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Abstract

Cellular microarrays are known for their use as a tool to investigate
variations between single cells in terms of how they respond to different
physiological parameters. The work of this thesis focused on develop-
ing a procedure for fabricating such cellular microarrays, which was
mainly done by investigating the effects of the experimental parame-
ters in the photolithography step.

Factors such as homogeneity of the photoresist layer and exposure
doses of UV-light proved to be crucial for the final result of the
microarrays. The photoresist used during photolithography, SU8,
brought several challenges as the resist layer was inhomogeneous and
often cracked. The inhomogeneities in the resist layer resulted in
PDMS stamps with non-optimal features, causing difficulties during
microcontact printing.

Fluorescently labeled PLL and quantum dots were used for investi-
gating whether or not the PDMS stamps made were suited for micro-
contact printing. Yeast cells were attempted immobilized onto glass
surfaces microcontact printed with PLL. The PLL attached poorly to
the glass surfaces when cells were added.
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Sammendrag

Cellulære microarrays er nyttige redskap for å undersøke variasjoner
mellom hvordan celler responderer p̊a forsjellige fysiologiske parame-
tere. I dette arbeidet ble det fokusert p̊a å utvikle en metode for å
lage slike microarrays, hovedsaklig ved å undersøke effekten av ulike
parametere i fotolitografidelen av produksjonen.

Homogeniteten av fotoresistlaget og mengden UV-lys under eksponer-
ing viste seg å være svært viktige faktorer for for de endelige microar-
rayene. Den benyttede fotoresisten, SU8, kom med flere utfordringer.
Fotoreistlaget var ofte uhomogent og hadde en tendens til å sprekke.
Ujenvnheter i fotoresistlaget gav PDMS-stempel hvor mønsteret var
av lav kvalitet, noe som gjorde microkontaktprintingen utfordrende.

PLL merket med fluorescens og kvanteprikker ble brukt for å un-
dersøke om PDMS-stempelene var brukbare for mikrokontaktprinting.
I tillegg ble gjærceller forsøkt immobilisert p̊a glassoverflater stemplet
med umerket PLL. Ved tilsats av gjærceller til glassoverflatene ville
ikke PLL forbli festet til overflaten.
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Symbols and Abbreviations

AFM Atomic Force Microscopy

BSA Bovine serum albumin

FITC Fluorescein isothiocyanate

IPA Isopropyl alcohol

IFY Department of physics NTNU

kDa Kilodaltons

M Molar [mol/L]

MOPS 3-(N-morpholino)propanesulfonic acid

MQ Milli Q

Mw Molecular weight

NTNU Norwegian University of Science and Technology

PD Polydopamine

PDMS Polydimethylsiloxane

PEB Post exposure bake

PEG Polyethylene glycol

PEI Polyethylenimine

PLL Poly-L-Lysine

PVA Polyvinyl alcohol

QD Quantum Dots

Rpm Rotations per minute

SAM Self assembled monolayers

YPD Yeast extract peptone dextrose

λ Wavelength

µCP Microcontact printing
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1 Introduction

1.1 Background

Immobilization of cells by attachment onto a supporting material in a specific
pattern, known as cellular microarrays, have proven to be useful for several
purposes. Cellular micorarrays allows investigation of the cell-to-cell varia-
tions in physiological parameters such as stress-resistance, growth rate, or
the triggering of a cellular response such as a specific secreted factor. Cellu-
lar microarrays make it possible to make measurements on single cells rather
than entire populations. As variations in cellular sub-populations from the
overall population average may cause an effect on the populations response
to disturbance, it is of importance to investigate the heterogeneity of the
cell-population. This type of information is useful when understanding for
example microbes causing infections and microbes in soil and water.[1][2]

Phenotypic variations persistent for more than one generation are known to
occur in bacterial populations even though there is no direct change in in
the DNA-sequence of the bacteria. These types of variations are generated
by non-genetic mechanisms. An important case of phenotypic variation is
bacterial persistence, which means that a genetically identical bacterial pop-
ulation responds heterogeneously to antibiotics. The bacteria able to escape
the effects of antibiotics are called persisters, they make up a subpopulation
very tolerant to antibiotics without undergoing genetic change.
Bacterial persistence is important when studying the dynamics of population
variability.[3][4]

Persister cells are not to be confused with resistant cells, cells which are
able to grow in the presence of antibiotics, as the persister cells are not able
to grow in the presence of antibiotics. Additionally, resistance is acquired
genetically and passed on to the next bacterial generations, whereas persister
cells have not gone through any change in their genetic material.
Persister cell subpopulations make up a small part of the cells in the expo-
nential phase of a colony, while in the stationary phase and in biofims they
make up a significant fraction. It is suggested that persister cells persist by
taking a dormant state where the cells are metabolically inactive. Chronic
infections may be due to such cells as the population regrows after antibiotic
treatment thanks to the persister cells. The regrown population will still be
sensitive to the antibiotics. This is of relevance in for instance tuberculosis
treatment where a sole, surviving bacteria is able to re-start an infection.
[3]-[9]
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Often infections occur on implants such as catheters, caused by biofilm for-
mation. This could be coupled to persister cells which are being shielded
from the immune-system by the biofilm’s exopolymer matrix.[10][11]
Many bacteria form biofilms. Here, spatial segregation of the bacteria is im-
portant for the bacteria’s development on a cellular and communal level.[12]

Persistence is not the only possible outcome from heterogeneity in gene ex-
pression. Events connected to variability in phenotypes also occur; for exam-
ple bistability where cells go into either one or the other phenotype causing
two distinct subpopulations. Traditionally it was thought that all cells in in
a bacterial population would express genes in a relatively uniform way under
certain conditions, but bistability shows that this is not necessarily the case.
A bi-stable bacterial population has for example the ability to shift between
utilizing or not utilizing a specific nutrient depending on its availability.[13]-
[15]

