cells and achieve cell patterning [61].
Femtosecond laser structuring of Ti was used in conjunction with aerosol beam ir-
radiation to produce periodic structures of 230 nm periodicity and 150 nm height.

Osteoblasts showed alignment in the direction of the nanostructures.

In several studies, LIPSS topography was achieved and its effects on different cell
lines were studied. Structuring of polystyrene (PS) with a 248 nm linearly polarized
laser beam at different angles produced periodic structures of periodicities 200-430
nm and depths 20-100 nm. Cell experiments showed that HEK293 cell proliferation
increased on the structured PS, whereas CHO-KI1 cells and skeletal myoblasts aligned
to the periodic structures. The periodicity which elicited maximal cell alignment was
cell type-specific [62]. LIPSS topography on Ti-6Al-4V was found to enhance ma-
trix mineralization in hMSCs cultured in osteogenic medium [63]]. LIPSS texturing
of stents increased adhesion of fibroblast cells while inhibiting monocyte attachment,
both features important for stent functionality [64]. In one study, LIPSS was com-
bined with micrometer-scale gratings in a “double contact guidance”, to see which
scale topographical cues had more effects on the cells. It was found that cells initially
interact with the LIPSS topography, but later align to the micrometer-scale gratings

[65]. LIPSS topography with a period of 600 nm and depth 100 nm was formed on
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polyethylene terephthalate (PET) surface by direct structuring with a femtosecond
laser. MG-63 cells showed spreading along the LIPSS grooves [66]. LIPSS with var-
ious periodicities (300-400 nm) and average roughness values (Ra = 37-42 nm) were
formed on polymers using femtosecond laser irradiation at different angles. My-
oblasts cultured on these substrates showed alignment in the LIPSS direction; as well
as changes in the localization of beta-catenin and VE-cadherin proteins. [67]. Micro-
column topographies have also been considered. Some micro-columnar structures
have been found to increase cell adhesion [68]], while others inhibited cell growth
[60]. Femtosecond structuring of silicon was used to fabricate areas with micro-spike
and micro-column topographies. These topographies had different average roughness
values. As laser fluence increased, spike sharpness and hydrophobicity also increased
while fibroblast proliferation and survival decreased. However, thermal oxidation
of superhydrophobic surfaces increased their hydrophilicity as well as the ability of
fibroblasts to adhere to them. [36].

Silicon was chosen as the base material in this study due to its availability, the ease
of structuring with ultrafast laser, and the large amount of structures which can form
on this material. Although not a common implant material, silicon is used in some
brain electrodes. Furthermore, due to the large amount of modifications possible on
silicon, many studies have used this material as a cell culture substrate, and the ef-
fects of different silicon modifications on specific cell types have been reported. For
example, when grown on various etched silicon substrates, nigral cells were shown to
preferentially adhere to surfaces with average roughness Ra from 20 to 50 nm [69].
Porous silicon was found to increase proliferation in N2A cells and immortalized
human cortical neuronal cells (HCN1A), compared to flat silicon [70]. One group
generated randomly rough silicon substrates with defined average roughness Ra and
fractal dimension, in order to study cell behavior. Fibroblasts were studied as model
cells; proliferation was increased in roughness Ra of 40 nm and fractal dimension
(Df) 2.4, while adhesion was favored on Ra values of 50 nm and Df of 2.2 [71]].
Silicon substrates with various size pillars generated through lithography was used
with neural cells in a time-lapse study to discern the effect of the nanotopography
on the first neurite budding. It was found that the topographical cues attracted N-

cadherin and the first bud was oriented towards the pillars [72]. Stereo-topographical
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nanowires (SINW) were formed on silicon by an electroless metal deposition method,
which produced nanowires with controlled length and orientation. This topography
was shown to negatively affect the growth of human mesenchymal stem cells, causing
spherical cell shape and loss of viability. SINW length was found to affect the expres-
sion of COL1A1, Runx2 genes, as well as the levels of F-actin, phosphorylated FAK,
vinculin and alpha 2 integrin, suggesting osteogenic differentiation control through
cytoskeletal remodeling [73]]. The effect of porous silicon with different pore sizes
was studied on one substrate following asymmetric electrode anodization to produce
pore gradients. It was found that large pore sizes (>100 nm) negatively influenced
adhesion of SK-N-SH neuroblastoma cells. Pores less than 50 nm, on the other hand,
positively influenced cell adhesion and allowed for the development of processes [74]].
“Wave-ordered structures” of various pitches, ridge widths and depths were formed
on silicon using a lithography-free ion beam process. Human corneal epithelial cells
(HCEC) aligned best to a topography which overlaid two different WOS patterns,
200 nm depth and 70 nm pitch topography on 4000 nm pitch, 400 nm deep topog-
raphy. The authors hypothesize that there is a minimum depth that cells will align
to; for HCEC it was found to be similar to the range of cornea fiber dimensions (20-
90 nm). However, the smallest dimensions that a cell would respond to seem to be
highly dependent on cell type [75]. The effect of roughness on neural cell growth was
studied by etching silicon substrates for different times. It was found that neurons
grow and survive for over 5 days on substrates with average roughness of 20-70 nm
[69]. Finally, although it is not a common implant biomaterial, silicon is being used
in implanted “next generation” electrodes, due to the flexibility it offers in electrode
design. Given the large amount of modifications possible on silicon, it may be pos-
sible to optimize the electrodes for neural cell survival and for the minimization of
glial scar tissue formation. [76]. Although one cited study had concluded that the
surface topography of silicon does not affect scar formation, only two topographies

were considered (smooth and rough).

31



1.5 Aim of the thesis

The aim of this study is to observe the behaviors and responses of Neuro-2a cells on

femtosecond-laser structured silicon substrates.

Neuro-2a cells have not been previously studied on silicon substrates structured with
femtosecond lasers. These cells are important models of neural cells and have been
previously shown to be affected by substrate topography on other materials. Silicon
was shown to be an appropriate cell culture substrate for Neuro-2a cells as well as
other cells. On the other hand, laser structuring was shown to alter cell behavior in
many different cells and various materials including silicon. The aim of this thesis is

to observe if the laser structuring of silicon has any effect on Neuro-2A cell behaviors.

For this purpose, different silicon substrates were structured, characterized and pre-
pared for cell culture. Meanwhile, fluorescent constructs targeting the cell membrane,
nucleus or actin cytoskeleton were used or prepared as needed. Cells were trans-
fected with different fluorescent constructs and grown on these substrates for differ-
ent amount of times. Observation of cells was done with fluorescence microscopy of
either live or fixed cells, or SEM. Possible changes in cell motility and exploration
behavior, shape, alignment, number, as well as fine details of the cell adhesion were

noted.
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CHAPTER 2

MATERIALS AND METHODS

2.1 Substrate preparation and characterization

2.1.1 Silicon wafer, cutting and handling

Single side polished, CZ, p-type monocrystalline silicon wafers of thickness 525 ym
were used. Wafers were cut into squares of side 5 mm, 10 mm or 16 mm depending
on the experiment. The 16 mm ones were used for live imaging experiments, because
they can stay upside down onto glass bottom dishes in a stable way with minimal
surface loss. The 5 mm and 10 mm substrates were used for imaging of fixed sam-
ples, since the small surface area allowed for fast imaging of the whole sample. The

samples were kept in closed containers until laser structuring.

