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Abstract

In this experimental project a survey of livinglsebn different nanostructured sub-
strates has been made by use of time-lapse migpsdbe correlation between the
size and shape of nanostructured substrates anbletieviour of the cells adhering
and living on these substrates has been studied.

A temperature-controlled stage fitting in a micrgse and regulated by a feedback
loop on a connected computer has been successiallie and tested. Furthermore a
cell culture chamber (CCC) that fit inside the temgture-controlled stage and in

which the cells could live on different fabricateanostructures, was also successfully
created and tested.

Nanostructured substrates were produced usingre-béegraphy (EBL) on PMMA
and black Si samples from a former project were alsilable for the study. Time-
lapse movies of living fibroblast cells were suctelly obtained on both types of
nanostructures and on baseline substrates, armhraddpendence was found between
the characteristics of the nanostructured blackuBstrates and the maotility of the fi-
broblast cells living on it. Black Si with spikestiwva height of 1.2 um, a diameter of
200 nm, and a density of 9 [fimwas found to kill fibroblast cells, while black Bith
spikes with a height of approximately 6 um, a disanef 1.2 um, and a density of
0.1 pm? allowed for survival of the fibroblast cells, atigh the cell motility was
dramatically decreased compared to flat Si. Blaclkubstrates with spikes with a
height of approximately 300 nm, a diameter of 16 and a density of 9 pifmand
21 pm?, respectively, were found to dramatically incre&tse motility of the fibro-
blast cells compared to flat Si. No obvious diffese was found between the
behaviour of the fibroblast cells living on the EBIMMA patterns consisting of dots
with a diameter of 30-50 nm, a depth of 80-100 and a pitch of 50 nm and 200 nm,
respectively, compared to flat PMMA.
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1 Introduction

This thesis will study the interaction between<alhd nanostructured substrates. This
is studied to get an understanding of how cellld@haviour depends on the
topography of the underlying substrate. Such kndgdecould help in the engineering
of better biomaterials enhancing things like celgmation and adhesion on such
materials. This could further help in the developt& medical applications such as
implantable devices, surgery, and drug delivery,tlasse things are interacting
directly with cells, and hence the materials ofstheeed to contribute with a healthy
environment for the cells.

1.1 State of the Art

Research on cell interactions with nanostructutdssisates is a new field, since until
recently it has not been possible to make welltodled surface structures in the
nanometre range. There are an almost infinite nurabeombinations of cell type,
growth conditions, and nanostructured substratestudy, and the exact mechanisms
of the cell interacting with such substrates isywitfully explained. However, several
studies have looked at cells interacting with défe kinds of nanostructures. It has
been found that Ti©nanotubes with a diameter of less than 30 nm esghtre cel-
lular activities of mesenchymal stem cells compacesmooth TiQ, while cell adhe-
sion and spreading were severely impared on, hi@otubes with a diameter larger
than 50 nm, resulting in dramatically reduced aigtiand high cell death (Park, Bauer
et al. 2007). Primary bovine aortic endothelialcéBAECS) have also been found to
show enhanced mobility on Tianotubes with a diameter of approximately 100 nm
compared to flat Ti, and it is speculated that ## nm spacing between the
nanotubes allowing fluid spaces, and hence enaldorginued supply of natural
blood underneath the attached cell, to contribata thealthier environment for the
cells (Brammer, Oh et al. 2008). Furthermore Sa®@8B have shown a strickingly
extended morphology on carbon nanotubes (CNT) Br20n diameter and 20-40 pm
in length compared to flat polycarbonate (PC) (Adkbkoyama, et al. 2006). On a
somewhat larger scale, a very recent study hasrshioat fibroblast cells alter both
shape and migration speed when adhering to antespso micro- and nanopattern
array of poly(urethane acrylate) (PUA) (Kim, Haraet2009).

1.2 This Project

Preliminary results showed good adhesion and egtknohorphology for the
eukaryotic fibroblast NIH3T3 cell on black Si, whias similar in material and
topography size range to the pi@anotubes, but can be produced in larger areas
relatively cheap and fast, and at the same tinewvafor tuning of the topography
features. HelLa cells died on the same substrateehibe fibroblast cells will be used
in this study to make a survey of the behavioucealfs on nanostructured substrates
trying to get an idea of how these cells interaghvand behave on these specific
structures. Cell behaviour on surfaces produceagusiectron beam lithography will
also be studied, since such surfaces can be prdduith utmost precision. This
method of creating nanostructures, though, is atstime time limited by the very
slow and expensive production process. Due to irsa@xperience with modelling
motility of living cells, this particular part ofetl behaviour will be analysed through



the use of a mathematical model, which has not be#n done on cells on
nanostructured substrates.

To study cell behaviour and make the motility expents a temperature-controlled
stage using a PID controller and a cell culturendber was made to fit in an optical
microscope. The microscope is connected to a canghat would continuously
obtain images with a fixed interval resulting imé-lapse movies of living cells on
the nanostructured substrates.

This thesis will start out with a short introductido the cell and its maotility.
Subsequently a description is made of how the teatyes-controlled stage was
created and tested. The creation and testing oté¢Heculture chamber (CCC) will
then be described along with the procedure of igptthe cell experiments started.
Afterwards a description of the production and ditaracterization of the nano-
structured substrates will be made. Then, the obtatime-lapse movies will be
analysed in two different ways. At first, generbkervations on the cell behaviour on
both baseline substrates and on the nanostructitede made. Afterwards the
motility data from the time-lapse movies will beatyzed and fitted to a mathematical
model describing cell migration.

Since the results on cell behaviour on surfaceslymed with the electron beam li-
thography was scarce the description of these tstes along with the results ob-
tained are described in a single chapter at theoétite report.

Lastly, a conclusion on the findings will be madmsd further studies will be
proposed.



2 Introduction to the Cell and its Motility

The cell is the basic structural and functionat whiall known living organisms. Each

cell can reproduce by cell division, build cell gpoments, transform energy by taking
up nutrients (the so-called metabolism) and respmnéxternal stimuli such as a
change in temperature, pH, or level of nutrientiti@rmore, each cell is enclosed by
a cell membrane consisting of a lipid bilayer camtay embedded proteins.

There are two types of cells, prokaryotic and eydtie cells. This study is using the
eukaryotic fibroblast as cell type. An eukaryotall s defined by the presence of a
nucleus, and fungi, plants, and animal and humé#le aee examples of eukaryotic
cells. Inside the cell the cytoskeleton is the selffold. It helps the cell keep its
shape, as well as helps when the cell is takingxiaernal material (endocytosis) and
while separating daughter cells (cytokinesis) aftelt division. Most important for
this study, though, is the cytoskeleton’s abilibymhove parts of the cell in the cell’'s
process of growth and motility.

In addition to the cytoskeleton and the nucleus tbatain the DNA, numerous other

sub-cellular components called organelles existethe eukaryotic cell. The nucleus
is also one such organelle. Other organelles imclmd¢ochondria, which are the or-

ganelles responsible for the cell’s energy curreadgnosine triphosphate (ATP),

vesicles, which transport or digest the cell's prtdand waste, the Golgi apparatus,
which processes and packages macromolecules, aoasolyes, which digest excess
organelles, food particles and engulfed bacterthwaruses. Some of these things can
sometimes be seen in the microscope images oktlse ¢

The size of a eukaryotic cell is on the order offlD0 pm in diameter. For a thorough
study of cell motility, an understanding of the dbadhesion sites is necessary. When
a cell moves protrusion of the leading part of te# occurs. This part is called
lamellipodia or filopodia depending on its shapd atructure. Lamellipodia is a wide
structure, while filopodia is a narrower structuxew focal adhesion sites are created
in these parts, while retraction takes place inréae part of the cell. The cytoskeleton
then contracts to make the cell move. There is lbsplate size or pitch for these
adhesion sites, but they are of course smallertthaell itself.

The cell can interact with a substrate in differesatys depending on the type of sub-
strate. This is seen in Figure 1. Round, elongaded, polygonal shapes are seen.
Round cells usually indicate poor adhesion, whike d¢ther shapes mean better adhe-
sion for the cells on the substrate, indicatingghlestrate supports cell motility better.

The fibroblast cell is a stem cell, which meand thaan renew itself by division and
differentiate into a diverse range of specializelll types.



Figure 1. Different kinds of cell-substrate interations (Gr dinaru, Lopacinska, et al. 2009).




3 The Temperature Stage

Temperature influences cell behaviour and is tloeeean important parameter to
keep constant. One of the goals of this study wasefore to build a temperature-
controlled stage to mount in the microscope, winetie¢ cells would have a constant
temperature of 37.0£0.2 °C. As the stage with thied cells in it was placed in a

room with normal room temperature fluctuating abath?25 °C, the stage would need
to be insulated and heated.

In this section the setup of the temperature staigebe explained. It will be dis-
cussed which measures were taken to keep the tatapeat 37.0 °C and how well
this was achieved.

3.1 The Temperature Stage Setup

To achieve the goal of getting a stable temperadti®/.0 °C a computer-controlled
temperature stage was made using a PID (propoliotegral-derivative) controller,
though not using any derivative measurements. Ttagesincluded 2 negative
temperature coefficient (NTC) thermistors to meagte temperature and 8 resistors
used as distributed heaters to obtain the needatbdeneous temperature. These
were all connected to a LabJack (model U3-HV), Whis a USB-based data
acquisition device (DAQ) that provides both analgnd digital electrical inputs and
outputs. The setup is schematically shown in Figuend the inside of the stage is
shown in Figure 3.

Figure 2. Temperature stage setup with the conneaecomputer, syringe pump, and DAQ.

A LabVIEW program was made to control the portstlom DAQ via the USB con-
nection on the computer. This program made sureifthlae temperature was below



37.0 °C a certain temperature-dependent voltagecnwested across the 8 heat resis-
tors to raise the temperature of the temperatagest

Figure 3. The inside of the temperature stage witthe cell culture chamber in the middle.

The required power to keep the required temperatarebe calculated by means of
Fourier's Law;

DQ DT
— < = kK xXAx—
Dt Dx Eq. 1

In this experiment expanded polystyrene was usetth@snsulating material encap-
sulating a top and bottom plate of copper used &ersure the stage had a large
thermal mass and a homogeneous heat distributiorAlAlock, which has a large
thermal conductivity, was mounted inside the stageaise the cell culture chamber.
This was done so the placement of the substratéstiwe cells inside the stage would
fit the working distance of 19 mm of the microscaggective used to monitor the
cells.

The stage encapsulated in the polystyrene measymgaximately 140 x 150 x 30
mm®, and the thickness of the expanded polystyree itsas approximately 13 mm.
On the sides two layers of expanded polystyreneusad for insulating, making up a
total thickness of 26 mm. Taking the room tempegata be 25 °C and knowing that
the conductivity of expanded polystyrene is 0.03ri7C), a rough estimate for the
heat dissipation of the system can now be calalledebe approximately 1.4 W by
means of Fourier's Law, which was used as a starpoint when making the
temperature controller.



3.2 Temperature Precision

To obtain the most precise temperature measurersemesal experiments were car-
ried out. Thermistors, as used in the final setupre compared to thermocouples.
These readings did not correlate, and over the spdays or weeks, the temperature
measurements could differ by more than 1 °C.

A thermocouple is a junction between two differerdtals, which depending on tem-
perature will create small voltages due to therttwalectric effect. Due to these small
voltages, typically in the pV-range, a lot of arfipition is needed for the used DAQ
to measure them. Furthermore, thermocouples oldwakadings of temperature dif-

ferences, requiring knowledge about the temperatihe so-called cold junction,

which in this case is the DAQ, introducing anotkeurce of error. These two facts
along with the knowledge that thermistors are \egurate, since they are used for
measuring the temperature in modern laser systkag,to the conclusion that the
thermocouples are not precise enough to measuheanpirecision of 0.2 °C. This is

the reason why thermistors were used for tempera@asurements.

3.3 The Thermistors

Thermistors are passive semiconductor devices.rTiesistance varies with tem-
perature, and the thermistors used in these expetgrdecreased resistance with in-
creasing temperatures, hence the name negativeetatape coefficient thermistor, or
just NTC. The effect comes from the fact that asperature rises electrons are pro-
moted into the conduction band of the semiconductor

Thermistors were used to measure the temperatuveidifferent places in the stage.
One thermistor (NTC1) was mounted in the Al blogktjunderneath the cell culture
chamber, while the other one (NTC2) was mountediénthe cell culture chamber
only a few millimetres from the cells. The PID cafler was using the mean tem-
perature from the last 10 s obtained from NTC1lhis was the most stable reading
with least risk of heating the stage too muchoorlittle.

The relation between temperature and resistaneee\er, was not linear. A look-up
table showing the resistance of NTC1 from -40.0@a6@25.00 °C with 1 °C intervals
was used to calibrate it by fitting an equationthe look-up table. Putting this
temperature-resistance equation into the LabVIEWgm@m, it was then able to
calculate the temperature based on the measursthre=.

Usually the logarithmic Steinhart-Hart equatioused to calculate the resistance of a
thermistor, but it was not possible to fit this ation to the look-up table with any of
several computer programs tried. Instead, a simpt@arithmic equation of the form
T = In(R)+Tp was used to fit the points between 20.00 °C an@X®%C making sure
that the equation matched the look-up table exattB7.0 °C as seen in Figure 5.

To calibrate NTC2, which had no exact specificatisapplied, both thermistors were
placed inside the Al block in the temperature stadge temperature was now set to
36.0 °C, 37.0 °C, and 38.0 °C, respectively, adogréb NTC1, and NTC2 was then
calibrated using these measurements. The measuremere then fitted to Eq. 3.



R=R, x1+C)™ " Eq. 2
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Here
°C] Is the temperature,
] is the resistance
] is the resistance ab, and
unitles$ is the relative change in resistance per °C.
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Of course, this calibration along with the accurfdteng only at exactly 37.0 °C for
NTC1 meant that the temperature calculated woutdorayuite accurate when not at
37.0 °C. However, a minor difference of maybe 1at@ temperature of 25 °C would
not make a difference, as the important thing is #spect would be whether the tem-
perature was above or below 37.0 °C and by apprabeiynhow much in order for the
PID controller to heat the stage accordingly. As ttmperature approached 37.0 °C
the temperature measured would get closer andrdiosiee real value.

3.4 The Thermistor Circuit Setup

Since the DAQ device was measuring voltage diffeesn
and not resistances, a small voltage-dividing direuas

applied to each. Figure 4 shows the circuit. Astesiwith a

known resistance was connected in serial with hisentistor.