Differences in phenotypes among genetically identical cells provide flexibility
when it comes to adapting to a varying environment as well as leading to
division of labour among the cells letting the population grow at a higher
rate.[16][17] In order to measure phenotypic heterogeneity, comparisons be-
tween many individual cells or following individual cells over time is neces-
sary.[16][17] Some methods investigated are fluorescent proteins used as gene
reporters combined with microscopy or flow cytometry.[17]-[19] Flow cytom-
etry works by passing particles in a fluid through a laser. The components
of the cells are labeled with fluorescence and are excited by the laser causing
emission of light at various wavelengths, which gives information on chemical
and physical characteristics. However, flow cytomerty is not able to track a
cell over time.[20] For imaging live cells time lapse fluorescence microscopy
is an approriate tool. It allows investigation of cellular processes and events
over time, giving good temporal and spatial distribution.[21]

Tools such as bacterial microarrays allows individual manipulation of cells
and their extracellular environment, making changes in the way microbial
physiology and behaviour is studied. By using soft lithography it is possible
to study single microbes in a cost-efficient and simple way.[22]
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1.2 Cellular microarrays

Microarray tools have been adapted to several types of biomolecules and
biological samples such as DNA, proteins tissue and cells.[23] DNA Microar-
rays are usually defined as small, solid supports to which genes or portions
of genes are affixed and arrayed spatially in a known pattern, often termed
”gene chips”. These arrays are used for finding patterns of gene expres-
sion by RNA-DNA hybridization. Parts of known single-stranded nucleic
acids, nucleic acid probes, are used for the hybridization. The probes are la-
beled radioactively or with fluorescence. RNA from cells grown under certain
conditions hybridizes with the DNA-segments attached to the solid support
before scanning and analyzing.[24] In order to obtain information on the
proteins the genes of interest encode, protein chips are used. Interactions
of the proteins, their targets and substrates are possible to identify using
protein chips, additionally the chip is useful for diagnostics.[25] Microarray
techniques have been applied for analysis of tissue samples as well, being
highly useful in cancer research.[26] Living-cell microarrays have been de-
veloped with the intention to screen genomic and chemical libraries and to
investigate local cellular micro-environments, being able to identify the rela-
tionship between cells and their local surroundings.[27]

All arrays rely on almost the same principle; a group of specific reactive
molecules is immobilized onto a solid surface and exposed to a mixture to
be analyzed. By various detection approaches, such as fluorescence, identi-
fication of the sites where recognition has occurred is possible. Application
of arrays is being developed for application within biology, medicine and
toxicology. Arrays where DNA, RNA and proteins are used have the bene-
fit of high specificity for the recognition events. When live cells rather than
molecules are being used in arrays much of the specificity is gone, but this loss
is compensated for by the ability to directly study biological effects on living
systems. Live cell-arrays was at first intended to be a useful tool for studying
gene expression, but shows promise for a large variety of applications.[28][29]
When the techniques for preparing, preserving and understanding such ar-
rays are improved, they are thought to be an efficient analytical tool on the
same level as DNA microarrays.[30]

In the following section there will be focused on strategies for the immobi-
lization of live bacteria or yeast cells in ordered and predefined patterns on
a glass surface. Preparation of such microarrays of bacteria or yeast cells
could be done by different strategies. The main two approaches are either
depositing the cells directly onto a substrate in a defined pattern or using
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surface patterning techniques that causes the cells to only attach to specific
areas in a certain pattern. For the first type of approach the array is made by
depositing droplets with the suspended microorganisms, causing limitations
with respect to the droplet size among other challenges.[31][32] The second
type of approach have the advantage of needing less direct handling of the
cells. A surface, for instance a glass slide, is pattered with either a chemical
or a topographic pattern in micro scale.
Examples of topographical patterns where bacterial or yeast microarrays suc-
cessfully have been created are by using pillars within bacterial size ranges
and by holed arrays in a silicon structure.[12][33][34] Although these meth-
ods have generated good results, they require a lot of time and clean-room
access.
By µCP chemical patterning is obtained. It is demonstrated that µCP is
an effective tool for functionalizing surfaces with specific chemicals. It has
been especially useful for biological applications.[35] By µCP it is possible
to form self-assembled monolayers, SAMs, with areas restricted by different
physical and chemical properties in patterns.[36] It is a simple and cost-
efficient method for patterning surfaces with a high degree of adaptability
and accuracy down to sub-micrometer scales. The newest techniques make
µCP a reproducible way of patterning with high resolution. Stamps used for
microcontact printing are prepared by the use of photolithography and soft
lithography.[37]

In figure 1.1 an example of a bacterial microarray produced by the use of
µCP is illustrated. P. putida immobilized on arrays of PD-islands on a glass-
surface deactivated by PEG is shown.

Figure 1.1: P. putida imobilized on PD-islands on PEG-covered glass-surface stained with fluorescence,
performed by using stamping by µCP. Figure taken from [38].
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1.2.1 Photolithography

The process of transferring a specially designed pattern from a mask onto a
layer of photoresist on the surface of a wafer is known as photolithography.
The mask used for this purpose is called a photo-mask and is composed of
an opaque plate, made from for example quartz or glass, with transparent
regions in a defined pattern where light is let through. The technique was
initially developed for production of printed circuit boards, being very im-
portant for the semiconductor industry.[39][38][40]

Photoresists
A photoresist is a material sensitive to lights of certain wavelengths, mainly
UV-light. The wafer, often 2-4 inches in diameter made of silicon, is coated
with photoresist before being exposed to UV-light through a photo-mask,
making a pattern in the photoresist-coat. Laboratory areas were photolithog-
raphy is performed often have yellow lighting, as most photoresists are insen-
sitive toward this type of light. Polymers, solvents, additives and sensitizers
are the basic ingredients of a photoresist. Before the resist is spun onto the
wafer solvents can make up as much as 75% of the mixture. Photoresists
are split into two different categories; negative and positive. In a positive
type of photoresist polymerization and crosslinking occurs before the resist is
exposed to UV-light. Following exposure, the parts of the positive photore-
sist being exposed turn into a state where it is soluble and will dissolve in
the developer. The resulting pattern will be equivalent to the pattern of the
mask. By using positive photoresist it is obtained patterns of higher resolu-
tion in the nanometer-scale than for negative resists. Negative photoresists
work in an opposite manner. Only the parts of the resist exposed to UV-
light will polymerize and crosslink. These parts will stay hardened on the
surface of the wafer following development, while the unexposed parts are
dissolved. The resulting pattern for this case will be reversed of the pattern
on the mask. The result of exposing a positive and a negative photoresist to
UV-light is illustratd in figure 1.2. The reaction taking place in the positive
photoresist is named photo-solubilization, while the one taking place in the
negative photoresist is called an aphotochemical reaction. The polymer in
the photoresist is an organic compound, often with advanced ring- and chain-
formations. The polymer is the component in the photoresist which binds to
the surface of the wafer.[41]
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Figure 1.2: The difference between a positive and a negative photoresist spread onto a Si-wafer after
exposure to UV-light through a photo-mask and after development. For the positive photoresist polymer-
ization and cross-linking happens before exposure. The parts of the resist exposed to UV-light dissolves,
as seen from 3. in the figure. In a negative photoresist only the parts exposed to UV-light cross-links and
polymerizes, as seen from 4. in the figure. During the actual exposure performed in a laboratory, there is
no space between the mask and the photoresist. Adapted from[41].