2.1.2 Laser structuring

Laser structuring was carried out in air and room temperature, using a home-made
ultrafast laser. All procedures were carried out in accordance with the safety rules
of Class 4 lasers. The laser had a central wavelength of 1030 nm, pulse length 370
femtoseconds, repetition rate 1 MHz and the average power used was 650 mW. The

focused beam spot size was 9 um. The laser setup is represented schematically in
Figure 2.1]

The laser system was equipped with a precision motion stage for stage control, a
Galvo head for beam scanning as well as half wave plate for polarization control. A

photo of the setup is shown in Figure[2.2] The beam passes through the various optical
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Figure 2.1: Schematic representation of the laser used in this study. Adapted from

Pavlov et al. [45]
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elements before being focused on the sample, which is placed on the 3D stage. The
polarization can be controlled using the polarizer shown in the Figure. The power can

be adjusted and measured with the powermeter.
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Figure 2.2: Photo of the laser and structuring setup, showing the Galvo scanner, 3D

stage, power meter and other optical elements.

The system was was operated using Standa and SamLight software. The software
allowed the full design of the structuring. The major shape was drawn (square) and

the dimensions were determined (usually several mm; different sizes were used in
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different experiments). The raster scan mode was selected, the scan velocity was
determined, and the hatch value was determined. For whole-area structuring, the
hatch value used was 4.5 yum. For line topographies, larger hatch values such as 40
pum were used. Overlay of topographies was possible by drawing a second major
shape, selecting the appropriate hatch and scan velocity and centering it with the
first one. The silicon substrates were placed onto the stage using tweezers and the
focus position of the beam was determined manually. After the focus was found, the
structuring was carried out according to the design. At least four replicas were done

for each substrate.

2.1.3 Substrate cleaning

After processing, the substrates were cleaned using 3 solvent cleaning (acetone, ab-
solute ethanol and isopropanol for 10 minutes each in ultrasonic bath) and dried using
nitrogen air flow. One of the replicas was used for substrate characterization while

the other three were stored in closed containers for cell culture experiments.

2.1.4 Surface characterization

Atomic Force Microscopy (AFM) measurements were carried out using a Nanomag-
netics Instruments Ambient AFM in dynamic mode, for LIPSS and microcolumn
substrates. Scanning Electron Microscopy (SEM) measurements were carried out us-
ing a Zeiss SEM, for all topographies. The topography images were analyzed using

Gwyddion software.

2.2 Preparation of LifeAct-EGFP

The cells were transfected with fluorescent proteins such as Enhanced Green Fluo-
rescent Protein (EGFP) or mCherry in order to make them visible in the inverted mi-
croscope. This was due to the opacity of the silicon substrates. The DNA constructs
were actin marker LifeAct-EGFP, nucleus-localized NLS-mCherry and membrane-

localized Gap43-EGFP. These constructs allowed the visualization of f-actin, the
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nucleus and the plasma membrane, respectively. Out of these, NLS-mCherry and
Gap43-EGFP were available, while Life Act-EGFP was prepared for this thesis work.
LifeAct-EGFP was prepared for the present work according to the sequence available

in [[77] .The construct was prepared using standard molecular cloning techniques.

2.2.1 Reaction and primer design

The LifeAct sequence together with the linker was obtained using polymerase chain
reaction (PCR), as double-stranded DNA containing the desired sequences flanked
by appropriate restriction enzyme cleavage sites (Xbal and EcoRI) and an additional
flanking sequence GTTGTTGTT at both the 5’ and 3’ end to allow for proper restric-
tion digestion. The LifeAct sequence was subsequently inserted at the 5’ end of the
EGFP in a pcDNA3.1(-) vector containing EGFP between EcoRI and BamHI restric-
tion sites.

The primers used for LifeAct generation are shown in the Table [2.1]below in 5° to 3’

direction:

Table 2.1: Primers used for the PCR of Life Act-EGFP construct.

Xbal-LifeAct-Forward | GTTGTTGTTTCTAGAATGGGCGTGGCCGACTTG
ATCAAGAAGTTCGAGTCCATCTCCAAG

EcoRI-LifeAct-Reverse GTTGTTGTTGAATTCGGTGGCGACCGGTGGAT
CCCCCTCCTCCTTGGAGATGGACTCGAA

2.2.2 PCR reaction conditions

The PCR reaction components and conditions for the generation of the LifeAct se-
quence with its linker are given below. A two-step PCR was used since in the begin-
ning the annealing regions are short and then, as the reaction progresses, the annealing
regions become longer. After the PCR reaction, the product was loaded in agarose
gel for size control and isolation. The gel was prepared using 2% agarose (w/v) with
TAE buffer and 0.5 pg/mL Ethidium Bromide for visualization. An appropriate DNA
Ladder was loaded in one lane. The gel was run at 100V for 45 minutes in 1X TAE
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buffer. The desired band was then excised from the gel under UV illumination and
isolated using Qiagen Gel Extraction Kit (Cat no. 28704) according to the manufac-

turer’s instructions.

Table 2.2: PCR mixture for the construction of Life Act

Component Volume

Phire green Master Mix 25 ulL

Forward primer Xbal-Life Act-Forward 1.5 ulL

Reverse primer EcoRI-LifeAct-Reverse 1.5 uL

Nuclease free water 22 ulL

Table 2.3: PCR conditions for the construction of Life Act

Initial denaturation | 98°C | 30 sec
Denaturation 98°C | 10 sec
Annealing 45°C | 30sec | 6 X
Extension 98°C | 10 sec
Denaturation 98°C | 10 sec
Annealing 70°C | 30sec | 30X
Extension 98°C | 10 sec
Final extension 98°C | 5 min

2.2.3 Restriction digestion

Restriction digestion of the PCR products and vectors was carried out in order to
generate sticky ends for the subsequent ligation reaction. Restriction enzymes were
purchased from New England Biolabs (NEB). The protocol outlined in Table 2.4 was
followed. The digestion reaction was carried out for 2 hours at 37°C. After the di-
gestion procedure, the products were loaded in 2% agarose gel and run at 100V for
30 minutes in order to obtain clear bands. The bands were excised under UV and

isolated using Qiagen Gel extraction kit according to the manufacturer’s instructions.
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Table 2.4: Digestion protocol for LifeAct PCR product and EGFP in pcDNA3.1(-)

vector
Component Volume Component Volume
Water 9.1 uL Water 9.1 uL
10X Buffer 1.5 uLb 10X Buffer 1.5 uL
LifeAct DNA 4 pL EGFP in pcDNA3.1(-) 4 pL
Xbal 0.2 uL Xbal 0.2 uL
EcoRI 0.2 uLb EcoRI 0.2 L