The voltage difference across the thermistor aedréisistor
was set to 5 V by the DAQ device and both thisagsdtand
the voltage across the thermistdgrc was measured. Thq
thermistor was connected to ground to minimi
measurement errors, and the resistor was alsodpiasale

the temperature stage to minimize its resistaniée dr

Knowing the resistancR of the resistor and the fact that tk
voltage difference across the resistor was simply dif- | Figure 4. Thermistor
ference betweetyrc and 5 V, the current could be ca SreUlt Setup.
culated by means of Ohm’s law. Since the resist@as wonnected in serial with the
thermistor the current across the two was the sdmnewing this and the voltage
across the thermistor the resistance of the théomisin easily be calculated:

RNTC:UNTC _ Uwce’R

| 5V-U,. =a-4



Figure 5. Graph showing the fitted equation and the loo-up table data point

3.5 Thermistor Self-Heating

Due to self-heating effect (Joule heating) of thermistor, the measured temperature
will be slightly higher than the actual temperatufe reduce this effect, a small cur-
rent must be used. In this study no more than 3a¢ supplied to the thermistors
which generated a current of approximately 50 pfodugh the thermistors. The
heating of the thermistors was then on the orddr. bimW. The dissipation constant
for NTC1 was specified at 1 mW/°C if placed inlsair at 25 °C. The self-heating
should then not account for more than about 0.1A°8imilar dissipation is assumed
to hold for the other thermistor.

3.6 DAQ Measurement Resolution and Resistor Tolerae

According to the user’s guide the ports used orLHi®lack had a measurement range
of 0-3.6 V with a 12-bit resolution, which meanstttevery measurement had an
uncertainty of 0.44 mV. Converting this precisiomoi a temperature precision in the
setup yields an uncertainty of 0.01 °C. During theasurements, though, it seemed
like the discrete voltage levels measured by thieJaek were separated by 5 mV,
which means the uncertainty was 0.06 °C, or in rotkerds that the temperature
would change about 0.12 °C when jumping betweesetlléscrete measured voltages.

The resistors used had a tolerance of 1%. Conwgetttis tolerance into a temperature
precision in the thermistor circuit used in thiadst gives an uncertainty of 0.2 °C.
However, the resistances of the resistors used meesured, and they were placed at



a stable temperature inside the temperature ssagthe uncertainty stemming from
these will likely be lower.

3.7 The LabVIEW Program

The heating resistors in the temperature stage w@rrected to the analogue inputs
on the DAQ measurement device (LabJack) that fedsipnals to a computer via a
USB connection. A LabVIEW program with a graphiceler interface (GUI) was
made to receive and treat this signal. A screenshiite GUI can be seen in Figure
6. The program shows the temperature measured dliothe connected thermistors.
However, as mentioned, the resolution of the veltageasurements meant that the
raw temperature measurements were in discrete dlue °C apart. To make the
measurements more precise the last 20 raw measuremere averaged as this
would make use of the uncertainty causing a measmeto often vary between two
different values. The raw measurements were made per program cycle, and the
cycle time could be set in the program. During stisdy it was set to 0.5 s, which
means that the temperature was averaged oversih&da.

Figure 6. Screenshot of the custom-made LabVIEWrpgram.

The 1.4 W heat dissipation found earlier was used starting point in the LabVIEW
program when deciding how much power should beiphssd by the heaters in the
stage. The LabVIEW program controlled the voltadgecl the LabJack sent through
the 8 series connected resistors used as heasasis.résistor had a resistance of 1
so the voltage across them should then accordidgute’s first law be set to

2
P=R><I2:U—
R

U=vPxR=,/14W>8W= 34V



Between the LabJack and the stage with the 8 oesigtas a power amplifier ampli-
fying the voltage 10 times, hence only 0.34 V stdwe set as the base voltage in the
LabVIEW program for keeping the temperature stag¥/a °C.

However, when performing test runs on the setupai$ seen that a higher voltage
was needed to keep the temperature at 37.0 °C.ltageoof 0.5 V seemed to give
good results and the extra 0.16 V needed can blaiegd by the hole in the top part
of the expanded polysterene used to gain visibbessto the stage when obtaining
time-lapse movies of the living cells.

As the surroundings were not static the temperatuas controlled by a simple
feedback loop in the program. Once in every cyok grogram would measure the
temperature of the Al block in the stage. As oppogethe temperature in the cell
culture chamber itself, which was made of more latgug polycarbonate, the Al
block would react faster to temperature changesvallg for better heating control.
The temperature measured would then be subtraatech fthe setpoint and
subsequently be multiplied by a constant that cdwgdset in the program. This
constant was typically set at 0.5 V/°C, which methiat an additional voltage of 0.5
V would be applied across the heating resistorsef@ry 1 °C that the temperature
was below 37.0 °C. This contribution was added&Q.5 V needed to keep the stage
at 37.0 °C. To avoid that the temperature oversh@t0 °C when heating the
temperature stage a maximum voltage across thenbeasistors could be set in the
program. The value was set at 2.0 V, which meaatdhvoltage of 2.0 V would be
set across the resistors until the temperaturenesh84.0 °C, after which the voltage
would drop until it reached 0.5 V when the stagached a temperature of 37.0 °C.
These settings seemed to prevent any significamtsbwot and at the same time give
reasonably fast heating times (usually 10-15 miomfroom temperature to 37.0 °C).
If heated above 37.0 °C the 0.5 V/°C multiplicatemnstant would make sure that the
voltage would drop and reach 0 V if a temperatdr@80 °C was ever reached in the
chamber.

The LabVIEW program also created a log file, whietuld log the run time and the
temperature measurements from the entire run. Bothaximum and a minimum
temperature indicator for each thermistor were &sated in the program making it
easy to see if the temperature had reached cri@daés.

3.8 Testing the Temperature Stage

Several tests were made to make sure that the cbadpk keep the temperature steady
for longer periods before experiments with cellsevmade. In Figure 7 a graph is
seen showing the temperature of the Al block (NT@1§ chamber close to the cells
(NTC2), and the room temperature (LabJack) froma@nal cell experiment.

A small overshoot to 37.3 °C is then seen in thebidick for 3-4 min., before it

stabilises at around 37.0 °C. The average temper&tom 20 min. after heating has
begun, when the temperature has reached a plaaeduuntil the end of the ex-
periment 72 h later is 37.01+0.04 °C for the AldidoThe maximum temperature in
the Al block during the test was the 37.27 °C redcéat the start, while the minimum
temperature occurs at several small dips that, iexy@ever drop below 36.75 °C.



Looking at the temperature in the chamber the dwartsis avoided and the maximum
reached is 37.07 °C, while the minimum after ihitiaating is 36.65 °C. The average
chamber temperature from 20 min. after heatingdeggin until the end is 36.81+0.07
°C. Even though the temperature in the chambebis lzelow 37.0 °C it was decided
to keep the Al block at 37.0 °C to be sure notuerbeat the cells.

Figure 7. Graph showing a test of the temperaturetage. The red (top) graph is the temperature
inside the Al block in the stage, the blue one (jadelow) is the temperature inside the chamber|
right next to the cells, while the dotted purple oe (bottom) is showing the room temperature.

3.9 Calculations on Requirements for Heating the Mdium in the Tubings

It is not enough for the temperature stage to laetk37.0 °C as what actually mat-
ters is that the temperature of the fluid or calture medium in which the cells are is
37.0 °C. Therefore the fluid travelling from a syge pump outside the temperature
stage to the cells inside the stage needs to heché&@m room temperature outside
the stage to 37.0 °C inside the stage. This canbared by making sure that the fluid
travels a certain distance and hence time throbghtubing inside the temperature
stage. To calculate how long the tubing insidetdmperature stage must be from it
enters the stage to its inlet in the cell culturarober Newton’s law of cooling can be
used:

% = hxAX(T,,, - To) Eq. 5



Q [J] is the thermal energy,

t [S] is the time,

h [W/(m?-°C)] is the heat transfer coefficient,

A [m?] is the surface area where the heat is beingfieared,
To [°C] is the temperature of the object's surface]

Tenv  [°C] is the temperature of the environment.

The heat transfer coefficient is that of the tubiith the medium inside. To find the
combined heat transfer coefficient, it must firatfound for each one.

The heat transfer coefficient for the tubing canch&ulated by the use of the heat
transfer coefficient of a pipe wall:

2I<tubing
g = —— Eq. 6
Nubs = 4 San(d. /) |
where
kubing [W/(m-°C)] s the effective thermal conductivity the tubing,
di [m] is the inner diameter of the tubing, and
do [m] is the outer diameter of the tubing.

The heat transfer coefficient of the medium ingtie tubing will be approximated by
the formula

hmedlum kw;ter Eq. 7
where
k [WI(m-°C)] s the effective thermal conductivity water, and
r [m] is the inner radius of the tubing

Heat transfer coefficients add inversely, hence

1 1 1 r dAn(d, /d
St tyo gt rd)
2k

system hmedium htubing kwater

h ) Eq. 8

tubing

Rewriting Eq. 5 gives

dQ _
dt th)( env - ) Eq. 9
dT _ hsystem >(T env) Eq. 10
dt msc
where
T [°C] is the temperature of the medium,
m [kg] is the mass of the medium, and
c [J/(kg-°C)] is the specific heat capacity of thedium.



Using that the temperature surrounding the tubsngonstantly 37 °C, Eqg. 10 can be
solved without regards to the medium inside acyuaibving. Solving it with the
boundary condition$(0) = To andT(t) = Tenyfort gives

t
T(t) = Tenv+ (TO - Tenv) >exp(- t_) Eq 11
0
where
(-_mec
0~ Eq. 12
rgystemx'a‘

Replacing timet with tubing lengthl using the velocity of the medium inside the
tubingv gives the final equation

T(1) = Top + (T - Top) X€XPE
() env (O env) p( V)¢0

) Eq. 13

A graph showing the medium temperature as a fumatiotubing length inside the
stage can be seen in Figure 8. If the medium iSQWhen it enters the temperature
stage it will be 36.9 °C when it has travelled & with the PTFE tubings, which
had an inner diameter of 0.8 mm and an outer dianadt1.6 mm, and the medium
flow rate of 5 pL/min. corresponding = 0.167 mm/s used, and assuming the
medium had the same specific heat capacity andtgeasswaterc = 4.18 J/(kg-°C)
and = 1.00-16 kg/m?. In other words, the tubings are so small that rtrezlium
inside them will be reaching the temperature oettieem almost immediately.

To sum it up, it is important to make sure thatfth&l gets the right temperature only
a small distance before the inlet to the cell gelithamber with the substrates and the
cells; the tubing placement until that point is maportant from a temperature point
of view. Since the fluid travels through a bubbigptinside the cell culture chamber
before reaching the cells, it can even be arguadahimportance is only that the cell
culture chamber is kept at the right temperatuseenif the tubing gets close to the
heating resistors at the edge of the stage thahare than 37.0 °C, the heat should be
dissipated from the tubings and the medium befbee medium reaches the cell
culture chamber inlet as the heat transfer is @issfast from inside to outside the
tubings as the other way around. Of course, thanlg from a temperature point of
view, as the medium could perhaps be damaged fr@rtemporary heating, hence
the inlet tubing was not placed close to these.
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Figure 8. Graph showing the temperature of the medim inside the tubings as a function of the
distance travelled inside the temperature stage.

3.10 Testing Cell Behaviour at Different Temperatues

A cell experiment with HelLa cells on glass and giag temperatures was made to
get an idea of how the cells would behave at diffetemperatures. This was done
before the decision to use fibroblast cells for theperiments on nanostructured
substrates was made. The temperature experimetedsi 35 °C on the first day,
then 37 °C the next day, then 38 °C for one dagl,farally 39 °C for one day.

Unfortunately the cell proliferation rate was sgthialready at 35 °C that the number
of cells was so large just one day into the expeninthat individual cell tracking and

counting were impossible due to the cells formimgadgmost confluent monolayer.

Since this was more of a trial experiment just & an idea of the influence which

temperature had on cell behaviour another expetimas not conducted.

It is still possible from the obtained movies, tgbuto get an idea of how the tem-
perature affects the cells. At all four temperadutee cells seemed to proliferate simi-
larly. The time it takes for each cell to dividesMaetween 30 min. and 2 h at all tem-
peratures, and judging qualitatively the prolifevatrate seems about the same. At 39
°C, though, many of the cells die, indicating tkésnperature is too high for cell
culturing.

From this short experiment it seems unlikely thaéraperature difference of +1 °C

makes a significant difference. However, to rulétbat any findings in this study are

due to temperature differences, baseline substinatdge form of glass and flat Si is

placed alongside the nanostructured substrateadn experiment as a way to make
sure variables such as the temperature are constant



4 Culturing the Cells

A proper cell culture chamber (CCC) and preparatbrells are needed when ob-
serving the behaviour of living cells. In this chepit will be described how and why
the CCC is designed as it is. Afterwards it will described how to prepare the CCC
for the cell experiments, and how to get the dalig it. Finally a short introduction to
the microscope is made.

For future convenience, a step-by-step guide fatiag experiments with microscopy
of cells in the CCC made is found in Appendix D.

4.1 The Cell Culture Chamber

Several things need to be taken into account wlesigding and making a chamber
suitable for culturing cells in both a temperatgtage and in a microscope. These
things include:

Size
The CCC has to fit in the temperature stage andavtitking distance of the objective
on the microscope must also be considered.

Material

The material has to be biocompatible, water praof] preferably readily available
and easy to work with, i.e. durable but still easgarve, drill and make threads in. It
should also be able to withstand sterilization veitiher 70% ethanol or 0.5 M NaOH.

Bubbles
Bubbles can be a large problem in fluidic systeBimifgegaard 2005), so measures
need to be taken to prevent these from influentiegexperiments.

Inlet and outlet
Connections for the tubings supplying the cell @tmedium need to be secure, easy
to connect and tight in order not to leak during éxperiments that run for days.

Opening and closing mechanism
In order to be able to place different substratethe chamber a tight and reusable
mechanism is needed for opening and closing the.CCC

Cell culture medium flow

The cell culture medium flow needs to supply thisoeith nutrients, hormones, O
and CQ, regulate pH and keep all those things at a cah#&ael. However, it must
not interfere with their movement or disturb themany other way (Stangegaard
2005).



4.2 Designing the CCC

Figure 9. The cell culture chamber (CCC) made in plgcarbonate.

Figure 10. The cell culture chamber (CCC) with theAl lid.