SU-8 Photoresist
One commonly used negative type of photoresist is SU-8. It is used where a
thick, chemically stable pattern is wanted. The resist is of epoxy type. SU-
8 has proven to be highly sensitive towards changes in process-parameters,
such as exposure dose and post exposure bake.[42][43] The name SU-8 comes
from the structure of the average SU-8 molecule which contains eight epoxy
groups. This structure is shown in figure 1.3. The resulting structure after
exposure to UV-light is highly crosslinked, causing it to have good chemical
and thermal stability. SU-8 resists are acid catalyzed, meaning that acid
is produced upon UV-light exposure. This acid acts as a catalyst for the
reaction taking place during the post exposure bake.
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Figure 1.3: The chemical structure of the average epoxy-molecule in SU-8 resists. These molecules are
the ones crosslinking upon UV-light exposure.[44]

The many epoxy groups in SU-8 resist is beneficial for the adhesion of the
resist to the substrate, for instance to the surface of an Si-wafer. However,
there are some challenges related to the use of SU-8. Differences in thermal
properties between the resist and the substrate are quite common, and may
cause stress leading to cracking of the photoresist layer or disfiguring of the
side walls in the pattern. This can happen during the baking steps in SU-8
photolithography.[44]

Spin coating
The three main operations of photolithography are coating of photoresist,
exposure and development. Additionally there are several steps involving
baking and chilling in order to obtain the highest possible resolution. Ad-
ditionally, the substrate must be cleaned before the operations begin. Spin
coating is performed by applying the liquid photoresist onto the substrate,
such as a wafer, before spinning it in order to get a thin, homogeneous coat.
Centrifugal forces from the rotation makes the resist spread all over the wafer.
The thickness of the resist-layer obtained after spinning is dependent on the
viscosity of the photoresist and the spin rate. With a higher spin rate, the
layer becomes thinner and more homogeneous, while a higher viscosity causes
a thicker layer. The solvents evaporate quickly from the resist when being
spun, meaning that the viscosity of the resist changes. This is why it is
necessary to raise the spin speed rapidly before the properties of the resist
changes. After spin coating is completed there is often a thicker layer of pho-
toresist near the edges, known as edge beads. Edge beads makes it difficult to
achieve sufficient contact between the mask and the photoresist during expo-
sure, causing a lower resolution of the features in the resist.[41][45][46] This
is illustrated in figure 1.4. For the various types of SU-8 photoresists typical
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spin-coating parameters are acceleration speed between 200-500 rpm/s and
spin speeds ranging between 1000-4000 rpm. The time of spinning varies
from a few seconds up to several minutes. [44]

Figure 1.4: The formation of an edge bead following spin coating leads to insufficient contact between the
resist and the mask. This will in turn lead to a lower resolution of the pattern on the resist layer.

Edge beads can be removed manually with solvent appropriate for the resist
used. Several spin-coaters have built-in edge bead removal systems.

Other issues related to spin coating is the formation of comet-like stripes in
the resist and the appearance of bubbles. Such irregularities are the begin-
ning of defects in the final resist pattern. Bubbles of air could appear in the
resist during refilling of when it is dispensed onto the substrate. N2-bubbles
appear due to continuous decomposition of the photo-active compound in the
resist. Outgassing of the resist before spin coating could decrease the amount
of bubbles. Inadequate cleaning of the substrate prior to spin-coating or ex-
piration of the resist is the reason of particles in the resist layer. Bubbles and
particles is the source of comet-like stripes in the resist as they are forced
towards the edge when the substrate is spun.[47][48]

Soft baking
In order for solvent to evaporate from the resist layer a soft bake is performed
after the spin-coating step. In addition, soft baking is beneficial for adhesion
of photoresist to substrate. For several types of photoresist, including SU-8,
soft bake is done by placing the coated substrate on a hotplate. This al-
lows good control of the temperature, which is important to avoid cracking.
Often the temperature is ramped up in a controlled manner. It is proven
that including this step results in higher resolution of the pattern. However,
exaggerated baking will cause a higher frequency of cracking. The time and
temperature needed for soft baking depends on the solvent content of the
resist and the thickness of the resist layer. The thicker resist layer, the more
difficult of the solvent to evaporate.[42][44][49]
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Exposure
The experimental parameters during exposure in a photolithography process
need to be optimized in order to achieve the best possible transfer of the
pattern of the photo-masks onto the resist layer. When SU-8 resist is used
UV-light in the the range of 350-400 nm is favorable. The exposure dose is
given by the following equation.