2.2.4 Ligation

The plasmid and insert DNA were measured using Nanodrop (Biodrop pLITE). After
the determination of the amount and purity of the DNA, a ligation reaction was set up
in order to ligate the sticky ends of the insert and the vector. T4 DNA Ligase from
NEB (Cat no. 0202T) was used according to the manufacturer’s instructions. 1:10
and 1:20 vector:insert ratios were used. 100 ng vector was used for all ligations. All
reactions were incubated for 5 hours at room temperature. The reaction protocol is

given in Table[2.5]

Table 2.5: Ligation protocol for LifeAct ligation to EGFP in pcDNA3.1(-)

1: 10 | 1: 20 | Control

LifeAct 4 pli | 8 pl -
EGFP in pcDNA 1pl | 1ul 1 pL
Buffer 2ul | 2 ul 2 uL
T4 1 pl | 1T ul 1 pL

Nuclease free water | 12 uL | 8 uL | 16 pL
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2.2.5 Isolation of positive ligation products using competent E. coli cells

Competent E. coli cells were transformed with the ligation products following the
ligation reaction. A heat shock method was used under aseptic conditions on the
bench. Shortly, competent E. coli DHS cells were taken from the -80°C freezer and
thawed on ice for 10 minutes. 3 pL ligation product was added to the cells, and
they were incubated on ice for 30 minutes. Afterwards, cells were placed in 42°C
heat block for 45 seconds, and then incubated on ice for 5 more minutes. After
this incubation, Lysogeny broth (LB) was added to complete the volume to 1 mL
and the cells were grown in 37°C with constant shaking for 1 hour. Afterwards,
the cells were centrifuged at 6000 rpm for 3 minutes and 800 pL of the supernatant
was removed. The cell pellet was resuspended in the remaining 200 pL. LB and
inoculated onto selective agar media (with Ampicillin) using glass beads. The agar
plates were incubated overnight (16 hours) at 37°C. The next day, single colonies
from the agar plates were each inoculated to 4 mL selective liquid media (LB with
Ampicillin) in blood tubes. The liquid cultures were grown overnight (16 hours) at
37°C with constant agitation. The next day, the plasmids from each tube were isolated
using Thermo Scienfitic GeneJET Plasmid Miniprep Kit (Cat no. K0503) following
the manufacturer’s instructions. The purity and quantity of the plasmid DNA was
checked using Nanodrop. The isolated plasmids were sent for sequencing to verify
the correct LifeAct sequence. The constructs with the correct sequence were used for

cell culture studies.

2.3 Cell culture

2.3.1 Cell maintenance and passage

Neuro-2A neuroblastoma cell line purchased from ATCC (ATCC® CCL-131TM)
was used for all experiments. The cells were maintained in complete medium contain-
ing 44,5% Dulbecco’s Modified Eagle Medium (DMEM, Gibco Cat no. 11965092),
44,5% reduced serum medium (OptiMEM, Gibco Cat no. 31985070), 10% Fetal
Bovine Serum (FBS, Gibco Cat no. 10500056) and 1% Antibiotic (Penicillin/Strep-

tomycin) and grown in standard 25 cm? cell culture flasks in a 37°C and 5% CO,
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incubator (Nuve EC 160). All cell procedures were carried out at a laminar flow
hood. The cells were split twice weekly, using Phosphate-Buffered Saline (PBS) for
wash and TrypLE?™ Express (Gibco, Cat no. 12605028) as dissociation reagent.
Shortly, the flask containing confluent cells was taken to the laminar flow hood. The
cell medium was aspirated, and the cells were washed with 3 mL PBS. Then, the cells
were lifted from the bottom of the flask using 0.5 mL TrypLE, incubated at 37°C for
5 minutes. Meanwhile, 8 mL fresh medium was added to a new flask. When the
TrypLE incubation time was complete, 8 mL fresh medium was added to the flask,
the cells were mixed gently but thoroughly to break any remaining clumps, and 200
pL cells were transferred to the new flask. For each experiment, 75.000 cells cells
were seeded onto a plastic cell culture dish to transfect the next day using EGFP or
mCherry-tagged constructs. For cell seeding, 10 pL cells from the old flask were
counted using a hemocytometer. The cells in all four 4x4 squares were counted and

averaged. The cell number was calculated as follows:

Number of total counted cells

10%
4 X

Number of cells /mL =

2.3.2 Transfection of cells with fluorescent constructs

Transient transfection was carried out using Lipofectamine LTX™™ (Invitrogen, Cat
no. 15338100) according to the manufacturer’s protocol. Shortly, 500 ng of each
DNA was diluted in 100 L. OptiMEM in a 0.5mL tube; 4 pLL PlusTM reagent was
added and the solution was incubated for 15 minutes. Next, 4 uL Lipofectamine
LTX™ was diluted in 100 L OptiMEM separately and then added to the OptiMEM-
DNA-Plus reagent tube and incubated for 15 more minutes. Meanwhile, cells were
washed once with PBS and 800 L. OptiMEM was added to the dish. Afterwards,
the DNA containing mixture was added to the cells. The dish was taken to the CO,
incubator for 3 hours to allow for plasmid entry. After 3 hours, 2 mL media was

added, and the cells were left to grow for 24 more hours.
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2.3.3 Cell seeding to silicon substrates

Before cell seeding, previously cleaned silicon substrates were placed into 35 mm
plastic bottom cell culture dishes and sterilized with 70% EtOH and 15-minute UV
exposure. Afterwards, the substrates were immersed in complete cell media for at
least 15 minutes. The media was aspirated immediately before cell seeding. For
seeding to the substrates, the cells were grown for 24 hours, then washed once with
PBS and lifted using 160 puLL TrypLE for 5 minutes at 37°C. Then, the cells were
centrifuged at 800 rpm for 5 minutes to remove TrypLE, then resuspended again in
1 mL complete medium and counted using a hemocytometer. Afterwards, the cells
were diluted in order to obtain the desired number of cells. 2 mL cell suspension
was added to the 35 mm dish, assuming that the cells fall uniformly on the silicon
substrates and the remaining plastic surfaces. The dishes were incubated at 37°C, 5%

CO, until imaging.

A schematic representation of the transfection and cell seeding protocols are shown

in the Figure [2.3| below.

Lipofectamine Lift cells from bottom of first

Fluorescent dish, count, resuspend in
\ medium and put to second dish

protein DNA \

N r_
24 hoursl/ I

Cells attached at with cells
the bottom

i Silicon
Transfection
Cell medium substrate
Cell seeding

Figure 2.3: Schematic representation of the transfection and seeding protocols.

Cells attached at
the bottom
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2.4 Imaging and analysis

24.1 Cell proliferation assessment

For the assessment of cell proliferation, 30000 cells were seeded on the wells of 24-
well plates, which contained silicon substrates of 1 cm? area or no substrate (control
plastic surface). Cells were lifted after 24, 48 and 72 hours and counted using a
hemocytometer. For all wells with substrates, the substrates were taken to a clean
well before trypsinization, in order to avoid counting cells in the remaining plastic
areas. To correct for area differences, all cell numbers on the plastic well (surface

area is 2 cm?) were divided by 2.