A description of the progress of making the CCQrntgknto account the points out-
lined above follows.

The CCC was made from polycarbonate as this isyemsilable, waterproof, easy to
work with and of course biocompatible.

The Bubble Trap

Bubbles can both kill cells and prevent picturethefcells in the chamber. This was a
major concern, so it was used as a starting pomdiésigning the chamber. To reduce
the problem three different design elements haen liecorporated. The first one is

the inclusion of a bubble trap placed just beftwe main chamber, wherein the cells



are cultured. The bubble trap is basically justrels chamber where the medium
outlet is in the bottom, hereby trapping bubble®ieethey enter the main chamber.

Inclined and Hydrophilic Top Surface

The next thing for preventing problems with bubbless the creation of an inclined
surface causing bubbles to drift to the higher eintthe chamber reducing the risk for
bubbles in the rest of the chamber. When inclinimgsurface one needs to be aware
of the refraction of the light that will occur beten the cells and the objective of the
microscope. As this could pose a problem with langénation, different inclinations
were tested with the 10x zoom objective (the oredushen observing the cells) to
see when refraction would cause a problem. An aof#% seemed to be the largest
inclination possible without significant loss othire quality.

To improve the effect of the inclined surface thatenial of the top cover needed to
be as hydrophilic as possible. Taking into accdbat the top cover also had to be
waterproof, transparent, and biocompatible, glassned to be the best choice, as
other alternatives as PMMA and polycarbonate areenttydrophobic even with
hydrophilic coatings. Therefore a microscope gisis$e was used as top cover, as
these are readily available.

A PDMS mold that fitted around the main chamber trelbubble trap was made to
make sure that the glass slide was tight and naumedas leaking out. In order to
clamp the glass slide down onto the PDMS securifigraand tight closure of the
chamber an Al lid was made with a hole in the nmedallowing visible access for the
microscope to the substrates with the cells inntlaén chamber. Five screws on each
side of the glass slide secured the Al lid and nsde that the pressure on the glass
was evenly spread. Earlier tests with a top paderfaom polycarbonate resulted in
broken glass slides caused by the uneven pressunglie softer polycarbonate.

Microscope glass slides have a size of 76.2 x 86 and this effectively limits the
length and width of the CCC - this size is of ceufise allowing room for several
substrates placed in the CCC at once. The heightingarily limited by the 19 mm
working distance of the 10x microscope objective tre possibility that a placement
of the CCC too close to the top of the temperasiage could cause a heat loss re-
sulting in difficulties keeping the CCC at a tengdeare of 37.0° C.

The final CCC measured 70 x 43 x 5-9 fawhile the main chamber for the cells
measured 39 x 14 x 4-6 ninMore dimensions can be seen in Figure 9 and €igQr

Medium Flow

When the connection between the bubble trap andntia chamber, i.e. the inlet to
the main chamber with the cells, was made, it &kert into account that the cell me-
dium flow should not disturb the cells. l.e. if thdet to the main chamber was too
low, the medium flow would be at the same heighthescells exposing them to a
shear stress. To minimize this effect the inlet masle 2 mm above the bottom of the
chamber where substrates with cells would be placed

Making a rough calculation on the flow rate in tt@mber by just dividing the flow



rate of 5 pL/min. with the average cross-secti@arah of the chamber gives a flow
rate of approximately 10 um/s. However, the flomat uniform in the chamber and
will probably be lower at the bottom part at thdsce

Figure 11. A 10 pm bead at the flow velocity measaments in the middle of the chamber. It starts
out about 50 pm above the surface with a velocityf@pproximately 200 pm/s, but slows down as i
gets closer to the substrate.

In order to find the flow at the cells flow measuents were made using beads with a
diameter of 10 um flowing about 50 um above thessakes judged by the focus of
the microscope. As the flow rate of 5 pL/min. usedthe cell experiments was too
low to make the beads move before settling an@tisticto the surface, a flow rate of
1000 pL/min. was applied. This showed the velooityhe beads close to the inlet to
be about 250 pm/s, 200 um/s in the middle of trendber, and about 150 um/s at the
outlet. The declining flow rate closer to the outtan be explained by the inclined
surface making the cross-sectional area of the bharsmaller at the inlet. This is
supported by the fact that the flow rate changendeed approximately inversely
proportional with the change in the cross-secti@mah of the chamber. Assuming the
flow velocity scales linearly, the flow velocity 50m above the substrates is 0.75-
1.25 um/s at 5 pL/min. depending on the place énctmamber.

The flow experienced by the cells will most likddlg even lower, as the flow velocity
seems to decrease closer to the substrate. Thisecagen in Figure 11, where the ve-
locity of a 10 um bead in the middle of the chamibexreases the closer it gets to the
substrate below. In the first second it travels il&@9about 50 um above the substrate,
but in its fourth second it only travels 92 um asdbout 20-30 um above the sub-
strate. From 7 s to 8 s the distance travelledowndto 31 um when the bead is
approximately 10 um above the substrate.

To show that even the flow rate 50 um above thetsate is sufficiently low, a com-
parison to Brownian motion of a signaling molecudich typically has a mass of
aboutm = 10 kDa, will be made. Assuming density of wagach a molecule will
have a Stokes radius of approximately= 1.6 nm. Furthermore assuming a low



Reynolds number the Einstein-Smoluchowski relatan be written as follows and
used to find the diffusion coefficient:

— kBT
60 1 Eq. 14
Here

D [m?/s] is the diffusion coefficient,

ks [J/K] is Boltzmann’s constant (1.381-40J/K),

T K] is the absolute temperature of the fluid,

[Pa-s] is viscosity of the fluid, and
r [m] is the Stokes radius of the particle.

If the viscosity is assumed equal to that of wadeBtokes radius af= 1.6 nm gives
the diffusion coefficienD = 161 pni/s. Looking at a length scale comparable to the

cell L = 10 um and using the diffusion lengtk 2Dt , it will take a signalling
molecule 0.16 s to travel this distance due taudifin, whereas it will take 8-13 s due
to the flow. The flow should therefore not intedeawvith the cells.

Now it is seen that the flow is sufficiently low o influence the cells, but it should
also be large enough to keep nutrients, pH, €c. at a constant level. In cell
experiments with rapidly growing cell types in cu# flasks the medium should be
replaced every 3-4 days (Masters 2000). With th&/nin. flow rate in this study the

medium inside the chamber was replaced in about. 14 other words, the medium
flow was high enough to replace the old medium wiv medium.

Inlet and Outlet Connections

About three quarters of the inlet and outlet w
threaded with an M4 thread. A custom-made holl
plastic M4 screw with a tube inside could then lgag
be fastened securing stable and tight connectidhs
the end of the tube was a small rubber ring, sgdhe

connection between the end of the tube and theoén
the threaded inlet and outlet, respectively.

Polytetrafluoroethylene (PTFE) tubings with an inn
diameter of 0.8 mm and an outer diameter of 1.6 |
were used for the medium flow to and from the CQ
as the other common tubings made of silicone cdg
introduce bubbles due to the gas permeability

silicone. Figure 12. The custom-made

M4 screw connector.




Figure 13. All four parts of the CCC.

4.3 Preparation for Cell Experiments

It is of the utmost importance that everythingteyite before culturing of cells start in
the CCC. Therefore everything that could possildgne into contact with either the
cells or the cell medium must be sterile before experiments can begin.

All parts of the CCC (main part of the CCC, the P®Nhold, the microscope glass
slide, the top Al top part, the screws), the tubirtge substrates and also the Al block,
which the CCC is screwed onto inside the tempesadtage, and the Allen key used
to tighten the screws are cleaned with 70% ethandlsterile tissues while wearing
gloves. Parts with PMMA were, however, cleaned vith M NaOH, as PMMA is
damaged by ethanol. Afterwards all these partpkaeed under a sterile laminar flow
and all parts except the microscope glass slidetlamd\l top part are put together.
The CCC, the substrates, and the tubings are thehedd with Phosphate-Buffered
Saline (PBS) or Hank’s buffer to get rid of etharesdidues, since these could kill the
cells.

The substrates are placed on a small piece of eosaigpe glass slide using Teflon-
based Fomblin grease to make them adhere to ths. glae Fomblin grease has been
sterilized using an autoclave and has a degasabegof 10" mbar, which means it
will not get dissolved into the medium. The glagscp itself is a bit smaller than the
bottom area of the main chamber and either smatlgsi of PDMS between the glass
piece and the side of the main chamber or Fombiage is used to keep it from
moving during the experiment. It is important tokaaure that the substrates and the
piece of glass are placed horizontally as a tikalistrate will make it hard to get
microscope images with the whole image in focustHemmore, a tilted substrate



would scatter the light from the microscope awagnirthe objective of the
microscope instead of into it, making it hardegéd well-lit images.

4.4 Starting the Experiment
When everything has been sterilized and put togettedls in medium are injected

into the chamber under the sterile laminar flowe Tomposition of the medium used
for the NIH3T3 fibroblast cells was:

. 500 pL Penicillin-Streptomycin solution
. 5 mL of Newborn Calf Serum
. Dulbecco's Modified Eagle Medium: Nutrient Mixé F-12

(DMEM/F12) + GlutaMAX to 50 mL

50-1C cells are injected into the chamber, correspondingbout 10-1dcells/cnf
inside the main chamber. Optimally this will resmtabout 120 cells for each time-
lapse movie covering an area of 1000 x 75¢ pesulting in an average cell-cell dis-
tance of 73 um. Usually, though, less than halthat was actually seen in the time-
lapse movies, probably due to some of the cellsgbiushed out before adhering to
the substrates, resulting in average cell-celbdisés of more than 100 um at the start
of the experiments.

Two different methods were used to get cells ifte thamber. Either a syringe
holding the same amount of medium as the CCC (appseiely 4 mL, assuming the
volume of the tubings to be very small) with cefiside are connected to the inlet
tubing, and the medium with the cells is inject€de other way is to inject the cells
in about 1 mL of medium down into the chamber befolosing it and afterwards
close it and fill the chamber with medium withoetls. The latter method can avoid
cells getting stuck in the inlet tubing. Both methchave to be carried out with the
utmost care to avoid creation of bubbles in therdter. The chamber itself is held in
a tilted position when filling it with medium, sbdt the outlet inside the chamber is at
the highest point to avoid air getting trapped desiAfter the injection of medium
with cells an empty syringe is connected to théebttibing to prevent contamination.

The CCC is afterwards put inside the temperatwagestwhich is then mounted in the
microscope. As little movement as possible of tlgCCQwith the cells is preferred,
however, this order of doing things is necessas\tha space under the microscope is
very confined and does not allow for mounting o tBCC inside the temperature
stage.

Everything is now set up for the cell motility expeent to start. Usually the
computers controlling the microscope and the teatpes stage are already running
at this point as they are used a lot. Heating eftémperature stage beforehand can
also reduce the chances of overheating the cditseothe temperature settles at 37.0
°C.

After everything has been set up cells have to @dtethe substrates. This usually
takes from a few hours to a day. During this tinmenmedium flow is applied to avoid
flushing out the cells from the CCC. When it isrsé®at the cells have adhered to the
substrates, a flow of 5 pL/min. is started usingyange pump. The inlet tubing sup-



plying the medium to the cells is then also covevél Al foil to avoid photo damage
of the medium (Stangegaard 2005).

4.5 The Microscope

The microscope used was a Zeiss Axiotech. Refldaat microscopy was used, as
very few of the substrates were transparent. #dretf adjustment of brightness, which
was set as low as possible to minimize the ligtiinig the cells in order to minimize

the phototoxic effect (Stangegaard 2005). Brightfiend aperture diaphragm could
also be adjusted, effectively regulating the amdlthe incoming light on the cells. As

cells are largely transparent, lighting from anlangpuld make the edge of the cells
more visible.

The objective was a 10x Zeiss with a 19 mm worlkdgjance, which had a field of
view of 1000 x 750 pfMm The microscope was connected to a computer, which
received the images in a resolution of 1024 x 7i&8lg. The electronically-controlled
movable stage in the microscope, which the temperatage was mounted on, could
move in all three dimensions with a precision df @m.



5 The Nanostructured Substrates

This chapter describes how the nanostructured st were created.
Characterization of these substrates will also bdemn this section.

Both so-called black Si and electron beam lithogya(EBL) structures were made,
however, due to time-constraints the latter weretimaroughly characterized. For this
reason an independent chapter will follow in thst lpart of this thesis to describe
creation, characterization, and results obtainethese substrates.

5.1 Black Si

Black Si is a nanostructured surface made of Siclwresembles grass structures in
the nano- or micrometer-range and is sometime&dalbnograss. Some types of
black Si have a very low reflectivity of visibleght, hence the name. A huge
advantage is that it is both relatively cheap aast fo make larger surfaces of black
Si. For the purpose of testing cell behaviour onaséructured substrates, black Si is
an easy way to get many different structures, wieabh are large enough to house
hundreds if not thousands of cells to monitor.

5.2 Creating Black Si

A process called deep reactive-ion etching (DREused to create black Si. The
equipment used at DTU Nanotech is an ASE (Advargikcdon Etcher) delivered by
STS in the Danchip cleanroom facilities.

Figure 14 shows how black Si is made. A Si wafgrléced in a grounded chamber,
while the wafer itself is electrically isolated fnothe rest of the chamber. An RF
electromagnetic field is then applied to the wafieorder to create plasma by ionizing
the gas molecules inside the chamber. The power tosereate this field is called the
coil power and can be adjusted. The electronspedgrom the ions hitting the wafer
will cause it to build up a negative charge. Thaife ions will drift towards the
wafer and will either chemically react with it csucse sputtering. To further enhance
this effect a voltage can be applied to the wafée power controlling this bias is
called the platen power and can also be adjusted.

The gasses inside the chamber arg, 8fFg, and Q, though GFs was not used to
create the structures used in this study. Th@#&3 serves to passivate the Si surface
by creating an oxide layer. In this way the cheinieaction between SFand Si will
only take place where the Si surface has just lspettered. Because of this a very
anisotropic etch is possible, as the ions areniitind sputtering the Si surface verti-
cally. Due to the sputtering the Si wafer will heat hence a He gas flow on the back
of the wafer will cool it down during the process.

By regulating the etch time, the pressure insigedhamber, the gas ratios, and the
power of the electromagnetic field, the propertiéshe developed black Si can be
adjusted. A higher etch time will create higheustures, while a higher pressure will
yield a more isotropic etch because of more scéatjesf the ions. The gas ratio will
control the etch rate and how isotropic the etchiMere G then Sk will passivate



more, hence making the etch slower but also morsotopic, and vice versa.