Light intensity [W/cm3]× Exposure time [s] = Exposure dose [J/cm2]

Usually the light intensity is fixed, meaning that changing the exposure dose
is done by varying the exposure time. Non-optimal exposure doses cause
either under- or over- exposure of the resist. Underexposure will result in
dissolution of the pattern or make the resist layer come off the substrate while
developing. In SU-8 resist his happens due to insufficient polymerization of
the resist throughout the entire layer. Overexposure of the resist leads to oc-
currence of T-topping and to expansion of the pattern. T-topping is defined
as what happens when UV-light with λ < 350 nm is absorbed on the surface
of an SU-8 resist. This causes formation of acid which diffuses to the sides,
leading to polymerization of a thin photoresist layer.[44][42]

Post exposure bake
Following exposure the substrate covered with a layer of resist is heated,
known as post exposure bake (PEB). By applying heat, the process of cross-
linking the polymer matrix is activated further. This step is necessary to
complete polymerization of the resist layer. The properties of the pattern
will depend on the settings during PEB. Here, as for the soft bake, the max-
imum baking temperature is reached step-wise in order to reduce stress. If
the PEB is carried out at insufficient temperatures or time periods, the cross
linking will not be complete, which could cause the resist layer to be damaged
in the developing step. If the thermal stress is too high cracking, bending or
loosening of the resist layer could take place. The risk of high thermal stress
increases with the resist layer’s thickness.[44]

Development
The resist-covered substrate is immersed in developer, dissolving parts of the
resist based on its final chemical structure. For this to work as intended, the
solubilities of the exposed parts and the non-exposed parts of the resist should
be very different in the type of developer used. For SU-8 the unexposed, un-
polymerized parts of the resist layer will dissolve in the developer. As for
the other steps in photolithography, the thickness of the resist decides the
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parameters. For a substrate with a relatively thin layer, <10 µm, developing
will take a few minutes, while for thicker layers, > 400 µm, the developing
time can be as much as several hours. The substrate needs to be agitated
during development, something which is usually done manually. Agitation is
necessary for keeping a flow of fresh developer to the patterns in the resist
layers, although exaggerated agitation may cause certain patterns to suffer
mechanical damage. During drying static friction forces could cause bending
and joining of parts of the pattern for SU-8 resists. A typical way of lowering
the forces is by rinsing with IPA during the drying step. After development
a relief topography which may serve as either a structural element or a mold
for further processes is complete.[44][40] Formation of a white film on top
of the resist while rinsing indicates underdevelopment of the substrate.[42]
Another baking step may be carried out after the development depending on
the further intended use of the pattered substrate.

The finished product, often an Si-wafer as substrate, with a patterned pho-
toresist layer on top is called the master mold in µCP processes.

1.2.2 PDMS

When a wafer with a photoresist pattern, the master mold, is finished the
next step in the stamp production takes place. The stamps intended for
µCP printing are usuallly made out of PDMS, polymethylsiloxane, due to its
suitability. PDMS is a silicon rubber displaying highly stable physical and
chemical properties. The chemical structure of PDMS is shown in figure 1.5

Figure 1.5: Chemical structure of the PDMS molecule.

The flexibility of the PDMS allows the stamp to achieve good, consistent
contact with various surfaces. The PDMS is still rigid enough to stamp pat-
terns with features down to micro- and even nano- meter precision. Another
positive feature of PDMS stamps are their transparency. This is of great
advantage in for example microscopy applications. Use of PDMS in stamp
production is relatively cheap, fast and available.[48][50] Figure 1.6 illustrates
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the PDMS poured over a master and the cured PDMS stamp removed from
the master. If a master of good quality is available, PDMS-molding is an
efficient way of producing stamps for use in µCP.

Figure 1.6: PDMS poured over a master with the desired pattern. When the liquid ingredients are
well blended, the mixture will cure into a flexible elastomer. Curing is usually carried out at elevated
temperatures After the PDMS is cured the stamp is removed from the master. One single master can be
used to produce several PDMS stamps, as long as the master stays intact.[35][51]

However, there are some restrictions and complications related to the use of
PDMS. Residues of pre-polymer and PDMS of low Mw may be present in
the cured stamp and is prone to leaching from the stamp when µCP. This
causes errors in the printing.[52] When patterns with features in the sub-
micrometer range are attempted stamped, the features has the habit of col-
lapsing. This happens due to the flexibility of the PDMS stamp. Other
types of stamp deformities include buckling, sidewall collapse and lateral
collapse.[37][48][53] In addition to collapsing features, PDMS stamps are re-
stricted by their hydrophobic character. Polar molecules are consequently
repelled from the stamp surface, causing insufficient inking and thus a non-
satisfactory stamping onto the desired substrate. Another consequence of
the hydrophobicity of the surface is denaturation of proteins when they are
applied to the stamp. The stamp surface can be modified into being more
hydrophilic by for example oxygen plasma treatment. This type of treatment
creates radical sites on the stamp surface, leaving it hydrophilic. However,
the plasma treatment is not permanent.[48][54]

Whether or not a PDMS stamp exhibits deformation during stamping is
dependent on the aspect ratios of the features. The aspect ratio is defined
as the feature’s height divided by the lateral dimensions of the features.
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Buckling and lateral collapse of the features are caused by a high aspect
ratio, while roof collapsing is caused by low aspect ratios. Some of the
various possible deformations of a PDMS stamp during µCP is illustrated in
figure 1.7.[37][55]

Figure 1.7: Some of the various deformation of PDMS stamps which may occur during µCP. Part A of
the figure shows roof collapse, a type of deformation associated with low aspect ratios; the height is much
smaller than the lateral dimensions of the stamp. Part B and C of the figure shows deformations associated
with high aspect ratios; the height is large relative to the lateral dimensions. Deformation decreases the
reproducibility of the pattern printed on the substrate surface. Adapted from [37] and [53].

Other occurrences that alters the reproducibility of the pattern is shrinking
and swelling of the PDMS stamp. When PDMS is cured it shrinks approxi-
mately by 1 percent. Several non-polar organic solvents causes the stamp to
swell.[37][56] Diffusion of ink laterally along the substrate during stamping
is also a challenge.[37]

1.2.3 Stamping by µCP

Microcontact printing, µCP, uses the relief pattern of the PDMS stamp to
from SAMs on a substrate surface upon contact. The method can be com-
pared to ordinary printing, it includes a stamp, ink and a substrate sur-
face.[48][56] The components of and a common way to perform µCP is pre-
sented in figure 1.8.
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Figure 1.8: Illustration of how a PDMS stamp is used for µCP. Part A of the figure shows the stamp
covered by an ink of interest. In part B the excess ink is removed and the PDMS is ready to be stamped.
Part C shows the stamping of the ink onto the surface. Often, but not always, pressure is applied to the
stamp in order to achieve sufficient contact between the pattern of the stamp and the surface. In part D
a successful transfer of the ink in the stamps pattern on the substrate is displayed.