2.4.2 Live imaging with fluorescence microscopy

For all fluorescence microscopy experiments, an inverted fluorescence microscope
(Leica DMI4000B) equipped with a confocal setup (Andor AMH200 Metal Halide
lamp, Zyla 5.5 sCMOS and DSD2 Differential spinning disc) was used. An overview

of the instruments is shown in Figure [2.4]

For live imaging experiments, the cells growing in 16 mm square substrates were
taken after 3- or 24-hours incubation, washed once with Hank’s Buffer with HEPES
(HHBS) and transferred upside down onto a glass bottom cell culture dish. The 16
mm size was chosen because the glass part of glass bottom dish was measured to
be roughly 2 cm. In this way, the 4 corners of the silicon substrates could stand on
the plastic part. The glass bottom dish is shown in the Figure 2.5 below. The dishes
have a coverslip region which is lower than the plastic region. This way, the cells
could remain suspended in upside down fashion, while still having access to media
and nutrient flow. The protocol is shown in more detail in the Figures below. Fig-
ure [2.6] shows a schematic representation of how the 16 mm square substrates were
positioned on the glass bottom dish. The cell medium is not shown for simplicity,
however complete media was present when the cells were imaged with time-lapse
microscopy. Since the objective of the microscope is located at the bottom side (in-

verted microscope), the substrates were positioned upside down such that the cells
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Figure 2.4: Image of the microscope components showing A: Andor AMH200 Metal
Halide lamp, B: Zyla 5.5 sCMOS and DSD2 Differential spinning disc and C: Leica
DMI4000B.

were at the bottom side, between the coverslip and the substrate.

=

Figure 2.5: Commercial glass bottom cell culture dish used in this study.

Vo

The dish was taken to the live-imaging apparatus on the microscope and time-lapse
experiments were carried out with cells maintained in 37°C and 5% CO, throughout
the experiments. The setup was equipped with appropriate filters for EGFP. Time-
lapse videos were taken using 10X objective and each region was imaged for 60
minutes. Figure[2.7]shows the experimental setup for the live imaging. The 37°C and

5% CO, conditions were sustained through the appropriate instruments, which were
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Silicon substrate

Glass region

20 mm | 35 mm

Plastic region

Figure 2.6: Schematic representation showing the positioning of the silicon substrates

on the glass bottom dish for time-lapse imaging.

connected to the live imaging apparatus. The position of the 10X objective is also

shown in the scheme.

2.4.3 Cell fixation and fluorescence microscopy imaging

For fluorescence images, cells were first fixed using 4% formaldehyde (FA). Shortly,
the media was aspirated, the cells were washed once with PBS and then 1 mL fresh
media and 1 mL 4% FA was added to the cells. After 3 minutes incubation, this
solution was aspirated and 2 mL 4% FA was added dropwise to the cells and incubated
in the dark at room temperature for 15 minutes. Afterwards, the PFA was aspirated
and the cells were washed twice with PBS to remove any remaining fixative agent.
The substrates were then imaged upside down over a coverslip (No.0) using 10X or

63X oil objectives.

2.4.4 Cell dehydration and SEM imaging

For SEM imaging, cells were fixed as described above and dehydrated using increas-
ing concentrations of ethanol (40%, 60%, 80% and 96%) for 10 minutes each. Then,
the cells were dried on the bench for 24 hours and stored in a closed container until
SEM imaging. Before SEM, samples were coated with 3 nm gold and lead mixture

to increase surface conductivity.
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Figure 2.7: Scheme showing the live imaging setup used for the time-lapse experi-
ments. In all experiments, 37°C and 5% CO- conditions were sustained throughout
the duration of the experiments. The cells were upside-down in all experiments. Only

the bottom part of the microscope is shown for simplicity.

2.4.5 Image and data analysis

All cell images were analyzed using ImageJ or FIJI software. Before analysis, the im-
age scale was corrected using the “Set scale” function and taking the width of the 10X
images as 1400 pm. For cell motility analysis, at least 7 cells from each region were
manually tracked using the Manual Tracking Plugin. For cell alignment analysis,
cells were manually counted using Cell Counter, with cells located onto line topogra-
phies and those between the lines counted as different types. For visualization of cell
motility mechanisms, single cells were cropped from the time-lapse videos, and the

images were compiled using ImageJ’s Montage function. For cell shape analysis, sin-
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gle cells from 10X or 63X images were traced manually using Imagel’s polygon tool.
Then, cell area, perimeter, circularity and ellipse fit were calculated in Image] by
using the “Measure” tool. The desired features were selected using the “Set measure-
ments” option. For cell number analysis, ImageJ’s particle analyzer plugin was used.
Shortly, nucleus images were converted to 8-bit and thresholded manually. Then, the
particle analyzer tool was run using a minimal size of 50 pixels. Images with large
cell clumps were not used. All statistical analyses were performed in Graphpad Prism

8 using Mann-Whitney non-parametric tests for each pair.
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CHAPTER 3

RESULTS AND DISCUSSION

3.1 Substrate structuring and characterization

Control on laser fluence was exerted by changing the scanning velocity of the beam,
which in turn controlled the number of shots (N) falling onto each spot. Small shot
number (N<10) resulted in LIPSS, grating-like structures with wavelengths compa-
rable to the irradiation wavelength (referred to as low spatial frequency LIPSS, or
LSFL) [45, 4]. LIPSS formation is known to involve feedback loops. In the case of
ablation-type LIPSS, a positive feedback loop aids in the formation of the periodic
structures, however, no negative feedback loop is present to stabilize the effects and
the periodicity may be lost as further laser shots are delivered to the area. This way

microcolumn-like structures can grow. The process is shown in Figure [3.1]

A similar effect was achieved in the present study, with 2 or more passes resulting in
extensive periodicity loss and the formation of microcolumns. Figure [3.2] shows the

SEM images of the surface irradiated with 1,2 and 3 pulses. For the current setup, a

1 scan 2 scans 5 scans

Figure 3.1: SEM images showing the change in substrate topography and the gradual
formation of microcolumns from LIPSS topography. Adapted from Pavlov et al. [45]
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Figure 3.2: SEM images showing the change in substrate topography and the gradual

formation of microcolumns from LIPSS topography.

power of 360 mW on the substrate and a velocity of 1500 mm/s resulted in LIPSS,
as seen in Figure [3.2] part A. A second scan of the same area resulted in the growth
of some microcolumns, while some periodic structures remained, as seen in part B.
A third pass caused further column growth and the loss of periodicity, as seen in part
C. Similar to Figure [3.1 and to the theory, an increased number of shots resulted in

microcolumn formation.