It should be noted that the surface on both Sitdack Si will be oxidized by the air,
meaning the surface on both is actually SiO

Figure 14. Sketch showing a reactive-ion etching pcess. Due to a RF electromagnetic field betwee
the wafer and the chamber ions will be created thawill hit and sputter the surface of the wafer.

5.3 Black Si Samples

The black Si samples used in this project haveselteen created in a former project,
or have been supplied by Rasmus Davidsen, Backaldent at DTU Nanotech. A
complete library of available structures from tloenier project can be seen in Ap-
pendix A, where more pictures and process paraméiereach sample are available.
The process parameters to the black Si sampledistifyy Rasmus Davidsen are un-
fortunately confidential at the moment, but moretynes of the samples can be seen
in Appendix B.

Since black Si samples are easy and cheap to rmak@&le array of different struc-

tures have been easily available. Samples exhgbésndifferent structures as possible
have been chosen for time-lapse movies of cellbgeose the behaviour on these. A
non-processed Si sample has also been used foetapse of the cells to observe how

>



the cells behave on a flat Si substrate, to makmssible to attribute any peculiar
findings on the black Si to their surface structused not the material.

In total eight different black Si samples have béested. In general they can be
divided into two main groups. Four of them havergtspikes, whereas the other four
have more pyramid-like structures.

The four black Si samples with spikes can be sedfigure 15 and Figure 16. The
size of the spikes varies from a diameter of 100amah a height of 200-300 nm to a
diameter of more than a 1 um and a height of 6 @ampared to a cell diameter of
approximately 10 pum, the smallest spikes are badelgrstep-like for the cells,
whereas the largest spikes are in the size-rangbeoentire cell itself. These four
samples can roughly be said to have large and dskes (15-17), small and dense
spikes (16-05), large and sparse spikes (bs17d)smuall and sparse (15-19).

The properties of the four black Si samples witikep can be seen in Table 1.

Table 1. Properties of the Black Si Samples with $es.
Name Spike Height | Spike Diameter| Spike Density Spike Pitch
[nm] [nm] [um?] [um]
15-17 1500 200 3 0.6
15-19 200-300 100 9 0.3
16-05 300-400 80-100 21 0.2
bsl7c 6000 1200 0.1 3

(right).

Figure 15. Scanning electron

microscopy (SEM) imageof Wafer 15-17 (left) and 15-19




Figure 16. SEM images of Wafer 16-05 (left) and b3t (right).

The four black Si samples with more pyramid-likeistures can be seen in Figure 17

and Figure 18. These structures also vary quite ia Isize, the smallest ones having
diameters and heights in the 100-200 nm-range gvthé largest ones are in the pum-

range.

The properties of the black Si samples with pyrahhie structures can be seen in

Table 2.

Table 2. Properties of the Black Si Samples with Pgmid-Like Surfaces.

Name Spike Height | Spike Diameter | Spike Density | Spike Pitch
[nm] [nm] [um™] [um]
bs17m 1000-2000 1200-2400 0.2 2
bsl7e 200-300 100 14 0.3
bsl2c 300-400 200 10 0.3
bs12m 400 300-500 8 0.4

When working with such small structures, it shoalso be noted that both the cell
culture medium and the cells themselves will makéia coating on the substrate,
which means the cells will not necessarily be egpo® the exact same substrate

structures as is presented here.

Figure 17. SEM images of bs17m (left) and bs17e dht).




Figure 18. SEM images of bs12c (left) and bs12m gtit).




6 Observations on Cell Behaviour

This section will start with a short explanation ladw the time-lapse movies were
obtained. Qualitative observations of the cell vatar on the different substrates will
subsequently be discussed. An overview of things dell motility, morphology, po-
larization, proliferation and survival rates, aneighbourhood behaviour on the dif-
ferent substrates will be presented.

6.1 Recording the Time-Lapse Movies

A LabVIEW program developed by Kristian Mglhaves@gate professor at DTU
Nanotech, running on the computer connected taorilceoscope was used to obtain a
time-lapse movie of the cells. The most importasattdires of the program are:

 Adjusting time interval between obtaining images
- Shorter time intervals give more data, but alsgdafiles and more time-
consuming data processing. This can be changedhiut & a specific cell
type’s motility.

» Stage movement allowing for time-lapse moviedifierent places/substrates
- Movies of several substrates and also several plac@ach substrate were
obtained.
- Baseline measurements on glass were conductedhneggeriment.
- Avoiding exposing the cells to light when not obiag images.

* Auto focus to ensure proper focus even thougtsthge would drift

* Movies saved as AVI (video) and optionally alsoBMP (image) files
- If the program crashed the AVI files could be cptad.

6.2 Cell Behaviour

Both experiments (07092009 and 21092009), from lvhit time-lapse movies ana-
lyzed in this chapter are from, were started 3 daysr to the start of the analyzed
time-lapse movies. The experiments were chosenrelbydensity and image quality,
but the fact that the time passed since cell sgedas the same rules out this as an
unknown parameter. After these 3 days the cellsilshbe out of the lag period
(Masters 2000) and in the phase where exponembalth is seen. Optimally the cells
should be monitored continuously for a week or nefter the seeding to determine
both the lag period, the ‘log phase’ growth perwodl the ‘plateau phase’ in which the
cells have become confluent with reduced growth,the constrained availability of
the microscope did unfortunately not allow this.

It should be noted that in one of the experime21992009) the fibroblast cells were
labeled with a fluorescent dye (CellTracker CM-Dibhich should not affect cell be-
haviour. The appropriate filtering on the microseap take advantage of the dye was
unfortunately not available, which is why the dyeed not appear in the microscope
images. Furthermore, the flow rate was changed sopi/min. to 4 pL/min. 6.3 h
into the other experiment (07092009) due to a sigerbf medium. This is unlikely to



have had any effect, especially as the experimelt lasted for another 1.1 h. To
check if these two things had any effect, cellsttos same substrate were compared
across the experiments, and no differences were see

Survival Rate

A number indicating death and proliferation ratdéognd to get an idea of how suit-
able a given substrate is to the cells. One metised is to measure the time between
the divisions of each cell. Since the number ofscdlviding more than one time
during a single movie was quite low in many casedifferent approach will be taken.
Instead, the number of living cells is countedhat ¢nd and at the start of each movie
to find the survival rate. If proliferation takekpe this rate can be more than 100%.
It is assumed that the same amount of cells wiNenia and out of the surveyed area
during the experiment. As the obtained time-lapswigs are of different lengths, the
survival rate will be converted into a survival e@aper day noted in units of
percentages per day using the formula

cC &
R=(=2m) ¢ Eq. 15
(C ) q

start

HereR is the survival rate per da{sw.: and Ceng are the cell counts at the start and
the end of the movie, respectively, angh] is the duration of the movie. All the
measured numbers can be seen in Table 3 and Tabkhd eénd of the chapter.

It should be noted that the number of cells in di@aar movie does not necessarily
reflect how suitable that particular substrateoisthe cells. Different cell densities are
often seen in different movies on the same sulesirathe same experiment, most
likely being influenced by the place they happeraib down after injection. Hence
this survival rate is used to measure how well tcegm to survive once they have
adhered to the substrate. Of course, the differema®ll densities will most likely
influence the behaviour of the cells, but sinces ihot possible to accurately control
this parameter in the setup, it will have to be stdared as a source of error.
Furthermore, it should be noted that the numbees rar exact measure of the
suitability of the substrates for the cells. Cellision could be seen on all substrates,
but of course this does not completely rule outgbssibility of some of the cells still
being in the lag period, hence proliferating ahaléwer rate. A potentially longer lag
period could be argued to stem from the struct@itbegiven substrate, which would
still give the number a connection with the sulistralbeit not in the exact same way.
The numbers should therefore be seen as an adtbtibie observations written about
each substrate in this section and not as a gteotirect mathematical model of cell
behaviour in itself.

Cell Motility

The cell motility will be noted in this section, bomly qualitatively. A more quantita-
tive analysis of the motility will be made in thext chapter, where a mathematical
model of cell motility will be discussed and theé-lapse movies analysed according
to this model using both measured velocities amélacations of the cells.



Cell Morphology

Cells can interact with the substrate in a numbelifeerent ways causing several dif-
ferent shapes as illustrated in Figure 1 in theothiction to the cell. Round, elon-
gated, and polygonal shapes are seen, and theefregwf these shapes will be out-
lined. If not because of proliferation, a round @handicates poor adhesion to the
substrate, while the other shapes indicate bettkesion and hence also better sup-
port for cell motility. As the cells tend to changjeape, mostly between the elongated
and polygonal shapes, during a single time-lapseienexact numbers will not nec-
essarily be given, as these could prove ratherorand

General Observations

Before describing what was seen on each substatee general observations on the
cells studied will be made. The cells seemed tesalo each other to some extent,
which was apparently independent on the subsi@iten a cell would migrate 10-20

pum to be able to adhere to another cell, or soneetails from one cell would reach

another cell up to 100 um away. This was not alvibgscase, though, since occasio-
nally cells could be quite close to each other autitouching each other at all. Cells
adhering to each other would often suddenly remact move away from each other.
Daughter cells would often adhere to each otherséweral hours before retracting
from each other. It did not seem, though, as ilscatihering to each other, daughter
cells or not, would migrate in a certain way ortpat after retracting from each other.

The round cells did obviously
not have any preferreg
direction of migration. The
cells with elongated shape;
however, migrated in the direg
tion of their elongation. A
more or less clear wider fron
part with lamellipodia was
formed when the elongate

cells qu'”d _mlgrate. This ig Figure 19A (left) & Figure 19B (right). Migrating elon-
shown n Figure 19A. The gated cell (left) and polygonal cell (right). The eows
cells with polygonal shape§ show the directions of migration.

were rarely migrating and wer
mostly changing shape before doing so. When thepnterally did migrate a wider
front part with lamellipodia alike to the ones semnthe migrating elongated cells
was seen as shown in Figure 19B.

Glass

Glass was used as a baseline to see if any diffesenere seen between different ex-
periments, which would indicate change in e.g. temature, flow, or contamination.
No obvious differences were seen, and the fibroldelds did seem to adhere and mi-
grate equally well in all the experiments. The eglhesion was not quite as good as
on the flat Si also studied, though. About haltha cells kept their round shape, indi-
cating that the glass substrate was not reallaklatfor cell adhesion, while the other
half were primarily forming elongated shapes. Qrdyy few cells were seen forming



polygonal shapes. On the other hand, the maotilitthe cells seemed good, and no
obvious differences could be seen in the velocitiethe cells on the glass compared
to the velocities of the cells on the flat Si sudt&. An image showing the fibroblast
cells on the glass substrate can be seen in Fjure

Figure 20. The glass substrate with cells as seenthe microscope.

Flat Si

The flat Si substrate seemed to suit the fibrolda#is well. They adhered to the sub-
strate making only few round shapes, but many blithgated and polygonal shapes,
a few of them with tails about 100 um. The survikete was measured to be 147%
per day, meaning the cell count would be almostaea half times more after 24 h
indicating that the substrate was suitable for ¢bs. They also seemed to move
around without any difficulties. An image showirgetfibroblast cells on the flat Si
substrate can be seen in Figure 21.

Figure 21. The flat Si substrate with cells as seen the microscope.




15-17 Black Si

Cells did not appear under the microscope on th&7lblack Si substrate. The sub-
strate appeared very dark, as some types of blablv@ a very high absorption of
visible light. However, in spite of the bad lightgi conditions, it would most likely
still be possible to get a glimpse of cells if thegre indeed adhering and living on
the substrate. Taking into account that the 1514¢koSi substrate had spikes with a
height of 1.5 pm and a density of 3 firit seems likely that the fibroblast cells are
not able to adhere and survive on the substrasholild be noted that only one movie
using this substrates was recorded, because r® amlld be seen anywhere on it
prior to the start of obtaining the time-lapse nesviAn image showing the 15-17
black Si substrate without cells can be seen inrei@2 (left).

15-19 Black Si

As with the flat Si substrate the 15-19 black Sisttate seemed to suit the fibroblast
cells. They adhered to the substrate and as watlfiah Si substrate made both round,
elongated, and polygonal shapes. A few more dedls bn the flat Si appeared round.
It also seems that a larger share of the cells édritong and thin tails reaching a
length of up to 200 um. The survival rate was mesbto be 118% per day, a bit less
than for flat Si. This, along with the higher fract of rounds cells, indicates that the
15-19 black Si substrate is a bit more hostiletlfar fibroblast cells than the flat Si.
The motility seemed to be about the same as foSflahough, with the cells moving
around quite freely. An image showing the fibrobleslls on the 15-19 black Si
substrate can be seen in Figure 22 (right).

Figure 22. The substrates with cell as seen in thmicroscope. On 15-17 (left) no cells can b
seen, whereas on 15-19 (right) the cells adhere. 8bmall pictures in the lower left corners are
SEM pictures of the substrates.

1%

16-05 Black Si

About half of the cells had a round shape, indicapoorer adhesion to this structure
than to flat Si. The other half, though, showedchghied or polygonal shapes and did
seem to adhere quite well to the substrate. Thditpaif the cells did not seem ham-



pered, and the measured survival rate of 109% g@eal$o indicates that the substrate
is only a bit less suitable for the fibroblast sdlian flat Si is. An image showing the
cells on the 16-05 black Si substrate can be seEigure 23 (left).

Bs17c Black Si

The fibroblast cells seemed to adhere decentlyhto is1l7c black Si substrate,
showing mostly elongated and some round shapescédlhsize seemed smaller than
on the flat Si substrate and very few polygonalpsisawere seen where the cells
spread out over a larger area. Moreover, the facushe cells was quite far away
from the focus on the substrate, which could ingiGn increase in the height of the
cells or the fact that the cell is adhering on tdghe spikes of the substrate. Most
interestingly, though, was the very limited moyilwhich the cells seemed to have on
this substrate. Most cells did not seem to mowalabr at least not more than the size
of themselves (~10 um) during an 18 h time-lapsevieaoThe survival rate was
decent on both experiments conducted with thistsalies with survival rates per day
being 100% and 114%, respectively. An explanatmnttiese observations could be
that the cells were simply unable to migrate ondbfhe 6 um spikes on the substrate
and that they were unable to form large polygorapses on such spikes. Further
studies to see exactly how cell adhesion takesepbacthis substrate could be very
interesting. An image showing the fibroblast celtsthe bs17c black Si substrate can
be seen in Figure 23 (right).