When the method of µCP using PDMS stamps first was developed, it was
used for printing SAMs onto gold.[57] The ways of functionalizing a surface
with a specific chemical by the application of a pattered PDMS stamp is use-
ful for several applications, especially biological applications.[35] As discussed
in 1.2, µCP is used for preparation of bacterial microarrays. The advantage
of bacterial microarrays is the possibility to better investigate cell-substrate
interactions, allowing discoveries not achievable with conventional culturing
approaches.[35] In addition to bacterial microarrays, µCP makes fabrication
of protein arrays and DNA arrays possible. µCP of proteins onto glass have
been carried out by using PLL-solutions as ink. Due to the non-polarity of
the PDMS surface and the positively charged nature of the PLL molecules,
plasma treatment of the stamp helped the PLL bind reversibly to the now
hydrophilic surface of the stamp.[35][58] A challenge in µCP of proteins is
that a conformational change of the proteins occur when they absorb to the
stamp. This makes it necessary for the substrate to hold properties more
in favor of the transfer of proteins than the PDMS.[59][60] DNA arrays are
prepared by µCP. DNA pieces the size of 20- 1600 base pairs have been
stamped with µm precision. This method reduced the time and amount of
DNA needed for various analysis.[61][62]
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1.3 Chemicals and cells useful in PDMS-stamp inves-
tigation

1.3.1 Quantum dots

Quantum dots, QDs, are small semiconducting particles with a size of 2-10
nm. One of their most advantageous features is their fluorescent character,
which is significant for several optical applications.[63][64] It is possible to
functionalize QDs, depending on their intended use. An example is func-
tionalization with carboxylate groups which is use for for coupling to amine
groups.[65]

1.3.2 PLL

Poly-L-lysine, PLL, is one of the polylysine stereoisomers, it is a positively
charged, bio-compatible amino acid polymer. The structure is given in figure
1.9.

Figure 1.9: Structure of the poly-L-lysine molecule.[66]

By treating a surface, for example glass or plastic, with polylysine cell-
adhesion to the surface is made possible. This adhesion is explained by
the negatively charged surfaces of the cells and the positively charged layer
made up from adsorbed polylysine. Cells attached to polylysine treated
surfaces serves many experimental applications. Other negatively charged
biomolecules also attaches to polylysine treated surfaces, such as DNA. The
cells are normally viable after attachment, though they tend to flatten in an
abnormal manner.[67][68] It is demonstrated that PLL absorb the strongest
onto a surface at pH levels around 11, this applies to both polar and hy-
drophilic substrates. Thanks to PLL being, hydrophilic, bio- compatible and
-degradable it is valuable for not only cell- and biomolecule adhesion, but also
for gene, drug and protein delivery and for bettering attachment of other less
adhesive polymers.[69]
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The adsorption of PLL onto a surface takes place in a two-step process. In
the first step the PLL diffuses from the bulk solution and attaches to the
surface. In the second step the PLL rearranges, something which may in-
clude repositioning of H-bonds and intramolecular charges.[69][70][71] The
rate and amount PLL adsorption is pH-, ionic strength- and temperature
dependent.[72]

PLL is known for its antimicrobial activities. It is suggested that thinner
coats of PLL have less antimicrobial effects than thick coatings based on
research on e.coli.[73] The adhesive properties of PLL based on the Mw of
the polymers have also been investigated. The higher Mw of the polymer,
the larger adhesive force. The PLL that adhered most efficiently had a Mw

of 350 kDa and was in solutions of concentrations 0.05-0.1%.[74]

Figure 1.10: A substrate covered with a positively charged PLL-layer, immobilizing a cell with a negatively
charged surface.

There are commercially available labeled PLL molecules, such as PLL-FITC.
FITC, fluorescein isothiocyanate is a fluorescein derivative. A fluorescent
reagent frequently used for biological research purposes due to being easily
absorbed and very soluble in water. PLL-FITC is possible to detect with
fluorescent microscopy. FITC has an excitation maximum of 490 nm and an
emission maximum of 525 nm.[75][76]

1.3.3 Yeast

Saccharomyces cerevisiae, is a species of yeast, often referred to as baker’s
yeast. It is a single-celled ascomycete, typically of larger size than bacte-
rial cells. S. cerevisiae has been used as a model eukaryotic organism for
numerous studies. It was the very first eukaryote to have its entire genome
sequenced. A model organism is an organism used for various research pur-
poses, making it possible to develop and improve techniques. The findings
from studying the model organism is expected to be representative for other
organisms.[77][78]
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1.3.4 Polystyrene beads

Polystyrene beads are uniform microparticles meant for research and use
within biological fields. The beads can be funcionalized by attaching certain
chemical groups to their surface, such as amino groups, carboxyl goups, or
even proteins and antibodies. These types of beads are produced in sizes
from 0.05 µm up to 20 µm.[79][80]

1.4 Imaging methods

1.4.1 Bright field microscopy

Bright field microscopy is an extensively used method for imaging and image
analysis of cells and other substances. The method is built upon contrast
generation from either changes in absorption of light, colour or refractive in-
dex. The most straightforward ways of imaging using bright field microscopy
have its restrictions regarding data on the cell outline, position of the nu-
cleus and other large vesicles of unstained samples.[81][82] The advantages
of this method are that is a relatively simple and cost-efficient method with
little need for much preparation. Staining is sometimes necessary due to low
pigmentation in the samples. The optics of bright field microscopy allows
the colours from the staining to stay intact, but the staining might damage
the sample.[83][84]

1.4.2 Phase contrast microscopy

Phase contrast microscopy gives high-contrast images of transparent samples,
such as cells in culture, other microorganism, lithographic patterns and much
more. Even organelles could be visualized. By using bright field microscopy
it is difficult to obtain good images of basically transparent samples as they
hardly absorb any light. To gain a higher clarity and contrast when imaging
the samples phase contrast microscopy is often a better alternative. The
method manages to increase the contrast without lowering the resolution
significantly. The technique comes in handy when examining living cells and
their dynamic events. The optical mechanism of phase contrast microscopy
is to translate small phase variations into their corresponding amplitudes. If
the samples imaged are too thick, the images might look distorted.[82]-[85]

1.4.3 Fluorescence microscopy

Fluorescence is the ability some molecules have to absorb light at a spe-
cific wavelength succeeded by emission of light of longer a wavelength. Such
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molecules have double bonds in conjugated systems. The time between ab-
sorption and emission is called the fluorescent lifetime, which generally lasts
less than a µs.[82][86] The sample being investigated is the source of light in
fluorescent microscopy. When being irradiated with light of a certain wave-
length, the sample will emit energy observable as visible light. Often the
sample is not naturally fluorescent, but is rather labelled with fluorescent
chemicals. A chemical compound with the ability to re-emit light after being
excited is called a fluorophore.[87] In many cases genetic modification of cells
is performed to make attachment a fluorescent molecule onto a protein of
interest possible. This is useful for investigating gene expression.[83]

Stoke’s shift is defined as the loss of vibrational energy when electrons relax
back to their ground state from their excited state. The energy loss results in
the emission spectrum of an excited fluorophore to be of longer wavelengths
than the absorbed light. The larger Stoke’s shift, the simpler it is to distin-
guish between the excitation and emission light.[86] Stoke’s shift is explained
graphically in figure 1.11.