Microcolumn topography was also achieved directly by controlling the number of
shots delivered to an area through the scan velocity. Whereas fast scans (1500 mm/s
and above) resulted in LIPSS, slower scans resulted in microcolumns. 100 mm/s was
used for microcolumns in this study. SEM images of LIPSS generated in our study

can be seen in Figures 3.3 part A and in Figure 3.4]

LIPSS are highly regular structures resembling a grating structure formed by lithog-
raphy, but with smooth edges. The regularity and homogeneity of LIPSS can be seen
in Figure 3.3 part A and in Figure [3.4] The groove depths are around 300 nm, and
the whole structure is covered in nano-scale roughness. The direction of LIPSS could
be controlled by controlling the beam polarization. The LIPSS generated was ab-
lation type with direction normal to the laser polarization. As predicted by theory,
higher fluences resulted in micro-column or coral-like structures [78,50]]. The micro-
columns generated in the present study can be seen in the SEM image in Figure 3.3
B. As shown in the SEM image, these microcolumns have small sizes (widths in the
order of 1 um), so a single cell (about 10 pm) would spread on multiple columns. A
few studies of cells on microcolumns of various sizes are available in literature. In the

present study, the shape of the microcolumns was affected by the fluence. For lower
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Figure 3.3: SEM image of LIPSS (A) and microcolumn topography (B) generated on
silicon. Magnification: 5000X

GUNAM

Figure 3.4: SEM image of LIPSS. Magnification: 10870X
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fluences or power, the microcolumn areas included ripple-like regions. For higher

powers, the ripple-like regions disappear, and only column-like features are seen.

AFM can give further details about the substrate topography, such as height informa-
tion and surface roughness. The depth of the ridges in LIPSS as well as the heights
of the microcolumns can be measured reliably with AFM, provided that they don’t
exceed 2 ym. In Figure [3.5] the results of the AFM measurements of LIPSS and
microcolumn topographies are shown. The 3D views (A and B) show a render of
the measured substrate in 3D. In both figures, the z axis has been scaled so that it
is roughly proportional to the x and y dimensions. The 2D views (C and D) show
the measured substrate area in a plot where lighter color represents higher z measure-
ment. The line profiles (E and F) show the heights measured on a line selected from
the 2D image. It can be seen that LIPSS have roughly regular ridges with heights on
the range 250-400 nm. On the other hand, the microcolumns have heights as large as

800 nm.

The surface roughness can be calculated by considering all the height measurements
in each pixel of the image. Different calculations lead to different types of roughness
such as Ra or Rrms. In several studies concerning cells, Ra is used; therefore Ra has
been reported in the present study as well. AFM software automatically calculates
various types of roughness measures. On LIPSS, Ra roughness was found to be 80

nm, while on microcolumns it was found as 140 nm.

3.2 General cell behavior on polished, LIPSS and Microcolumn topographies

3.2.1 After 3 hours

3.2.1.1 Cell adhesion

SEM imaging was employed in order to observe how cells adhered to the different
substrate topographies. SEM allows simultaneous visualization of the cells and the

background, while offering higher resolution than confocal microscopy.

Cells growing on polished silicon, LIPSS and microcolumns for 6 hours are shown
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Figure 3.5: AFM measurements for LIPSS (A,C,E) and microcolumns (B,D.F). A,B
show 3D topography, C,D show 2D image and E,F show the cross section of a ran-

domly chosen line.
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in Figure @ SEM shows the surface of the cells and substrate, as seen from above.
All images were taken with no tilt angle, directly perpendicular to the surface. In
the images, darker regions represent depressions, holes and grooves. Cells which
look whiter have larger height. It is clear from the images that cells interact with
all topographies in a short time. However, some are more spread out (darker color)
while some are less spread out and have less contact with the substrate. LIPSS did not
elicit any pseudopodia alignment, as seen in part C, with cell projections extending

in multiple directions.

Figure 3.6: SEM image of cells on polished silicon (A,B), LIPSS (C,D) and Micro-

columns (E,F)

Although cells interacted with all topographies, cell numbers on the different topogra-
phies were different. Initial adhesion was found to be significantly less on polished
silicon than on all other structured substrates. Initial cell adhesion was found to be
strongest on the Microcolumn topography. This observation was used in order to de-
sign an experiment for cell patterning. Cells were seeded onto a substrate with flat
and structured regions and incubated for three hours. Then, the substrate was washed

and taken to the imaging chamber. This allowed for cell patterning, such as shown in

Figures[3.7]and [3.§]

Figures [3.7) and [3.8] are from two different experiments on different substrates and
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Figure 3.7: Fluorescence microscope image of cells transfected with membrane-
targeted EGFP, 3 hours after seeding. Red lines show the border between structured
regions and unstructured (polished) regions. Red arrow in A shows the direction of
the microcolumn trench lines. Both images A and B show different ROI from the
same sample. In each case, cells are found more on whole area microcolumns (left)
and microcolumn trench lines on polished silicon (right) than on unstructured, pol-

ished silicon (middle). All scale bars are 100 pm.

different days.

53



& “l'v l '
. (’1\ ~,s
- « "

Figure 3.8: Fluorescence microscope image of cells transfected with membrane-
targeted EGFP, 3 hours after seeding. Red lines show the border between structured
regions and unstructured (polished) regions. Both images A and B show different
ROI from the same sample. In each case, cells are found more on whole area micro-
columns than on unstructured, polished silicon (other regions). All scale bars are 100

pm.

The cell patterning persists for at least 3 hours on the substrates; however, the pattern-
ing does not persist when cells are grown upside down on the substrate for 24 more

hours, as cells eventually move out of the structured areas.
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3.2.1.2 Cell motility and exploration behavior

Cell motility and exploration behaviors after 3 hours were also observed. Cells were
recorded for 1 hour each on glass, polished silicon, LIPSS and microcolumn topogra-
phies. The time-lapse videos showed differences in cell motility and velocity. On
polished silicon, some cells show lamellipodia-based motion and exploration, with a
large lamellipodium protruding from one side of the cell as shown in Figure[3.9] The
same motility is also visible on glass, suggesting that cell motility mechanisms on flat
silicon are similar to the standard culture substrate material. Montage of a cell moting

on glass is shown in Figure [3.10]

Figure 3.9: A cell on polished silicon showing lamellipodia-based motility. The im-
ages shown insets of time-lapse videos showing cells moving on polished silicon. The
time-lapse had a duration of one hour. The cells had been transiently transfected with
membrane localized EGFP. The time-lapse videos were taken using 10X objective in

an inverted microscope.

On flat silicon, uniform anisotropic lamellipodia were also observed on some cells.
On the other hand, on structured surfaces, this type of shape was not observed; cells

remained mostly circular or elliptical and extended lamellipodia or filopodia in all
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Figure 3.10: A cell on glass showing lamellipodia-based motility. The images shown
insets of time-lapse videos showing cells moving on glass. The time-lapse had a
duration of one hour. The cells had been transiently transfected with membrane lo-
calized EGFP. The time-lapse videos were taken using 10X objective in an inverted

microscope.

directions. Circular shape signifies low spreading and less contact with the substrate.
Elliptical shape is the usual and expected shape for this cell type, Neuro-2A cells have

elliptical/teardrop-like shape when cultured on glass substrates.