Figure 23. The substrates 16-05 (left) and bs17cight) with cells as seen in the microscope|
Notice the cells on bs17c are in focus while thelsstrate is not.

Bs17m Black Si

Cell adhesion seemed decent, but not great onghént substrate. About half of the
cells appeared round, with the rest forming pritgaglongated shapes, though some
polygonal shapes were seen. The cells also seerhédess motile than on flat Si,
though they were clearly able to migrate on thessake. The survival rate of 85%
per day also indicates that the substrate is nstigable for fibroblast cells as a flat Si
substrate. An image showing the cells on the bshilack Si substrate can be seen in
Figure 24 (left).



Bsl17e Black Si

The fibroblast cells could barely be seen on tHErbssubstrate. It was possible to see
that cells were adhering and migrating in the tlapse movies, but anything more
than that was impossible to make out. An image olatwappeared under the
microscope on the bs17e black Si substrate caedaeis Figure 24 (right).

Figure 24. The substrates bs17m (left) and bs17edht) with cells as seen in the microscope|
It was almost impossible to see the cells on thel substrate.

Bs12c Black Si

On the bsl12c substrate about half of the obsere#ld appeared round indicating
poor adhesion, while the rest were mainly elongasdtthiough a few also made the
larger polygonal shapes. The motility seemed absutigh as on the flat Si, while the
measured survival rate of 126% per day was only Bwer than the number for the
flat Si. An image showing the fibroblast cells d¢re thbs12c black Si substrate can be
seen in Figure 25 (left).

Bsl12m Black Si

About one half of the cells appeared round on te&2ln substrate, with the rest
showing elongated shapes. No polygonal shapes seerg though it should be noted
that cells were hard to spot on this substrate,imgak possible that a few polygonal-
shaped cells might have been adhering to the subsifhe motility seemed to be at
about the same level as was the case with th&ifldut the measured survival rate of
69% per day was much lower. An image showing theoblast cells on the bs12m
black Si substrate can be seen in Figure 25 (right)



Figure 25. The substrates bs12c (left) and bs12mght) with cells as seen in the microscope.

Table 3. Cell Counts and Survival Rates (Experimen21092009).
Substrate | Number of Movie Du- | Total Cell | Total Cell | Survival Rate
Movies ration [h] | Count, Startf Count, End per Day
Si 2 17.93 69 92 147%
15-17 1 17.93 0 0 -
15-19 3 17.93 85 96 118%
16-05 4 17.93 188 200 109%
bsl7c 3 17.93 47 52 114%
Glass at 1 17.93 8 8 100%
inlet
Glass at 1 17.93 4 4 100%
outlet
Table 4. Cell Counts and Survival Rates (Experimen®7092009).
Substrate Number| Movie Du- | Total Cell | Total Cell | Survival Rate
of Movies | ration [h] | Count, Startf Count, End per Day
Glass 2 7.33 82 83 104%
Si 2 7.33 75 85 151%
bsl7c 2 7.33 39 39 100%
bsl7m 2 7.33 41 39 85%
bsl7e 2 7.33 - - -
bsl2c 2 7.33 54 58 126%
bs12m 2 7.33 46 41 69%
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7 Modelling Cell Behaviour

This chapter describes how the time-lapse movidghemmnigrating cells are analysed
in order to fit the migration patterns of the catisa mathematical model. To do this,
firstly an introduction to the current mathematioabdel of cell behaviour will be
made. The manner in which the time-lapse moviesaaatysed and the results of this
analysis will afterwards be presented and the satiest will be compared by use of
the mathematical model.

7.1 The Ornstein-Uhlenbeck Process

Mathematical motility models of cell behaviour havnained relative simple over
many decades. The standard model still used tal#lyei Ornstein-Uhlenbeck (OU)

process (Ornstein and Burger 1919), though bettetels are sought after (Selmeczi,
Mosler, et al 2005 and Selmeczi, Li, et al. 20a8)e OU process is an old model in-
spired by Brownian motion and can easily be derifredh the Langevin equation

(EQ. 16) describing Brownian motion.

=~ dvt) _ . -
F—mxT—-6p>¢7><r x/(t) + /2D x(t) Eq. 16
Here
F [N] is the force on the particle,
m [kq] is its mass,
v [m/s] is its velocity,
[Pa-s] is the fluid viscosity,
D [um?/s] is the diffusion coefficient of the patrticle,
X [s™] is a normalized ‘white noise’, and
t [s] is the time.
Dividing on both sides bysp :/1°r , settingP = m , and defining a new diffu-
6p ¥ X

sion coefficienD’ gives the OU process

pavl __ v(t) ++/2D'x(t)

dt Eq. 17

P [s] is called the persistence time of the motind @' [m?/s] is the diffusion coeffi-
cient of the OU process, also called the motilibefticient of the microorganism,
which in this chapter will just be denotéd

The first term of the right-hand side describes hbevcell is slowed down in the di-
rection opposite to that of its motility due to adfon and retraction of focal adhesion
sites. The second term on the right-hand side efetljuation describes the random
motion that the cell undergoes due to the rand@rraagements of the cytoskeleton.

The left-hand side of the equation describes tlelatation of the cell, i.e. the change
in velocity of the motion. The persistence timelgd motion is a quantitative measure



of the cell motility memory, i.e. if a cell displayery persistent motion it has a high
P and its direction of motion will be less affectied the diffusion-like effect of the
motility compared to a cell with a lowéx

The velocity autocorrelation function is defined A&) =<v(t)>v(0) >. Following

integration of Eq. 17 twice the velocity autocoaten can also be expressed as (Sel-
meczi, Mosler, et al 2005)

nD .
e /P

f(t) =<v(t) w(0) >=<v’ > e’ I'" = o Eq. 18

Heren is the dimension, which in the case of this stisd¥, andf [m%/s7] is the auto-
correlation, which describes the correlation betwéee velocity at time 0 and the
velocity at timet. From this equation it is clear that the dependemrt prior velocity
is an exponentially function, where the persistetiocee P determines the rate of
decay.

7.2 Analysing the Time-Lapse Movies

In order to find out how well the OU process ddsesi the motility data obtained in
this study, the recorded time-lapse movies werdyaed with a MATLAB program
developed by Cristian Gdinaru, PhD student at DTU Nanotech.

The program, which has yet to be given a namekdrdbe cells by finding the
brightest spots in each frame in the time-lapseieadivhe cell edge was subsequently
defined as the contour line of constant intenstyad a fraction of that of the brightest
spot in the cell. The cell coordinates were finalgfined as the centroid of this con-
tour line.

After the cells had been tracked by the programctiketrajectories had to be manu-
ally checked to exclude undesired data points, aghrajectories intersecting in
space and time, dividing cells, non-adherent ceillsprrectly tracked cells, cells ad-
hering to other cells, etc. These instances hdxtmanually deleted from the trajec-
tory data afterwards. This was a quite time-consgnpirocess, and time did not per-
mit a thorough analysis of each time-lapse movighis fashion. Therefore only

analyses on movies of cells on baseline subst{@kss and Si) and on nanostruc-
tured substrates that seemed to affect the cells made.

7.3 Interpreting the Motility Data

After manual post-processing of the trajectoriesytlwere processed by another
MATLAB program by Cristian Grdinaru. From the trajectories it calculates the
velocities and the accelerations of the cells.

In a few of the movies stage drift was seen. Thiff dias then simply subtracted
from all the trajectories in order to get the attuiedl migration patterns of the cells on
the substrate. Furthermore, the average of allvegticities was calculated for each
and all frames to make sure the flow of the meddidhnot move the cells in a par-



ticular direction. The velocity in x and y direatiavas compared, as the flow was in
the x direction, and no difference was seen withaerror bars.

The accelerations perpendicular and parallel toviHecity are plotted as a function
of the velocity. According to the OU process (E@) the acceleration perpendicular
to the velocity should average to zero, as thela®n in this direction should be
white noise. The acceleration parallel to the vigphrowever, is linearly dependent

on the velocity and from Eq. 17 it can be seen timatslope should be%. It should

be noted that the length units on the graphs a9(1 pixel = 0.977 um), while the
time units are frames (1 frame = 4 min.).

Figure 26. Pictures of the cells tracked on the 165 black Si substrate. The blue circles indicatg
the cell edges, while the small red crosses indiesthe centroids.




Figure 27. Figure from the MATLAB program showing the trajectories for the 16-05 black Si
substrate after manually processing. The units ondth axes are pixels.

Figure 28. Figure from the MATLAB program showing the acceleration of the cells perpendicular
to their velocity as a function of their velocity br the 16-05 black Si substrate. The red lines arthe
average with error bars. The units are pixels/framgx axis) and pixel§/frame (y axis).




Figure 29. Figure from the MATLAB program showing the acceleration of the cells parallel to their
velocity as a function of their velocity for the 1605 black Si substrate. The red lines are the avega
with error bars. The units are pixels/frame (x axi$ and pixels/frame (y axis).

As the accelerations are quite scattered as sednigiure 28 and Figure 29, the
program bins them on the velocity axis and addsrdyars as seen in Figure 30 to
better show the linear dependence. The figuregespand well with the OU process,
although some second order effects may be sedmeagraph for the parallel velocity,
i.e. another term, \4(t), where is small, should perhaps be added on the right-han
side of Eq. 17. However, it is only for this padi@r data set plotted in these graphs
that this effect is clearly seen, because it hasertttan 4000 data points and hence
also many data points for the cells at higher vakxcwhere this effect is seen. For
the rest of the substrates the number of data poiats between 717 and 2330
resulting in larger error bars at those velocitedfectively blurring these effects.
Hence, for the purpose of this study the graptssiaed to be linear in order to find
the persistence tinfe for the examined substrates.

Next, the program will calculate the standard déwnes of these accelerations (Figure

31). According to the OU process the same standievéition /2D should apply to
all velocities resulting in flat and equal graphlotted as a function of velocity.
However, as seen in Figure 31 this is not the c@be. standard deviation of the
accelerations perpendicular to the velocity doesash flat behaviour, but the same
thing cannot be said about the standard deviatiothe accelerations parallel to the
velocity. It seems that the noise term on the flgdnid side of Eqg. 17 is a linear func-
tion of the velocityv.

Lastly, the program calculates the velocity autoglation (t) (Eq. 18) and displays it
on both a linear plot (Figure 32) and on a semigtmy (Figure 33) to better be able to
judge whether the exponential decay predicted byQbl process actually holds. The




semi-log plot seems fairly linear for the first Earhes, but more data would be a
definite advantage for this plot.

Figure 30. Figure from the MATLAB program showing the binned accelerations of the celld
perpendicular (green, top) and parallel (red, bottan) to their velocity as a function of their velociy on
the 16-05 substrate. The units are pixels/frame (&xis) and pixeld/frame (y axis).

As the graphs shown here do not seem different trengraphs produced by the
other substrates in this study, i.e. the lineadpe&hdent standard deviation as a func-
tion of velocity and the not exactly linear semgrjplot do not seem unique for this
substrate, and as finding a new model will reqlarger amounts of data than ob-
tained, the OU process will still be used to amalyse substrates. This finding will
therefore not be further addressed, but only naged finding that should be studied
further.

Graphs from all the analyzed substrates can beisefgppendix C.

Since the data from all the analysed time-lapsei@spwhich all used the same
fibroblast cell type, therefore seems to follow saene motility model in agreement
with earlier studies (Selmeczi, Mosler, et al 20@B¢ surveyed substrates will be
characterized by the parameters persistenceRjndé@fusion coefficienD, and the
expectation value?> representing the velocities of the cells. By Egjthese are

correlated by< v? >:%.



Figure 31. Figure from the MATLAB program showing sandard deviation of the accelerations of the
cells perpendicular (green, bottom) and parallel (ed, top) to their velocity as a function of their
velocity on the 16-05 substrate. The units are pil&#frame (x axis) and pixel§frame (y axis).

Figure 32. Figure from the MATLAB program showing a linear plot of the autocorrelation function
as a function of time on the 16-05 substrate. Thenits are frames (x axis) and pixefframe? (y axis).




In(pixelsframe?) (y axis).

Figure 33. Figure from the MATLAB program showing a semi-log plot of the autocorrelation
function as a function of time on the 16-05 substte. The units are frames (x axis) and

Table 5. Persistence Time, Diffusion Coefficient,ral <v*> for Different Substrates.
Substrate (Date) | Data Points P [min.] | D [um?min.] | <v*> [um“min.?]

Si (07092009) 966 5.5£0.7 0.52+0.15 0.38+0.06

Si (21092009) 1272 5.5+0.6 0.32+0.06 0.23+0.02
Glass (07092009) 717 5.9+0.6 0.50+0.12 0.34+0.04
16-05 (21092009) 4026 10+£1.1 1.5+0.2 0.58+0.03
15-19 (21092009) 1415 9.6+1.1 1.9+0.5 0.80+0.10
bs17c (21092009) 2330 2.8£0.1 0.09+0.01 0.13+0.01
bs17m (21092009 1632 5.5+0.5 0.31+0.0b 0.23%+0.02

All the measured persistence times, diffusion camtstand<v®> are seen in Table 5
and in Figure 34. When comparing the persistermegiwith the time interval of 4
min. between obtaining images for the time-lapse&imat can be seen that a shorter
interval than 4 min. would have been preferablewgleer, two things limit the ability
to make this interval shorter. For one thing, wati-min. interval each time-lapse
movie will generate approximately 1 GB of data day. When doing several time-
lapse movies on each of several substrates for mayy, this can amount to quite a
large amount of data. Furthermore, the speed omikkeoscope stage also hinders the
minimum time interval between obtaining images. Tieroscope stage took almost
2 min. to obtain images from 15 different placesha chamber, which was a normal
amount of images when doing experiments with séwenastrates at once. If obtain-
ing images with a shorter time interval than 2 mséneeded, fewer substrates or
fewer places on each substrate will have to be toad.



Figure 34. Diffusion coefficientD, persistence timeP, and expectation value of the velocity squared
<v*> for the analysed substrates. A clear difference iall parameters is seen between the substratd
with small spikes (16-05, 15-19) and the substrateith large spikes (bs17c). In parentheses are note

Zwn

the experiment numbers.