Figure 1.11: The excitation and emission spectra of a fluorophore. The stokes shift is of the spectra is
marked on the figure. The emission is of longer wavelengths than the excitation. Adapted from [88].

However, there are some challenges related to fluorescence microscopy. Flu-
orescence does not last indefinitely. So called photobleaching, fading of the
fluorescence, will occur as the samples are being studied. In order to label
cells with fluorescence sometimes detergent treatment is necessary to make
the cell membranes permeable.[83]
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1.4.4 Atomic force microscopy

Atomic force microscopy, AFM, is an imaging technique where the topogra-
phy of the sample can be found. With AFM surface roughness can be mea-
sured with atomic resolution. The technique is utilized in material science
and in biological sciences. Both the topography and mechanical properties
of cells and extracellular matrices can be investigated using AFM. The AFM
set-up has a sharp tip which interacts with the sample surface atoms. Var-
ious properties of the surface can be studied by customizing the AFM tip,
such as adhesion forces, friction and viscoelasticity.[89][90] A figure of the
apparatus set-up of an AFM is given in figure 1.12

Figure 1.12: Set up of an AFM apparatus. A sharp tip used for scanning of the sample is placed on a
flexible cantilever. Usually the radius of the tip is 2-20 nm. Deflection of the cantilever occurs when the
tip is in contact with the surface, because of the various forces of the interaction. A laser beam reflects
off the back of the cantilever into a photo-detector, measuring the cantilever deflection. There are two
different modes of operation when using an AFM, either contact mode or tapping mode. Adapted from
[91].
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1.5 Aim of the project

The aim of this master thesis is to develop a method for production of mi-
croarrays displaying single microorganisms. The arrays are meant to be
helpful for exploring the interaction capacities of microorganisms. The main
focus was to optimize the process steps in photolithography, PDMS molding
and microcontact printing, in order to gain a good procedure that would lead
to successful immobilization of microorganisms.
The specific aims were
1. To optimize the photography process; manufacturing a master mold of
a quality suited for stamp production. This involved finding the sources of
defects and how to correct them, in addition to investigating how different
experimental parameters affected the result of the master mold.
2. To investigate the features of PDMS stamps and to which degree PDMS
stamps made from various master molds were suited for microcontact print-
ing.
3. To study the effects of different parameters in the microcontact printing
process.
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2 Materials and methods

2.1 Stamp production

2.1.1 Master mold

The master molds for stamp fabrication were produced using photolithogra-
phy. 4” silicon wafers were used for this purpose. Master molds on 2” silicon
wafers were also prepared. The silicon wafers were cleaned by soaking in
acetone followed by washing with isopropanol and ethanol before air drying
with N2. After the washing step, the wafers were baked at 180◦C for 15
minutes. An extra cleaning step using a plasma cleaner (Diener Electronics)
was included for the majority of the wafers. The wafers were then spincoated
with the negative photoresist SU8 (MicroChem). Following the spincoating,
the wafers were soft baked before exposure to UV-light through a quartz
mask designed with the desired pattern, displayed in figure 2.1. Exposure
was done by the use of a maskaligner (Süss MicroTec). Finally, the wafers
went through the post-exposure bake before being developed with mrDev
600 developer (micro resist technology) for 1 min under agitation, rinsed
with fresh developer, washed with isopropanol and blow dried with N2.

The times and temperatures for the soft bake and the post- exposure bake
for the different types of SU8 photoresist spincoated on the silicon wafers are
given in table 2.1.

Table 2.1: Times and temperatures for soft bake and post-exposure bake for the SU8-resist used. The
wafers were left on the hotplate while the temperature was ramped up from 65 ◦C to 96 ◦C for the soft-
and post-exposure bake.

SU8- resist Soft bake Post exposure bake

time

[min]

temp

[◦C]

time

[min]

temp

[◦C]

SU8-2003,5 1 65 1 65

2 95 2 95

SU8-5 1 65 1 65

3 95 3 95

The parameters and settings used for the preparation of the different wafers
studied in this project are given in table 2.2. This numbering will be used to
refer to various wafers.
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Table 2.2: Parameters for the preparations of different silicon wafers into master molds.

# SU8 resist
Size of wafer

[inches ]
Plasma cleaned

Spincoating speed

[rpm]

UV light exposure dose

[mJ/cmˆ2]

1 SU8-2003,5 4 no 500 (5sec) + 1500 (30 sec) 60

2 SU8-2003,5 4 no 500 (5sec) + 1500 (30 sec) 60

3 SU8-2003,5 2 no 500 (5sec) + 1500 (30 sec) 60

4 SU8-5 2 no 500 (12sec) + 6000 (30 sec) 140

5 SU8-5 4 yes 500 (12sec) + 6000 (30 sec) 140

6 SU8-5 4 yes 500 (12sec) + 6000 (30 sec) 140

7 SU8-5 4 yes 500 (12sec) + 6000 (30 sec) 100

8 SU8-5 4 yes 500 (12sec) + 6000 (30 sec) 120

9 SU8-5 4 yes 500 (12sec) + 3000 (30 sec) 120

10 SU8-5 4 yes 500 (12 sec) + 3000 (30sec) 140

11 SU8-5 4 yes 500 (12 sec) + 3000 (30sec) 130

12 SU8-5 4 yes 500 (10 sec) + 5500 (30sec) 140

13*

The resist SU8-2003.5 used on wafer 1-3 in table 2.2 was prepared by di-
lution. SU8-2003.5 contains 37% solids. SU8-2100, containing 75% solids,
was diluted with cyclopentanone in order to reach the desired concentration
of solids. Dilution was not necessary for the SU8-5 resist used for wafers 4-12.