Time-lapse experiments also showed that cells moved with different velocities on the
three considered topographies. To analyze cell motility, single cells from the time-
lapse videos were tracked manually using Imagel. The tool allows the user to click
on one cell in every frame, and it stores the coordinates of the cell for each frame.
The velocity and position in each frame are analyzed automatically. The tool reports
the coordinates (in pixels), distances and velocities in a list. The fastest motility was
seen on polished silicon, with cells moving, on average, at least twice as fast as those

on structured regions. The slowest motion was seen on the microcolumns, with very

56



minimal motility. The results for cell velocity are summarized in Table[3.1]and Figure

B.I0

Cell motility on different substrates
3_

N
1

Cell velocity in um/min
|

o

Topography

Figure 3.11: Bar graph of average cell velocities in microns/minute on glass, polished
silicon, LIPSS and whole area microcolumn topographies. Values are shown as Mean

+ SEM.

It is possible that the microcolumn topography offers many nanoscale features that
cells could interact with, and that this adhesion together with roughness hinders cell
movement. Conversely, polished silicon may offer less roughness features for ad-
hesion and less obstacles to motility, resulting in lower resistance to wash assay and
higher cell velocity. In general, cell motility is maximized for certain adhesion ranges.
It was outlined in the introduction chapter that cell motility involves the formation of
new adhesion points at the leading edge and the detachment of adhesions at the rear
end of the cell. If adhesion to the substrate is too high, then the rear adhesion de-
tachment is lowered and so is cell motility. On the other hand, if cell adhesion to the
substrate is too low, the cells can also not move onto the substrate due to inability to

form new adhesions.
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Table 3.1: Average velocities of cells on different substrates. The data is shown as

Mean += SEM

Glass 1.71 £ 0.08 pm/min
Polished silicon | 2.38 + 0.10 pm/min
LIPSS 1.29 + 0.04 pm/min
Microcolumn | 0.86 4= 0.03 ym/min

Due to the directionality of LIPSS, there was the possibility of having directional mi-
gration of cells on the LIPSS structure. To test that, the trajectories of several cells
were extracted from the coordinate data and plotted in an xy-graph. In addition, cell
directionality was calculated by dividing the total displacement of each cell by the
total distance traveled. The results of the trajectories are shown in Figure [3.12] be-
low, with cells on flat substrates shown in the left (blue) and cells on LIPSS shown
in the right (green). The LIPSS direction was vertically. Interestingly, the cells did
not show directed migration in the LIPSS direction. The directionality was found to
be around 0.33 £ 0.18 for cells on both flat and LIPSS topographies, suggesting no
directional migration on the LIPSS for the time frame considered. Directional migra-
tion was previously reported for C6 glioma cells on LIPSS structures [[79]]. However,
the LIPSS structure the authors used had higher aspect ratio, so this may have affected

this result.

A

Figure 3.12: Trajectories of cells on polished silicon (A) and vertically oriented

LIPSS (B).
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3.2.2 Cell response after 24 hours

Cell adhesion on the substrates after 24 hours was analyzed on fixed cells using flu-
orescence microscopy. Cell number, cell shape, actin cytoskeleton and stress fiber

formation were analyzed.

3.2.2.1 Cell proliferation

Cell proliferation was evaluated after 24 hours, 48 hours and 72 hours on plastic,
polished silicon, LIPSS and microcolumn topographies, by counting the cells on each
substrate. The results are summarized in the Figures [3.13| and [3.14]in linear and log

scales, respectively.

Cell proliferation on different topographies - linear scale

—~ 4x%105+ .
3 -O- Plastic
3

2 3)(105— -&- Flat
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% 2x105- -v- Microcolumns
5 1x1054

o 1x10
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]

© 0

Time (hours)

Figure 3.13: Cell numbers after 24, 48 and 72 hours on plastic, polished silicon,
LIPSS and microcolumn topographies. The cells were counted using a hemocytome-

ter. At least three replicates are shown for each experiment.

Cell proliferation was found to be much lower on all silicon substrates, as shown by
the linear plot. However, cells seem to divide on silicon substrates, too, as can be
seen in the logarithmic plot. Cell proliferation was previously shown to be decreased
on polished silicon, however the authors had reported the cell number on silicon to
be almost constant [/0]. On the other hand, our data shows some proliferation on all
silicon substrates. The laser structuring did not seem to affect the proliferation either

positively or negatively, compared to polished silicon.
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Cell proliferation on different topographies - log scale
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Figure 3.14: Cell numbers after 24, 48 and 72 hours on plastic, polished silicon,
LIPSS and microcolumn topographies. The cells were counted using a hemocytome-

ter. At least three replicates are shown for each experiment.

3.2.2.2 Cell number

Cells were grown on substrates with flat, LIPSS and microcolumn regions for 24
hours. Interestingly, cell preferences for the polished and structured regions changed
from the initial preferences. The cells were counted automatically from separate
frames on flat or LIPSS regions. The cell counting was performed automatically
on manually thresholded images of NLS-mCherry (nuclei) using ImageJ’s Analyze
Particles tool. No differences in cell number were observed after 24 hour incuba-
tion. However, cell numbers on all silicon substrates were lower than those on plastic
or glass (data not shown). Representative images of cells growing for 24 hours on

polished silicon, LIPSS and microcolumns are shown in Figure 3.1

In the present study, no significant difference in cell numbers was found among the
three topographies. The cell numbers were calculated from 6 different ROIs on 2

different samples. The data is summarized in Figure [3.16]and Table[3.2]

There is conflicting evidence in the literature regarding cell reactions to LIPSS to-
pography, as outlined in the literature. Some studies have found cell migration out
of LIPSS structures [[80, [68]] while others have found that cells are able to adhere to
LIPSS [79, 167,181} 66]]. Of course, these contradictions could be due to differences in
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Figure 3.15: Fluorescence images of cells growing for polished silicon (A,B), LIPSS
(C,D) and microcolumns (E,F). Cells were expressing Life Act-EGFP and had been
growing in complete medium for 24 hours. The images were taken using a 10X

objective.
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Figure 3.16: :Bar graph of average cell number on polished silicon, LIPSS and mi-

crocolumn topographies. Values are shown as Mean + SEM.

cell types, material, and LIPSS parameters (periodicity, groove depth). Aligned nan-

otopography was previously found to promote migration in glioblastoma cells [82]].

61



Table 3.2: Average cell number on Polished silicon, LIPSS and microcolumn topogra-

phies. The data is shown as Mean £ SEM

Polished silicon | 40 &4 9 cells
LIPSS 70 £ 16 cells
Microcolumn 71 & 13 cells

3.2.2.3 Cell shape

The cell area, perimeter and circularity were analyzed using ImageJ from cell images
on glass, polished silicon, LIPSS and microcolumn topographies. The cells were se-
lected manually from images of cells transfected with Lifeact-EGFP and analyzed
with Imagel. Cell area analysis is summarized in Figure and Table 3.3] Cell
perimeter analysis is summarized in Figure [3.18] and Table[3.5] Cell circularity anal-
ysis is summarized in Figure [3.19)and Table All statistical tests were carried out
using Mann-Whitney non-parametric tests, as not all data was normally distributed.
The results are shown in Tables [3.4] 3.6/ and [3.8]

Table 3.3: Average area of cells on different substrates. The data is shown as Mean

+ SEM

Glass 461 + 31 pum?
Polished silicon | 687 & 61 jum?
LIPSS 587 + 35 ym?
Microcolumn | 501 & 21 pum?