The two different measurements on Si are from tvii@r@ént experiments simply to
get an idea of reproducibility to check that otFestors than the different substrates
do not change the cell behaviour in the used sétheP for the two experiments is
exactly the same, but tiieand<v?> differ a bit, though only thev®> differs outside
the error bar. If comparing these two measuremantthe measurements on the
nanostructured substrates, though, it is seentliegt are very similar to each other
and that things like the dye in the 21092009 expent and the slightly lower flow
rate in the end of the 07092009 experiment havg Wele influence, if any at all,
compared to the influence of the nanostructuredtsates. The small difference seen
could very well be explained by the few data powtitained from the Si substrate in
the 07092009 experiment, as fewer than 1000 dartaspwere on the low side.

Unfortunately not that many data points were ol@diand analysed on a glass sub-
strate. More time-lapse movies would have to bdyaed to get precise figures for
the glass substrate, but time did not allow thrent-the data available it does seem,
though, that the fibroblast cells migrate alikeSirand glass.

On the single pyramid-like black Si substrate asedy(bs17m) the numbers do not
seem to differ much from the flat Si. However, wHeaking at the black Si with
spikes of different sizes things change.

In the prior chapter it was already seen that aglise not able to live on the 15-17
substrate, which had large and dense spikes, anleohs17c substrate, which had
large, but sparse spikes, the migration of theoblast cells seemed very confined.
This is confirmed by thev?>, which is about half that of the flat Si. At thense time
the P measured on the bsl17c substrate is also halbfhidt Si, while theD is less
than a third that of flat Si. In other words, thterdéblast cells tend to forget where they



are going, while at the same time doing very litdAedom motion, resulting in very
little movement at all.

Taking a look at the black Si with small spikes tipposite trend is seen. Both on the
15-19 substrate (small, sparse spikes) and on@ib substrate (small, dense spikes)
the<v®> is roughly double that of flat Si. At the sameitheP is also double that of
flat Si, while theD is at least 3-4 times larger. In other words,fibmblast cells keep
their course a longer time, while also doing maaedom motion on the black Si
substrates with the small spikes (15-19 and 16i@) on a flat Si substrate, resulting
in a higher velocity overall, which was not obvidusm just looking at the movies.

Figure 35 shows an overview of the dependence leetwpike size and pitch and cell
velocity and persistence time. The cell persistdime is clearly very dependent on
the spike size, while the velocity-dependence iiddas pronounced. Of course, this
overview is only a representation of the resultsamied in this study, e.g. the
persistence time will not continue to increaseles dpikes get smaller and smaller,
since this decrease in spike size would eventuaéign the substrate would become a
flat Si substrate, which, as measured, has a I@eesistence time than the small
spikes. Some optimum spike size, and probably @isch, to get the highest
persistence time is probably attainable.

and pitch.

Figure 35. Chart showing the dependence between kekrsistence time and velocity and spike size




8 Making Nanostructured Substrates using Electron Bam Lithography

In addition to the black Si substrates electronnbdéithography (EBL) was used to
make finely tuned nanostructured substrates. Dugnme-constraints and the time-
consuming process of e-beam writing and charaecioiz these were not thoroughly
characterized, which is why the data obtained esdtsubstrates are presented in this
stand-alone chapter.

In this chapter an introduction to the creation ahdracterization of EBL substrates
will first be made, and then the results obtainedhese substrates will be presented
in the same fashion as with the black Si substraids a comparison to a baseline
substrate.

8.1 Introduction to Electron Beam Lithography

The e-beam writer used to make finely tuned nauoosired surfaces in these
experiments is a FEI Helios 600 NanoLab™ DualBeatoriging to Center for
Electron Nanoscopy at DTU. It functions both asetettron beam (e-beam) writer
and supports the focused ion beam (FIB) technidioe. making the finely-tuned
nanostructured surfaces only the e-beam writerlibfyavas be used.

EBL works by scanning electrons across a surfagered in an e-beam resist. When
exposed to the scanning electrons the e-beam veflibiave cross-links (bonds) bro-
ken or created depending on whether the resisbsgipe or negative. The areas on
the resist which have its crosslinks broken (indase of a positive resist) can later be
selectively removed by so-called development ihendcal solution and vice-versa if
the resist is negative

EBL enables the making of structures with a resmtuin the nanometre range though
several things limit its resolution. Among thes@gjs are aberration and stability of
the electron source, which are related to the eabeaiter and its electron beam,
though the resist used plays the largest roleha@asncoming electrons will be scat-
tered and give rise to proximity effects. This le&ol an exposure of adjacent regions,
which should not have been exposed. If two exposgins are too close, the region
between them may get exposed too, and this wilit litne pitch resolution as
illustrated in Figure 36.

The resist used in this study is poly(methyl metjlate) (PMMA), which allows for
a fairly high resolution at about 10 nm. Furtherejat allows cell growth, which of
course is a crucial feature for these experimdfas.development a 3:1 mixture of
isopropyl alcohol (IPA) and methyl isobutyl keto(IBK) was used for 50 s, fol-
lowed by 20 s in IPA.

The largest problem with making EBL surfaces faeseh cell experiments was the
slow nature of the e-beam writer. The serial teghaimakes it a time-consuming
process, which means a structure of just 1’nuorresponding to the field of view in
the microscope used for the observation of cellhis study, would usually take 15-
30 min. of writing time. In the same time one canduce several hundreds if not
thousands of mmblack Si, which can be used for obtaining sevéirake-lapse
movies at once, making it far less dependent onvehgre the cells settle on the sub-



strate.

Figure 36. Sketch showing the incident beam’s wayntough the specimen (Bgggild 2008).

8.2 Making the Nanostructured Surfaces

As the e-beam writer was new and
thoroughly  characterized, differer
structures were made and characteriZ
with an atomic force microscop
(Veeco CP-11). Atomic  force
microscopes (AFM) use a sharp tip
the free end of a cantilever t
characterize the surface structure.
the tip gets close to the surface it will 4
exposed to van der Waals forces, whi
will result in a deflection of the
cantilever. In the AFM used thij
deflection would be measured via
position-sensitive photodiode meas
ring the displacement of a laser bea Figure 37. Laser det.ecting system of the
reflected on the back of the cantilev A™™ (Howland R, Lisa Benatar, L. 2000)
as illustrated in Figure 37.

Several different modes can be used in order tdhgetontour of the surface using
AFM. In this study the tapping mode or intermitteontact (IC-AFM) was used. This
mode offers the same force sensitivity as contamtierwithout introducing its drag-
ging forces as it scans the surface, which coutdmi@lly damage the surface. At the
same time the lateral forces on the tip is redueddch improves the resolution. In
tapping mode the cantilever is set to vibrate pgdow the eigenfrequency of its free
oscillation. As the cantilever is then brought eloso the surface the attractive van
der Waals forces shown on Figure 38 will first mélke resonance frequency of the
cantilever lower, which result in the amplitude topgs higher, since the resonance



frequency is now closer to the frequency it isteetibrate at. The cantilever is then
brought even closer to the surface in order tatgetvibrate at the same amplitude as
in its free oscillation. This will happen when teeare no attractive or repulsive

forces, which corresponds to where two axes crodsSigure 38 . A feedback loop is

then keeping the amplitude constant, hence kedpmdprces on the tip constant and
thereby making the tip follow the surface contdusing the photo-sensitive diodes a
3-dimensional representation of the surface is nvaitle nm resolution as the tip is

scanned across the surface.

The resolution of the AFM images is primarily lieit by the radius of the end of the
tip. The tip used in this study (BudgetSensors tEMalti75E-G) had a tip radius of
<25 nm, which should provide a resolution high egiofor the EBL surfaces made.

Figure 38. Interatomic forces experienced by thep of the AFM (AFM, WikiBooks 2009).

8.3 Surface Characterization

A variety of structures was written with the e-beamiter in 200 nm thick PMMA
spun on a 2” Si wafer. Some settings did not craatestructures in the PMMA at all,
some created very sparse structures, and yet s@ated structures visible by the na-
ked eye.

The settings which seemed to give good results frieenfirst test run are seen in
Table 6. All of the described surfaces in this isectised these settings. The number
of passes differed, and will therefore be statedfch surface made.

Table 6. E-Beam Writer Settings.
Accelerating Voltage| Beam Current Working DistangeDwell Time
30 keV 0.17 nA 6 mm 15 us

Due to the time-consuming process of producingdradacterizing each EBL surface
made, the surfaces which in the end resulted ie-tapse movies with cells on them
were unfortunately not characterized in the AFMoptio the experiments, and the
surfaces could not be characterized afterwardsauesidue in the form of cells and
proteins from the medium adhering to the surfater @n experiment lasting several



days. However, by comparing the settings used talyme these surfaces with the
settings used to produce the surfaces which weaeacterized it is possible to get a
good idea of how the surface structures of thesealy were.

When analyzing the surfaces it was seen that itrveasasily possible to make nar-
row lines with a small pitch in the PMMA surfacetiwthe used e-beam writer. Figure
39 shows a surface that was written with a maslsisting of lines with their centres
200 nm apart. The e-beam writer did not seem tosxphe dots close enough to ac-
tually produce lines of this size, resulting inuaface with lines of dots instead.

Figure 39. AFM image in 2D (left) and 3D (right) slowing a 1.0x1.0 prfisection of a PMMA surface,
which was produced with a mask consisting of horiattal lines with a pitch of 200 nm.

The mask was an image (BMP) file written so thaixel corresponds to 100 nm on
the surface, and from the dotted lines it is sbéah ¢ach pixel in the mask image cor-
responds to an elongated dot with a depth of ah®6Qtnm and a size of approxi-
mately 30-60 nm (width and height) when writing &gpes as done on this sample.
The elongation seems to stem from the directiowrting as the lines in the mask
were orthogonal to the writing direction.

Looking at another sample most of the trends s@ebe tconfirmed. Figure 40 shows
a surface made with a mask consisting of dots,nagi@h 1 pixel corresponding to
100 nm. The centres of the dots should be 200 rart @apd this time 5 passes were
used for writing. The dots are about 60 nm in digembut only 80 nm deep. The lar-
ger dots are explained by the extra passes, whéneasmaller depth could be ex-
plained by the smaller proximity effect on theserensparse dots. No elongation due
to writing direction is seen this time, which isyba avoided due to the higher num-
ber of passes causing wider and more circular dots.



Figure 40. AFM image in 2D (left) and 3D (right) slowing a 1.0x1.0 prfisection of a PMMA surface,
which was produced with a mask consisting of dotsith a spacing of 200 nm.

A more thorough examination of the e-beam writemeeded, but these observations
should be enough to get an idea of the surfacetates of the substrates, which did
result in time-lapse movies with cells.

8.4 Electron Beam Structures for Cells

3 EBL structures with fibroblast cells were sucta$s monitored. Each structure had
a size of 500x500 pfrand hence only a single time-lapse movie was plessh each

of these surfaces. Figure 41 shows the two diftemeasks used to produce these sur-
faces.

The first structure (EBL1) used the mask shownigufe 41A, where the white part
is exposed and the black part is not. It was writtéth 1 pas, and 1 pixel corresponds
to 100 nm. Each big white dot is 9 pixels in diagnevith an edge-edge-pitch of 10
pixels. From the characterized surfaces it is kntva these big dots will not be fully
exposed, so the surface at the dots will be lilee dtrface shown in Figure 39, but
with a pitch of approximately 50 nm in each direnteind possibly a bit smaller dots
due to the use of only 1 pas. Dots with a diamet&0-40 nm, a depth of 80-100 nm,
and a pitch of 50 nm are therefore assumed to bese written at the big white dots.

The second structure (EBL2) was written with 2 passsing the mask shown in
Figure 41B. It is the exact same mask used to m®die surface characterized in
Figure 40. The only difference on this structuréhiesn the 2 passes used instead of 5.
Hence, the surface will look the same except ferfct that the dots should be a bit
smaller. Comparing with Figure 39 it is seen, hogrevhat the dots do not seem to
get much smaller when only 2 passes are used. foher@ots with a diameter of 30-
40 nm, a depth of 80 nm, and a pitch of 200 nmaaseimed to be on this surface.



successfully monitored with cells.

Figure 41A (left) & Figure 41B (right). The 2 different masks used for the 3 EBL structures

The last structure (EBL3) was written with the samesk as EBL1 (Figure 41A) but
with 2 passes instead of 1. The dots written abtevhite dots in the mask are there-
fore assumed to be a bit larger, hence dots wdlameter 40-50 nm, a depth of 80-
100 nm and a pitch of 50 nm are assumed to beissiface.

8.5 Observations on Cell Behaviour on Electron Bear8tructures

Like in the previous chapter describing the timagskmovies in a qualitative manner,
the cell survival rate, motility and morphology Wile described here. It is again
important to bear in mind that the actual densftgaldls seen on a substrate does not
necessarily reflect cell-substrate interaction.tfi@nmore, all the results obtained on
the e-beam structures are from the same experinvbith started 1 day after the cell
seeding. From looking at both the survival rate #redtime-lapse movies, though, the
lag period for the cells did seem to be over.

Flat PMMA

Flat PMMA was used as a baseline to see the irttenacof the fibroblast cells with
this material. A picture of the cells on this suét can be seen in Figure 42. AlImost
every cell adhered to the substrate making elodgate polygonal shapes, often with
tails of about 100 um. The motility seemed good) #re proliferation very high. Af-
ter a few days most of the substrate was complethgred in cells. This is reflected
in the survival rate, which at 183% was the higlestountered. It should be noted
that actually 3 time-lapse movies with cells ort flMMA was obtained. The last
movie had a measured survival rate of 272%, whiak @ lot higher than 181% and
184% measured on the two other time-lapse movielabiPMMA. This, however,
seemed to be largely because of cells migrating time field of view during the ex-
periment, which is why this measurement has bescadied.



Table 7. Cell Counts and Survival Rates (Experiment0102009).

Substrate] Number| Movie Du-| Total Cell | Total Cell | Survival Rate
of Movies | ration [h] | Count, Startf Count, End per Day
PMMA 2 51.13 30 109 183%
EBL1 1 16.00 72 100 164%
EBL2 1 51.13 21 54 156%
EBL3 1 51.13 8 23 164%

The Electron Beam Structures

The time-lapse movies of fibroblast cells on thieeam structures looked very alike
the time-lapse movies obtained on the flat PMMActities of cells on these sub-
strates can be seen in Figure 42 and Figure 43.a@bésion was high with almost
exclusively elongated and polygonal shapes and waty few round shapes. The
cells also seemed to migrate just as much as orflahePMMA substrate. The

proliferation was again very high, although thevswal rates, which were all about
160%, are a bit lower than on flat PMMA. The short®vie duration seen on EBL1
in Table 7 was caused by the cells being too demnbe counted properly after 16 h.