Wafers number 10 and 11 were prepared with a cooling step after the post
bake. They were left on the hotplates until the temperature of the hot plate
was approximately 40 ◦C, allowing them to reach room temperature in a
more controlled manner. The same was done following the post exposure
bake. Wafer number 12 was prepared with a soft bake temperature of 55◦C
instead of the temperature given in table 2.1. Wafer number 13 was a wafer
prepared by Nina Bjørk Arnfinnsdottir (IFY) and its use was previously
proven successful. The wafer was made using a positive photoresist. The
pattern of the wafer consisted of 13 circles with diameters increasing form
0.8µm up to 4.4µm.[38]

Figure 2.1 presents microscopy images of the two different patterns of the
photo-mask used for preparing wafer 1-12 in table 2.2.
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Figure 2.1: The patterns of the photo-mask used during the exposure step in the photolithography process.
Part A shows a squared pattern with the dimensions 4 µm, 6 µm and 10 µm. Part B shows a pattern
with stripes of widths 10 µm, 8 µm and 5 µm. The spacing between the features were the same size as
the feature itself.

2.1.2 PDMS replica molding

A mixture of PDMS curing agent and PDMS base (Sylgard 184, Dow Corn-
ing) with a ratio of 1:10 was mixed for approximately 1 minute using a plastic
spoon. The mixture was degassed for 5-7 minutes, until sufficient removal
of bubbles in the mixture. The desired master mold was put in a container
made from aluminum foil before PDMS was poured onto the master mold.
Approximately 20 grams of PDMS mixture were used for a 4” wafer and 10
grams for the 2” wafers. The PDMS was then cured for 2 hours at 85◦C.
After curing the PDMS was peeled gently off the master mold and stored
with the pattern side up in a petridish until use.

2.2 Studying PDMS stamps

2.2.1 Imaging of PDMS stamp

Imaging of the features on the prepared PDMS stamps was performed by
using phase-contrast microscopy (Zeiss Observer.Z1) with a 20x objective.

2.3 Microcontact printing (µCP)

2.3.1 Printing quantum dots

A 10 nM solution of qdot 655 ITK amino (PEG) quantum dots (Life Tech-
nologies) diluted with MQ water was stamped on borosilicate cover glass
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slides (VWR international). A piece of the PDMS stamp was cut out using
a scalpel and a drop of quantum dot solution covering the array area to be
stamped was pipetted onto the stamp before being left to incubate for 10-15
minutes. After incubation excess quantum dot solution was pipetted off and
the stamp was blow-dried with N2. The stamping was performed by plac-
ing the stamp pattern side down on the glass slide, applying weight (100 g)
and leaving it for 10-15 min.The stamp was carefully removed from the glass
slide before the glass slide was studied in a microscope (Zeiss Observer Z.1).
Microscopy was done with a 20x objective using the fluorescence filter Cy5
(673 nm).

The PDMS stamps used for printing quantum dots were prepared from wafers
1-3, described in table 2.2. Additionally, a stamp prepared by Nina Bjørk
Arnfinsdottir (IFY) was used for this purpose. The stamp was pattern with
circular spots with diameters of 3,5 µm with a distance of 10 or 15 µm
between each spot.

2.3.2 Printing PLL-FITC and PLL

A 0,5 mg/ml solution of PLL-FITC (Sigma-Aldrich) in MQ-water was pre-
pared and stamped by the same procedure as described in 2.3.1. Both PLL-
FITC with molecular weights of 15-30 kDa and 30-70 kDa were stamped.
The slides were then investigated by microscopy (Zeiss Observer.Z1)) with a
20x objective using a FITC fluorescence filter.

For stamping of unlabeled PLL a 0,01 % solution (Sigma-Aldrich) with
molecular weight 150-300 kDa was used. The procedure was the same as
for stamping of PLL-FITC.

2.4 Immobilisation of yeast cells

2.4.1 Yeast cell inoculation

YPD-medium for yeast cell inoculation was prepared by weighing up yeast
extract (10 g), bactopepone (20 g), glucose (20 g) and adding MQ-water until
the mixture volume was 1 L. The medium was then stirred and autoclaved.
Yeast, Saccharomyces cerevisiae, was inoculated in 25 ml YPD medium
overnight at 180 rpm and 30◦C. Autoclaved Erlenmeyer-flasks were used.
1-2 ml yeast cell solution was centrifuged at 4000 rpm for 5 min. The super-
natant was discarded and the pellet of cells was dissolved in 1 ml MQ-water
before another round of centrifuging at 4000 rpm for 5 minutes. The wash-
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ing step was repeated one more time if necessary. The yeast cell solution
suited for immobilization was prepared by re-suspending the cell-pellet in 1
ml MOPS buffer (pH 6).

2.4.2 Immobilisation on stamped surface

Yeast cells suspended in MOPS-buffer (1-2 ml) were pipetted onto glass slides
stamped with labeled (PLL-FITC) or unlabeled PLL before being incubated
for 10 min. After incubation the yeast solution was pipetted off. The slides
were gently rinsed off with MQ-water. The slides were studied using phase
contrast, bright field and fluorescence microscopy.

2.5 Immobilisation of polystyrene beads

Unlabeled PLL (150-300 kDa) was stamped onto a glass surface as described
in sections 2.3.1 and 2.3.2. Stamps prepared from master mold number 13
(described in table 2.2) were used for the printing. The polystyrene beads
added to the stamped surface were of diameters 2.10 µm and 3.07 µm func-
tionalized with carboxyl groups (Spherotech). 2 µL of a 5% w/v polystyrene
bead solution were thinned up to 200 µL. Polystyrene bead solution were
applied to the stamped glass slide, enough to cover the stamped area. The
solution were left on the glass slide for 5 minutes before being carefully rinsed
off with MOPS buffer. The glass slides were studied using phase contrast and
bright field microscopy.