Cell circularity is a cell shape descriptor related to the ratio of area to perimeter,
with a circle having a circularity of 1. For cells, higher circularity values for cells
denote a more rounded shape and less protrusion, and is related to low adhesion
and migration [83]. Lower circularity values would indicate better cell spreading
and stronger interaction with the environment, higher number of neurites, or higher
number of filopodia. In the present study, no difference was found in the circularity,
suggesting no significant difference between the substrates in this regard. However,

cells on polished silicon and LIPSS were found to have significantly larger areas and
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800+
T

(=2}

(=4

o
1

Cell area in um?
H
(=]
T

200 =

Topography

Figure 3.17: :Bar graph of average cell area on glass, polished silicon, LIPSS and

microcolumn topographies. Values are shown as Mean + SEM.

perimeters compared to those on glass and those on microcolumns. This could signal

more isotropic cell spreading, as the area and perimeter both have increased.
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Table 3.4: Statistical significance of the differences between the groups using Mann-
Whitney test, for area. *** denotes p < 0.001, ** denotes p < 0.01, * denotes p < 0.05

and ns denotes all p > 0.05.

Polished | LIPSS | Microcolumns
Glass ol okex ns
Polished ns ns
LIPSS ns

Cell perimeter for different substrates
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Figure 3.18: :Bar graph of average cell perimeter on glass, polished silicon, LIPSS

and microcolumn topographies. Values are shown as Mean + SEM.

3.2.2.4 Actin cytoskeleton

To observe the actin cytoskeleton, cells transfected with LifeAct-EGFP were grown
on silicon substrates for 24 hours, fixed and imaged using confocal microscopy. Con-
focal images showed good cell spreading and stress fiber formation in cells on pol-
ished silicon, both in complete and 1% FBS medium. Images of LifeAct-transfected

cells on flat silicon and differentiation medium are shown in Figure X. Stress fiber
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Table 3.5: Average perimeter of cells on different substrates

Mean + SEM

. The data is shown as

Glass

0.100 £ 0.005 mm

Polished silicon

0.132 £ 0.010 mm

LIPSS

0.120 = 0.005 mm

Microcolumn

0.098 £ 0.004 mm

Table 3.6: Statistical significance of the differences between the groups using Mann-

Whitney test, for perimeter. *** denotes p < 0.001, ** denotes p < 0.01, * denotes p

< 0.05 and ns denotes all p > 0.05.

Polished | LIPSS | Microcolumns
Glass otk ok ns
Polished ns ns
LIPSS ns

formation in the edges of the cells can be seen in Figure Some cells show

stress fiber formation in the cell body as well. Some cells also show neurite forma-

tion. These suggest that cells are able to adhere to silicon after 24 hours, even when

cultured in low serum conditions.

Figure [3.21]below shows confocal images of cells grown on polished, LIPSS and mi-

crocolumn topographies, for 24 hours in complete medium. Differences in cell size,

shape and stress fibers are visible. Flat regions seem to allow thicker stress fiber for-

Table 3.7: Average circularity of cells on different substrates. The data is shown as

Mean += SEM

Glass

0.72 £ 0.02

Polished silicon | 0.62 £ 0.03

LIPSS

0.67 £ 0.02

Microcolumn 0.62 £ 0.02

65



Cell circularity for different substrates
0.8

o
o
1

Cell circularity
o
T

°
(%)
]

o
o

Topography

Figure 3.19: :Bar graph of average cell circularity on glass, polished silicon, LIPSS

and microcolumn topographies. Values are shown as Mean + SEM.

mation, as well as adequate spreading, with cells looking less circular. Stress fiber
thickness may be related to cell motility. Stress fibers are thick and stable in non-
motile cells, or in cells grown in rigid substrates. In motile cells or cells grown on
soft substrates, stress fibers are shorter and thinner. It is suggested that stress fiber for-
mation limits cell motility, as the reorganization of actin from the thick stress fibers
is slow [84]. On LIPSS, cells do not have prominent stress fibers. The spreading
seems less, however the cells show pseudopodia, indicating interaction with the sub-
strate surface. On the other hand, the cells in the microcolumn topography show a
spreading more similar to the cells on the flat substrates; however, they have actin
accumulation in specific areas. The line-like accumulations may suggest that cells

are spreading inside the grooves of the topography.
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Table 3.8: Statistical significance of the differences between the groups using Mann-
Whitney test, for circularity. *** denotes p < 0.001, ** denotes p < 0.01, * denotes p
< 0.05 and ns denotes all p > 0.05.

Polished | LIPSS | Microcolumns

Glass ns ns ns
Polished ns ns
LIPSS ns

3.3 Cell behavior on striped topographies

10 pm wide stripes of microcolumn or trench topography were structured on either
polished silicon or LIPSS. To generate the patterns, first LIPSS was structured over
the whole area, and then the microcolumn stripes were overlaid on the LIPSS pattern.
A schematic representation of the structuring pattern is shown in Figure [3.22] SEM

images of structured substrates are shown in Figure|3.23

The width of the microcolumn strips is comparable to the cell body size and was
achievable with only one pass of the laser with spot size ~10 um. Cells transfected
with LifeAct were grown for 6 or 24 hours on the structured surfaces, then fixed and
imaged with both fluorescence microscopy and SEM. SEM images of cells on these
topographies are shown in Figure[3.24] The cells had been growing for 6 hours on the
topographies, so these images represent initial spreading. In each of the images, cells
still have a circular shape and are interacting with the substrate through lamellipodia-
like structures. Some cells are seen spreading out on the flat regions in Figure D. In

parts A,B and C, cells seem to be confined to the microcolumn stripe.

Figure [3.25] shows cells growing on the same substrate for 24 hours. In Figure 11,
the region of interest (ROI) contains both polished (control) and structured regions.
The red line shows the border between the polished region (left) and structured region
(right). The inset at the right side represents the topography of the region, LIPSS with
microcolumn stripes. Cell alignment to the microcolumns is noticeable at the right
side of the image, with the cells accumulating preferentially along the microcolumn

stripes. Interestingly, this effect was visible on microcolumn stripes alternating with
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Figure 3.20: :Fluorescence images of cells spreading on polished silicon regions.
Cells were expressing LifeAct-EGFP and had been growing in 1% FBS medium for

24 hours. The images were taken with 63X oil objective. All scale bars are 50 pm.

LIPSS, but not those with flat.

The Figure [3.26| below shows the cell alignment to the microcolumn line regions on
the structured silicon (Microcolumn lines on LIPSS) compared to the microcolumn
trench lines on polished silicon after 24 hours. A and B show cells on the microcol-
umn trench lines on polished silicon, while C and D show cells on the microcolumn
lines on LIPSS topographies. The inset shows representative SEM of substrate, not

to scale. The difference in alignment is visible from the images.
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Figure 3.21: Fluorescence images of cells spreading on polished silicon (A,B), LIPSS
(C,D) and microcolumn (E,F) topographies. Cells were expressing LifeAct-EGFP
and had been growing in 1% FBS medium for 24 hours. The images were taken with

63X oil objective. All scale bars are 50 pm.