To sum it up shortly, no obvious qualitative di#ace could be seen when looking at
the time-lapse movies. A possible explanation fos tould be the coating that the
cell culture medium and the cells themselves mak#he substrate. If the thickness of
this coating is in the same size range as thewlatien in the substrates, the cells are
not likely to be affected of the dots. As the date significantly smaller than the

smallest black Si substrates studies, this cammotlled out as a possibility.

Figure 42. The flat PMMA (left) and EBL1 (right) substrate with cell as seen in the
microscope. The e-beam mask used for EBL1 can beesein the lower left corner.




Figure 43. The EBL2 (left) and EBL3 (right) substrae with cell as seen in the microscope|
The e-beam mask used for the 2 structures can beesein the lower left corners of each image.

8.6 Modelling Cell Behaviour

As with the black Si substrates the time-lapse e®waf cells on the flat PMMA and
on the EBL2 substrate were analysed with the catking MATLAB program made
by Cristian Grdinaru. The EBL2 substrate was chosen as the eedity on this sub-
strate was most appropriate for cell tracking, aedecent amount of cells to give
enough data points, but at the same time not sq et several cells would be in-
correctly tracked as a single cell. The other EBhstrates were not analyzed in this
way due to time-constraints. The results from thaysis can be seen Tiable 8

Table 8. Persistence Time, Diffusion Coefficient,ral <v*> for Different Substrates.
Substrate Data Points | P [min.] | D [um“min.] | <v*> [um?/min.”]
PMMA 2078 5.4+0.4 0.80+0.13 0.59+0.05
EBL2 2133 5.0£0.3 0.59+0.10 0.48+0.05

There seems to be no clear difference betweenspemse time, diffusion coefficient,
or the expectation value of the velocity squaretivben flat PMMA and the EBL2
substrate. In other words, the fibroblast cellsrsé@ migrate at the same velocity and
with both the same persistence and random motioth@m®-beam structure as on the
flat PMMA.

However, more experimental data is needed and mioe¥se structures should be
made to get a better picture of the cell interactioth nanosized structures made in
PMMA. It should be made clear, though, that maknagostructured surfaces using
EBL is a time-consuming and expensive process amdbably not the most well-

suited for testing cell behaviour because of thieasons.



9 Conclusion

In this study a temperature stage fitting in a wscope and keeping the temperature
steady at 37 °C was made. Several aspects that cauke temperature fluctuations
and imprecision of temperature measurements weketbinto. Testing showed that

the stage was able to keep the temperature withid % for several days.

A cell culture chamber suitable for culturing celiside the temperature stage was
also created. The chamber allowed for a contindlows rate of cell culture medium
without it having a detrimental effect on the cefiside. Furthermore, the chamber
allowed for experiments with several substratesnae, and these were easily placed
inside the chamber via removal of the detachadle li

Using the temperature stage and the cell cultueentier a survey on the motility of

NIH3T3 fibroblast cells was successfully made owesal different nanostructured

substrates. The topography size ranges in thisystads not directly comparable to

that of prior studies. Like in the prior studiebotigh, a very clear dependence
between cell behaviour and topography was seeonme of the substrates.

While the survival rate of fibroblast cells on taSi substrates with pyramid-like
structures (bs12c, b12m, bs17m, and bs17e) seawed than that of flat Si, no clear
difference in persistence time, diffusion coeffitieor velocity of the cells could be
seen for the one substrate mathematically analysed.

On the black Si substrates with spikes a very dliesgrendence on the size of these
spikes was seen. On dense large spikes (15-17¢hvinaid a height and a diameter of
1.5 um and 200 nm, respectively, and a pitch &6 taan 1 um, the fibroblast cells

were not able to adhere.

On more sparse large spikes (bs17c), with a heigitdiameter of 6.0 um and 1.2
pm, respectively, and a pitch of about 3 pm, theoblast cells were able to adhere,
but the motility was clearly affected, as the migma was very confined. This was

also confirmed by mathematical analysis of the tallectories, which showed that
the persistence time, diffusion coefficient andoeély of the fibroblast cells on this

substrate was significantly lower than on a flas@strate.

On black Si with small spikes the opposite trends waen. Both of these surveyed
substrates had spikes with a height of approxima&88D nm and a diameter of ap-
proximately 100 nm, whereas the pitch was 200 n6r0@) and 300 nm (15-19), re-
spectively. Though the survival rate on both suttey seemed a bit lower than on the
flat Si substrate, a clear change in motility wasrswhen the cell trajectories were
analysed mathematically. Persistence time, diffusimefficient, and velocity
increased dramatically on both substrates compiardtht Si. Persistence time and
diffusion coefficient were very alike for both digse black Si substrates, while the
fibroblast cells on the substrate with more spasi&es seemed to have a higher
velocity. Both of these nanostructures hold po#&ritor making biomaterials more
suitable for cells.



The behaviour of fibroblast cells on dots in PMMAade by an e-beam writer was
also surveyed. The dots were all about 30-50 naiameter with a depth of 80-100
nm, while pitches of 50 nm and 200 nm were tesimhe of these nanostructured
substrates did seem to have a significant impadhercell motility or survival rate

compared to a flat PMMA substrate. An explanation this could be the coating
caused by the medium and the cells, which coul@mi@lly cover the small dots
making them invisible to the cells.

Furthermore, it should be noted that the Ornstditebbeck process, which is the
standard mathematical model used today for celfatimn and also used in this study,
does not seem to hold according to the experimelatial obtained in this study. More
experimental data then was obtained in the expaitsnearried out in this study is
needed, though, to be able to find a better model.

9.1 Future Work

This study has investigated the migration of cddist not how the migration takes
place on the cellular and sub-cellular level. Wbatises the difference in motility

across the different nanostructured substratestrboiglof interest for further study. It

seems that spikes with features in the sub-500amge enhance motility of

fibroblast cells, perhaps due to easier formatiod @etraction of focal adhesion sites
on such spikes. Spikes in the pm-range, howevemsde decrease the migration of
fibroblast cells significantly. It would be intetey) to study how the actual adhesion
on the 15-19, 16-05, and bsl17c substrate takeg plad establish whether the cells
are pierced by the large spikes on the bsl7c @ibsbtr simply migrate on top of

them.

Black Si with spike sizes in between those usdtiiistudy might also be interesting
to test. Since small spikes (<500 nm) seem to esghamotility and tall spikes (>1

pm) seem to decrease motility, it remains an opesiipn how black Si with spike
sizes in between will affect cell motility.

When performing experiments with these fibroblastscit would also be advanta-
geous to record frames more frequently than evemird as in this study, as it was
seen from the data analysis that data with a highmee resolution would be

preferable. Especially in the case of the substaatewhich cells migrate slowly

(bs17c), where the persistence time was less thaim.3 frames obtained with 1 min.
intervals would allow for a much better fitting thfe data. Such time resolution could
possibly also provide sufficient data to make advehodel for cell motility.

For the observations of proliferation and survivatle longer continuous time-lapse
movies providing at least one week of surveillanwrild be preferable. This would
allow for better study of the lag period and thequ of exponential growth until the
cells become confluent, which could be interestmgtudy, since it is very possible
that the nanostructures affect the cell behavidsw & this regard. This, however,
would require either a very large hard drive or eamanual interactions if it is to be
combined with time-lapse movies with a higher tiragolution.
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Appendix A - Library of Black Si Surfaces

Wafer overview

A series of SEM pictures have been taken for eaflenwIn this document the best
pictures is shown. The pictures have been taken &pproximately the same areas
on each wafer. These areas are the Center, thdévadd the Edge of the wafer,
where it is important to note that the Middle isvizeen the Center and the Edge of the
wafer.

The pictures are shown in tables, where each paggsts of one table with SEM
pictures from one wafer. To the left of the takble shown the pictures from the
Center of the wafer, in the middle are the pictdresy the Middle and to the right are
shown the pictures from the Edge of the wafer.h&ttop of the table are shown
overview pictures, where the viewing angle is Ordeg, the angle between the wafer
and the camera was 0 degrees. Below are pictuths/igwing angles of 45 degrees
with zooms of 14k, 35k and 77k. Some pictures assimg because it was deemed
unnecessary to spend time taking the picturesreieause the structures on the
sample were too large or too small in comparisaéozoom. As can be seen there
are a lot of dirt and residue on some samples wiriigfinates from the etching
processes. Wafer 14 was rinsed to try to removeesafrthe residue which can be
seen on the 14skyl table. By comparing the picturéable 14 with those on table
14skyl it can be seen that most of the dirt has lbemoved. However this was only
done on wafer 14 because of time constraints.drftiture it would be wise to rinse



all the samples before putting them into the SENsTvould make it easier to see the
etched surfaces in the SEM on some samples.



Centre 09 Middle 09 Edge

14k x zoom, no tilt (O degrees)

14k x zoom, 45 degrees tilt

35k x zoom, 45 degrees tilt

77k x zoom, 45 degrees tilt

Coil Power  Processtime Pressure SF6flow O2flow Platen power Temp
W] [min] [mTorr] [sccm] [sccm] W] [°C]
0 08:00 85 80 80 200 -10




Centre 10 Middle 10 Edge

14k x zoom, no tilt (O degrees)

14k x zoom, 45 degrees tilt

35k x zoom, 45 degrees tilt

77k x zoom, 45 degrees tilt

Coil Power  Processtime Pressure SF6flow O2flow Platen power Temp
W] [min] [mTorr] [sccm] [sccm] W] [°C]
0 08:00 85 80 80 300 -10




Centre 11 Middle 11 Edge
14k x zoom, no tilt (O degrees)
14k x zoom, 45 degrees tilt
35k x zoom, 45 degrees tilt
77k x zoom, 45 degrees tilt
Coil Power  Processtime Pressure SF6flow O2flow Platen power Temp
W] [min] [mTorr] [sccm] [sccm] W] [°C]
0 08:00 85 80 80 250 -10




Centre 12 Middle 12 Edge
14k x zoom, no tilt (O degrees)
14k x zoom, 45 degrees tilt
35k x zoom, 45 degrees tilt
77k x zoom, 45 degrees tilt
Coil Power  Processtime Pressure SF6flow O2flow Platen power Temp
W] [min] [mTorr] [sccm] [sccm] W] [°C]
0 12:00 85 80 80 200 -10




Centre 13 Middle 13 Edge
14k x zoom, no tilt (O degrees)
14k x zoom, 45 degrees tilt
35k x zoom, 45 degrees tilt
77k x zoom, 45 degrees tilt
Coil Power  Processtime Pressure SF6flow O2flow Platen power Temp
W] [min] [mTorr] [sccm] [sccm] W] [°C]
0 12:00 85 80 80 250 -10




Centre 14 Middle 14 Edge
14k x zoom, no tilt (O degrees)
14k x zoom, 45 degrees tilt
35k x zoom, 45 degrees tilt
77k x zoom, 45 degrees tilt
Coil Power  Processtime Pressure SF6flow O2flow Platen power Temp
W] [min] [mTorr] [sccm] [sccm] W] [°C]
0 12:00 85 80 80 300 -10




Centre 14 rinsed Middle 14 rinsed Edge

14k x zoom, no tilt (O degrees)

14k x zoom, 45 degrees tilt

35k x zoom, 45 degrees tilt

77k x zoom, 45 degrees tilt

Coil Power  Processtime Pressure SF6flow O2flow Platen power Temp
W] [min] [mTorr] [sccm] [sccm] W] [°C]
0 12:00 85 80 80 300 -10




Centre 15 Middle 15 Edge

14k x zoom, no tilt (O degrees)

14k x zoom, 45 degrees tilt

30k, 44.40k, 35k x zoom, 45 degrees tilt

77k x zoom, 45 degrees tilt

Coil Power  Processtime Pressure SF6flow O2flow Platen power Temp
W] [min] [mTorr] [sccm] [sccm] W] [°C]
300 12:00 85 80 80 300 -10




Centre 16 Middle 16 Edge

14k x zoom, no tilt (O degrees)

14k x zoom, 45 degrees tilt

35k, 35k, 45k x zoom, 45 degrees tilt

77k x zoom, 45 degrees tilt

Coil Power  Processtime Pressure SF6flow O2flow Platen power Temp
W] [min] [mTorr] [sccm] [sccm] W] [°C]
300 12:00 85 80 80 250 -10




Centre 17 Middle 17 Edge
14k x zoom, no tilt (O degrees)
14k x zoom, 45 degrees tilt
35k x zoom, 45 degrees tilt
77k x zoom, 45 degrees tilt
Coil Power  Processtime Pressure SF6flow O2flow Platen power Temp
[W] [min] [mTorr] [sccm] [sccm] W] [°C]
300 12:00 85 80 80 200 -10




Centre 18 Middle 18 Edge

14k x zoom, no tilt (O degrees)

14k x zoom, 45 degrees tilt

35k x zoom, 45 degrees tilt

77k x zoom, 45 degrees tilt

Coil Power  Processtime Pressure SF6flow O2flow Platen power Temp

[W] [min] [mTorr] [sccm] [sccm] W] [°C]
0 08:00 38 80 80 200 -10




Centre 19 Middle 19 Edge

14k x zoom, no tilt (O degrees)

14k x zoom, 45 degrees tilt

35k x zoom, 45 degrees tilt

77k x zoom, 45 degrees tilt

Coil Power  Processtime Pressure SF6flow O2flow Platen power Temp

[W] [min] [mTorr] [sccm] [sccm] W] [°C]
0 08:00 38 80 80 300 -10




First glance views of the wafers

Wafers bs09, bs10 and bs11

Wafers bs12, bs13 and bs14

Wafers bsl15, bs16 and bs17

Wafers bs18 and bs19

Due to the nature of the light emitted from thezbiin the camera used, the wafers look more bluistne
pictures compared to how they look when they dueninated by normal light.




Appendix B - Black Si Substrates from Rasmus Davidn

15-17 Black Si



15-19 Black Si
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16-05 Black Si
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Appendix C - Graphs Modelling Cell Behaviour

Si (21092009), 1272 data points

Cell trajectories. Units on both axes are pixels. fixel = 0.977 um.




Cell acceleration perpendicular to cell velocity as function of cell velocity. Units are um/frame (x
axis) and unf/frame (y axis). 1 pixel = 0.977 pm and 1 frame = #hin.




Cell acceleration parallel to cell velocity as a faction of cell velocity. Units are pm/frame (x axip
and pm?/frame (y axis). 1 pixel = 0.977 um and 1 frame = din.