When flat regions were available between the microcolumn stripes, cells spread both
on flat and microcolumn regions, with no significant preference between the two
structures. However, when LIPSS regions were found between the microcolumn
stripes, then cells were more likely to be found on the microcolumn stripes. A quan-
tification of the results was done by manual cell counting, by direct comparison of
the cell numbers on the different regions. Three different images were used. First,
the brightness and contrast of the images was adjusted such that the underlying to-
pography became visible. The positions of the stripes were noted. Then, the cells
were manually counted using Imagel’s Cell counter. Cells with more than half of
their body on the stripe were considered to be on the stripe (aligned). Finally, the
number of cells on the stripes and between the stripes were normalized to the total

cell number and shown as a percentage. The results are summarized in the bar graph
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Figure 3.22: :Schematic representation of microcolumn stripe topography alternating

with A. LIPSS; B: Flat regions.

in Figures[3.27]3.28 and in Table[3.9]

Table 3.9: The percentage of cells on the topography lines (microcolumn) for micro-
column stripes on LIPSS and for microcolumn stripes on polished silicon topogra-

phies.

Microcolumn stripe on LIPSS | 64 =3 %

Microcolumn stripe on polished | 47 £+ 3%

It should be noted that these values were not normalized for total area (flat or LIPSS
regions are 3 times thicker than the microcolumn regions). The reason is that the
usage of 10X objective images and manual cell counting come with inherent errors,
as the exact border between the structured and flat or LIPSS regions cannot be well
determined. Nevertheless, the cells seem to be almost twice as likely to be found
on the microcolumn regions when LIPSS is between the stripes, whereas no effect is

seen on the polished regions. Another study found a similar effect of cell alignment
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Figure 3.23: SEM images of microcolumn stripe topography alternating with A.
LIPSS; B: Flat regions.

when LIPSS regions were present, and no alignment when flat regions were present.
It should be noted that another cell line, material and different laser parameters were
used [81]. Moreover, in that study, the 10 um regions were LIPSS with different
direction from the 30 pm region. On the other hand, in our study, the 10 ym regions
had the same directionality but far less periodicity and more depth. Despite these
differences, the lack of alignment effects when flat regions were present was similar
in both cases, and suggests more research is needed in order to elucidate the effect of

LIPSS topography on the final cell alignment.
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Figure 3.24: SEM images of cells growing on microcolumn stripe topography alter-

nating with LIPSS (A,B); and flat regions (C,D)

Figure 3.25: Fluorescence microscopy image of cells growing on a region of interest
(ROI) containing both polished (control) and structured regions for 24 hours. Scale

bar is 100 pm.
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Figure 3.26: 10X fluorescence microscopy images of cells expressing Life Act-EGFP
and grown for 24 hours on microcolumn stripes on flat (A,B) and microcolumn stripes

on LIPSS (C,D). All scale bars are 100 pm.
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Figure 3.27: Bar graph representing the percentage of cells on the topography lines
(microcolumn) and those outside of the topography lines, for microcolumn stripes on
LIPSS and for microcolumn stripes on polished silicon. Three separate 10X images

were taken into consideration.

73



Stripes on LIPSS Stripes on Polished

Il On stripes Il On stripes

[ Between stripes 3 Between stripes

Figure 3.28: Pie chart representing the percentage of cells on the topography lines
(microcolumn) and those outside of the topography lines, for microcolumn stripes on
LIPSS and for microcolumn stripes on polished silicon. Three separate 10X images

were taken into consideration.
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CHAPTER 4

CONCLUSION

In this study, the behaviors of Neuro-2a cells on silicon substrates with different topo-
graphical features were analyzed. The silicon substrates were structured using fem-
tosecond laser and analyzed using SEM. It was possible to generate LIPSS, micro-
columns as well as their combinations. Cells were visualized using transient transfec-
tion with fluorescent proteins targeted to the nucleus, membrane or actin cytoskeleton.
Fluorescence microscopy, live imaging and SEM was used to observe the cells. Cell
shape, numbers and motility were analyzed manually using ImagelJ plugins.

On the three different topographies (polished, LIPSS or microcolumns), cells dis-
played different behaviors at different time points.

Initially, cells were more likely to adhere to structured regions, especially micro-
columns, than to polished silicon. Washing the substrates after 3 hours allowed effi-
cient cell patterning on definite areas on the substrate. This patterning preserved for
several hours, but cells spread out after 24 hours. Cell motility was different among
the three topographies. Cells were fastest on polished silicon and showed anisotropic
lamellipodia-like structures similar to cells moving on glass. On the other hand, cells
were significantly slower on both structured regions and did not show these lamel-
lipodia. No directionality was observed on LIPSS topographies.

Cell proliferation was decreased in all silicon substrates compared to standard cell
culture treated plastic material.

After 24 hours, cells were able to adhere to all topographies, and no significant dif-
ferences were found in the cell numbers on polished silicon, LIPSS or microcolumns.
Cell shape indicators showed some differences among the three silicon substrates
and glass. Cell area and perimeter were found to be greater in polished silicon and

LIPSS, compared to microcolumn and stripe topographies. No difference was found
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in cell circularity among the different substrates. On topographies comprising 10
pm wide microcolumn stripes alternating with polished or LIPSS-structured 30 pm
wide regions, cells showed significant preference and confinement to the microcol-
umn stripes when there was LIPSS between them, but not when there were polished
areas between them.

In conclusion, cells displayed differences in adhesion, motility, shape and actin cy-
toskeleton among the three different topographies. Topography alone was able to

modulate a variety of behaviors in Neuro-2a cell line.

Future perspectives involve the further study of the presented results, as well as new
directions.

For example, it is not clear why the cells align to microcolumn stripes when they are
alternating with LIPSS, but not with polished regions. Longer time-lapse experiments
may give hints to this. Furthermore, the effect of the direction of LIPSS relative to
the stripes may be studied.

A protocol for Neuro-2a cell differentiation on the silicon substrates may be estab-
lished, and the effect of the silicon substrates on the differentiation and possibly neu-
rite alignment can be studied. Similarly, different cell types may be studied on laser-
structured silicon. Presently, the types of cells studied on laser-structured silicon are
very few, leaving room for much research in this area.

On the other hand, the behavior of Neuro-2a and other cells on these substrates may
be considered from other points of view. For example, given the importance of focal
adhesions in establishing the communication between the cell and substrate, the focal
adhesion formation on different topographies may be studied in detail.

Furthermore, the global changes taking place in cells on silicon substrates may be
studied with spectroscopic methods such as ATR-FTIR. This method has previously
been shown to be able to discriminate between mammalian or bacterial cells receiv-
ing various treatments. It would be interesting to see if one can discriminate between
cells growing on glass or various silicon topographies using ATR-FTIR spectra and
chemometrics. All in all, numerous new leads and further areas of exploration re-

main.
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