Cell acceleration perpendicular (green, top) and pallel (red, bottom) to cell velocity as a function
of cell velocity. Units are pm/frame (x axis) and m%frame (y axis). 1 pixel = 0.977 um and 1 frame
=4 min.




Standard deviation of cell acceleration perpendicwar (green, bottom) and parallel (red, top) to cell
velocity as a function of cell velocity. Units argum/frame (x axis) and pnf/frame (y axis). 1 pixel =
0.977 um and 1 frame = 4 min.

Autocorrelation of the cell velocities as a functio of time. Units are frames (x axis) and priframe?
(y axis). 1 pixel = 0.977 um and 1 frame = 4 min.




Semi-log plot of the atocorrelation of the cell v@cities as a function of time. Units are frames (x
axis) and In(unf/frame?) (y axis). 1 pixel = 0.977 pm and 1 frame = 4 min.




Si (07092009), 966 data points

Cell trajectories. Units on both axes are pixels. fixel = 0.977 um.

Cell acceleration perpendicular to cell velocity as function of cell velocity. Units are um/frame (x
axis) and pnf/frame (y axis). 1 pixel = 0.977 um and 1 frame = din.




Cell acceleration parallel to cell velocity as a faction of cell velocity. Units are pm/frame (x axip
and pm?/frame (y axis). 1 pixel = 0.977 um and 1 frame = din.

Cell acceleration perpendicular (green, top) and pallel (red, bottom) to cell velocity as a function
of cell velocity. Units are pm/frame (x axis) and m%frame (y axis). 1 pixel = 0.977 um and 1 frame
=4 min.




Standard deviation of cell acceleration perpendicwar (green, bottom) and parallel (red, top) to cell
velocity as a function of cell velocity. Units argum/frame (x axis) and pnf/frame (y axis). 1 pixel =
0.977 um and 1 frame = 4 min.

Autocorrelation of the cell velocities as a functio of time. Units are frames (x axis) and priframe?
(y axis). 1 pixel = 0.977 um and 1 frame = 4 min.




Semi-log plot of the atocorrelation of the cell v@cities as a function of time. Units are frames (x
axis) and In(unf/frame?) (y axis). 1 pixel = 0.977 pm and 1 frame = 4 min.




Glass (07092009), 717 data points

Cell trajectories. Units on both axes are pixels. fixel = 0.977 um.

Cell acceleration perpendicular to cell velocity as function of cell velocity. Units are um/frame (x
axis) and pnf/frame (y axis). 1 pixel = 0.977 um and 1 frame = din.




Cell acceleration parallel to cell velocity as a faction of cell velocity. Units are pm/frame (x axip
and pm?/frame (y axis). 1 pixel = 0.977 um and 1 frame = din.

Cell acceleration perpendicular (green, top) and pallel (red, bottom) to cell velocity as a function
of cell velocity. Units are pm/frame (x axis) and m%frame (y axis). 1 pixel = 0.977 um and 1 frame
=4 min.




Standard deviation of cell acceleration perpendicwar (green, bottom) and parallel (red, top) to cell
velocity as a function of cell velocity. Units argum/frame (x axis) and pnf/frame (y axis). 1 pixel =
0.977 um and 1 frame = 4 min.

Autocorrelation of the cell velocities as a functio of time. Units are frames (x axis) and priframe?
(y axis). 1 pixel = 0.977 um and 1 frame = 4 min.




Semi-log plot of the atocorrelation of the cell v@cities as a function of time. Units are frames (x
axis) and In(unf/frame?) (y axis). 1 pixel = 0.977 pm and 1 frame = 4 min.




15-19 Black Si (21092009), 1415 data points

Cell trajectories. Units on both axes are pixels. fixel = 0.977 um.

Cell acceleration perpendicular to cell velocity as function of cell velocity. Units are um/frame (x
axis) and pnf/frame (y axis). 1 pixel = 0.977 um and 1 frame = din.




Cell acceleration parallel to cell velocity as a faction of cell velocity. Units are pm/frame (x axip
and pm?/frame (y axis). 1 pixel = 0.977 um and 1 frame = din.

Cell acceleration perpendicular (green, top) and pallel (red, bottom) to cell velocity as a function
of cell velocity. Units are pm/frame (x axis) and m%frame (y axis). 1 pixel = 0.977 um and 1 frame
=4 min.




Standard deviation of cell acceleration perpendicwr (green, bottom) and parallel (red, top) to cell
velocity as a function of cell velocity. Units argum/frame (x axis) and pnf/frame (y axis). 1 pixel =
0.977 um and 1 frame = 4 min.

Autocorrelation of the cell velocities as a functio of time. Units are frames (x axis) and priframe?
(y axis). 1 pixel = 0.977 um and 1 frame = 4 min.




Semi-log plot of the atocorrelation of the cell v@cities as a function of time. Units are frames (x
axis) and In(unf/frame?) (y axis). 1 pixel = 0.977 pm and 1 frame = 4 min.




16-05 Black Si (21092009), 4026 data points

Cell trajectories. Units on both axes are pixels. fixel = 0.977 pm.

Cell acceleration perpendicular to cell velocity as function of cell velocity. Units are um/frame (x
axis) and unf/frame (y axis). 1 pixel = 0.977 pm and 1 frame = #hin.




Cell acceleration parallel to cell velocity as a faction of cell velocity. Units are pm/frame (x axip
and pm?/frame (y axis). 1 pixel = 0.977 um and 1 frame = din.

Cell acceleration perpendicular (green, top) and pallel (red, bottom) to cell velocity as a function
of cell velocity. Units are pm/frame (x axis) and m%frame (y axis). 1 pixel = 0.977 um and 1 frame
=4 min.




Standard deviation of cell acceleration perpendicwar (green, bottom) and parallel (red, top) to cell
velocity as a function of cell velocity. Units argum/frame (x axis) and pnf/frame (y axis). 1 pixel =
0.977 um and 1 frame = 4 min.

Autocorrelation of the cell velocities as a functio of time. Units are frames (x axis) and priframe?
(y axis). 1 pixel = 0.977 um and 1 frame = 4 min.




Semi-log plot of the atocorrelation of the cell v@cities as a function of time. Units are frames (x
axis) and In(unf/frame?) (y axis). 1 pixel = 0.977 pm and 1 frame = 4 min.




Bsl17c Black Si (21092009), 2330 data points

Cell trajectories. Units on both axes are pixels. fixel = 0.977 um.

Cell acceleration perpendicular to cell velocity as function of cell velocity. Units are um/frame (x
axis) and pnf/frame (y axis). 1 pixel = 0.977 um and 1 frame = din.




Cell acceleration parallel to cell velocity as a faction of cell velocity. Units are pm/frame (x axip
and pm?/frame (y axis). 1 pixel = 0.977 um and 1 frame = din.

Cell acceleration perpendicular (green, top) and pallel (red, bottom) to cell velocity as a function
of cell velocity. Units are pm/frame (x axis) and m%frame (y axis). 1 pixel = 0.977 um and 1 frame
=4 min.




Standard deviation of cell acceleration perpendicwar (green, bottom) and parallel (red, top) to cell
velocity as a function of cell velocity. Units argum/frame (x axis) and punf/frame (y axis). 1 pixel =
0.977 um and 1 frame = 4 min.

Autocorrelation of the cell velocities as a functio of time. Units are frames (x axis) and priframe?
(y axis). 1 pixel = 0.977 um and 1 frame = 4 min.




Semi-log plot of the atocorrelation of the cell v@cities as a function of time. Units are frames (x
axis) and In(unf/frame?) (y axis). 1 pixel = 0.977 pm and 1 frame = 4 min.




Bs17m Black Si (07092009), 1632 data points

Cell trajectories. Units on both axes are pixels. fixel = 0.977 um.

Cell acceleration perpendicular to cell velocity as function of cell velocity. Units are um/frame (x
axis) and pnf/frame (y axis). 1 pixel = 0.977 um and 1 frame = din.




Cell acceleration parallel to cell velocity as a faction of cell velocity. Units are pm/frame (x axip
and pm?/frame (y axis). 1 pixel = 0.977 um and 1 frame = din.

Cell acceleration perpendicular (green, top) and pallel (red, bottom) to cell velocity as a function
of cell velocity. Units are pm/frame (x axis) and m%frame (y axis). 1 pixel = 0.977 um and 1 frame
=4 min.




Standard deviation of cell acceleration perpendicwar (green, bottom) and parallel (red, top) to cell
velocity as a function of cell velocity. Units argum/frame (x axis) and pnf/frame (y axis). 1 pixel =
0.977 um and 1 frame = 4 min.

Autocorrelation of the cell velocities as a functio of time. Units are frames (x axis) and priframe?
(y axis). 1 pixel = 0.977 um and 1 frame = 4 min.




Semi-log plot of the atocorrelation of the cell v@cities as a function of time. Units are frames (x
axis) and In(unf/frame?) (y axis). 1 pixel = 0.977 pm and 1 frame = 4 min.




PMMA (10102009), 2078 data points

Cell trajectories. Units on both axes are pixels. fixel = 0.977 um.

Cell acceleration perpendicular to cell velocity as function of cell velocity. Units are um/frame (x
axis) and pnf/frame (y axis). 1 pixel = 0.977 um and 1 frame = din.




Cell acceleration parallel to cell velocity as a faction of cell velocity. Units are pm/frame (x axip
and pm?/frame (y axis). 1 pixel = 0.977 um and 1 frame = din.

Cell acceleration perpendicular (green, top) and pallel (red, bottom) to cell velocity as a function
of cell velocity. Units are pm/frame (x axis) and m%frame (y axis). 1 pixel = 0.977 um and 1 frame
=4 min.




Standard deviation of cell acceleration perpendicwar (green, bottom) and parallel (red, top) to cell
velocity as a function of cell velocity. Units argum/frame (x axis) and pnf/frame (y axis). 1 pixel =
0.977 um and 1 frame = 4 min.

Autocorrelation of the cell velocities as a functio of time. Units are frames (x axis) and priframe?
(y axis). 1 pixel = 0.977 um and 1 frame = 4 min.




Semi-log plot of the atocorrelation of the cell v@cities as a function of time. Units are frames (x
axis) and In(unf/frame?) (y axis). 1 pixel = 0.977 pm and 1 frame = 4 min.




EBL2 (10102009), 2133 data points

Cell trajectories. Units on both axes are pixels. fixel = 0.977 um.

Cell acceleration perpendicular to cell velocity as function of cell velocity. Units are um/frame (x
axis) and pnf/frame (y axis). 1 pixel = 0.977 um and 1 frame = din.




Cell acceleration parallel to cell velocity as a faction of cell velocity. Units are pm/frame (x axip
and pm?/frame (y axis). 1 pixel = 0.977 um and 1 frame = din.

Cell acceleration perpendicular (green, top) and pallel (red, bottom) to cell velocity as a function
of cell velocity. Units are pm/frame (x axis) and m%frame (y axis). 1 pixel = 0.977 um and 1 frame
=4 min.




Standard deviation of cell acceleration perpendicwar (green, bottom) and parallel (red, top) to cell
velocity as a function of cell velocity. Units argum/frame (x axis) and unf/frame (y axis). 1 pixel =
0.977 um and 1 frame = 4 min.

Autocorrelation of the cell velocities as a functio of time. Units are frames (x axis) and priframe?
(y axis). 1 pixel = 0.977 um and 1 frame = 4 min.




Semi-log plot of the atocorrelation of the cell v@cities as a function of time. Units are frames (x
axis) and In(unf/frame?) (y axis). 1 pixel = 0.977 pm and 1 frame = 4 min.




Appendix D - Step-by-Step Guide for Time-Lapse
Microscopy of Cells

1) Autoclave Fomblin grease.

2) Turn on the computer connected to the microscoddlacomputer controlling the
temperature stage and then close and pre-heartipetature stage (just put the two
thermistors somewhere inside the stage).

3) Sterile everything (Al block, cell culture chambat lid, microscope slide, PDMS
gasket , substrates, bottom glass piece, tubingglivalso have to be flushed),
screws, Allen key) with 70% ethanol or 0.5M NaOkloNaOH for PMMA parts,
only ethanol for polycarbonate parts) using gloaed sterile tissues.

4) Put everything under sterile laminar flow.

5) Screw cell culture chamber onto the middle of thélack.

6) Place substrates on the bottom glass piece usengi¢hile Fomblin grease.

7) Place the glass piece with the substrates on indheulture chamber using the
sterile Fomblin grease - avoid getting air bublaled too much grease beneath it as a
uniform background is strongly preferred for imagoells on transparent substrates.

8) Connect tubings to the inlet and the outlet - make the screw connectors are tight.

9) Flush with PBS or Hank’s buffer to get rid of etbhar NaOH residues.

10) Put 50,000 cells (in 1-2 mL medium) onto the sudistin the chamber.

11) Put on and align the PDSM gasket, then carefultyoputhe microscope glass slide.

12) Carefully screw on the Al lid tightening first @die screws a little, than start over and
tighten all the screws a little more, and so faootlavoid breaking the microscope slide
because of uneven pressure. It needs to be tigtler not to leak.

13) Carefully and slowly (preferably with a syringe wgmall diameter) fill the cell
culture chamber with medium, keeping an eye onl@aking at the PDMS gasket or
at the inlet or outlet. To reduce the amount oflaitbbles) in the chamber, tilt the cell
culture chamber so that the outlet is at the higbesition letting the air escape.

14) Let the syringe be connected to the end of the fnkéng to avoid contamination.

15) Put a syringe with a needle in the outlet tubinguoid contamination.

16) Take the assembled cell culture chamber and trenAdby to the lab with the
microscope.



17) Stop the heating of the temperature stage.
18) Open the temperature stage and mount the cellreldhamber inside it.

19) Place NTCL1 (the one with white wires) inside thebldck and NTC2 (the one with
blue wires) inside the small hole in the side @f ¢ell culture chamber.

20) Close the temperature stage - if possible useaat tevo screws to make sure the top
of the temperature stage will not move during tkigegiment.

21) Start to heat the stage again.

22) Make sure the microscope stage is at the lowessitipn and pay attention to the
microscope objective, then mount the temperat@gesin the microscope - use at
least two screws to tighten the temperature stagfget microscope stage to reduce

drift during the experiment.

23) Start the time-lapse program on the computer apgttihe focus and settings on the
microscope to get a good image.

24) Start obtaining time-lapse movies of the cells.

25) Approximately one day after seeding the cells chbakthey have adhered to the
substrates.

26) When cells have adhered to the substrates appliumdtbw (5 pL/min) with a
syringe pump.