2.6 Investigation of PDMS stamps by AFM

PDMS stamps made from master molds number 7 and 9, their preparation
is described in table 2.2, was imaged using an AFM by Gjertrud Maurstad
(IFY). Images of parts of the surfaces and topographical data were obtained.
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3 Results

3.1 Resist thickness

Table 3.1 shows the measured resist thickness of the different wafers prepared
as described in table 2.2. The measurement was performed after the soft
bake and before exposure of UV-light. For each wafer ten measurements
were performed at various locations on the resist surface.

Table 3.1: Resist thicknesses and their corresponding standard deviations based on ten measurements for
each wafer surface. The description of the preparation of the wafers (1-12) is given in table 2.2. For master
molds number 5 and 8 all the measurements made on the resist surface is given in appendix A.

Master mold

#

Resist thickness

[µm]

1 1,94±0, 49

2 3,80±0, 12

3 1,37±0, 03

4 3,13±0, 18

5 2,91±0, 13

6 2,85±0, 01

7 2,83±0, 005

8 2,88±0, 13

9 4,82±0, 04

10 4,86±0, 09

11 4,79±0, 18

12 3,03±0, 007
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3.2 Imaging of master molds

The master molds were imaged (Nikon Eclipse LV150) using 20x magnifica-
tion. Figure 3.1 shows master mold number 2 made with SU8-2003.5 resist.
Its preparation is described in table 2.2. Part A of the figure shows a part
of the master mold with striped pattern. The stripes are not very appar-
ent. Several bubbles are visible on the stripes parts of the pattern. Part B
shows where the pattern in the resist is squared. The squares are of varying
visibility. There are also bubbles present on this part of the pattern.

Figure 3.1: Microscopy image with 20x magnification of a wafer covered in SU8-2003.5 resist, wafer number
2 from table 2.2. Part A shows where the resist has a striped pattern, while part B shows where the resist
has a pattern consisting of squares. The squares were of dimensions 4 µm, 6 µm, and 10 µm. The stripes
were of widths 10 µm, 8 µm and µm.
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Figure 3.2 shows images of cracks seen for SU8-5 resists (part A), striped
pattern on wafer number 6 (part B) and squared pattern on wafer number
8. Wafers described in table 2.2. In both part B and C cracks are visible.

Figure 3.2: Microscopy image with 20 x magnification of SU8-5 covered resist with cracks (A), striped
pattern on wafer 6 (B), squared pattern on wafer 8 (C). Wafers described in table 2.2. Wafers 4-12 are
prepared using SU8-5 resist.The squares were of dimensions 4 µm, 6 µm, and 10 µm. The stripes were of
widths 10 µm, 8 µm and µm.

Figure 3.3 shows both striped and squared pattern on the surface of wafer
number 9, wafer prepared as described in table 2.2.

Figure 3.3: Microscopy image with 20x magnification of squared pattern on wafer 9 (B) and its striped
pattern (C). Wafers described in table 2.2. The squares were of dimensions 4 µm, 6 µm, and 10 µm. The
stripes were of widths 10 µm, 8 µm and µm.
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Figure 3.4 shows a wafer covered with a positive type photoresist. The resist
layer has a pattern of circles of varying sizes. This master mold is prepared
by Nina Bjørk Arnfinnsdottir (IFY).

Figure 3.4: Microscopy image with 20x magnification of a master mold patterned with circles of varying
sizes, master mold 13 from table 2.2. The circles were of diameters 4.4 µm to 0.8 µm with distances of
7.4 µm, 8.4 µm, 10.4 µm and 12.4 µm.
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3.3 Imaging of PDMS stamps

PDMS stamps were imaged using phase contrast. A Zeiss Observer Z1 micro-
scope at 20x magnification was used. PDMS stamps prepared using master
molds made with SU8-20003.5 are imaged in figure 3.5. Part A and B dis-
plays the squared parts of the pattern. The pattern is more apparent in part
A than in part B. The clarity of the pattern also varies between C and D.
Some impurities, such as bubbles are seen in A-D.

Figure 3.5: Images of PDMS stamps molded on wafer number 3 (described in table 2.2). A and B show
the squared pattern. C and D shows the striped pattern.
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Figure 3.6 shows various PDMS stamps prepared from master molds made
with SU8-5 resist, the stamps are made from master molds 5, 7 and 8. In
part A of the figure bubbles and impurities can be seen. In B there are visible
cracks. In part C and D the pattern seems to fade, becoming less apparent
at certain places. The same type of fading is seen for E and F.

Figure 3.6: Parts A and B of the figure display PDMS stamps with stripe-pattern and square-pattern,
respectively. Both are prepared from master mold number 5. C and D both show stripe-patterned PDMS
stamps prepared from master mold number 7. E and F shows stripe-patterned and square-patterned
PDMS stamps, respectively. Both prepared from master mold number 8.
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Figure 3.7 shows PDMS stamps prepared from master mold number 9, 6,
12 and from a master mold prepared by Nina Bjørk Arnfinnsdottir (IFY).
The stripe- pattern of the PMDS in part A, prepared from wafer 9, is not
very clear, but more apparent than the striped in part C, made from wafer
12, which is hardly seen. The square-pattern in part B, stamp prepared
form master mold 9, is visible, but somewhat unclear. Crack-like features
can additionally be seen in part B. The stamp prepared from wafer 5, seen
in part D, has defined stripe features. E and F display the PDMS stamps
prepared from Nina Bjørk Arnfinnsdottir (IFY). The circles are very defined,
seen in part E. From part F, a larger overview of the stamp, it is seen that
the pattern is very regular and defined over a large part of the stamp.
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Figure 3.7: Part A and B are PDMS stamps prepared from master mold number 9 and they are stripe-
patterned and square-patterned, respectively. Part C is a PDMS stamp prepared from master mold
number 12 and stripe-patterned. The PDMS stamp in part D is prepared from master mold number 5,
also stripe-patterned. The master molds are prepared as described in table 2.2. E and F are images of
PDMS stamps prepared from a master mold made by Nina Bjørk Arnfinnsdottir (IFY). The pattern is
circles of varying sizes.
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3.4 µCP

3.4.1 Printing quantum dots

Microcontact printed quantum dots were imaged using fluorescence microscopy
with the Cy5-filter. A Zeiss Z.1 observer with 20x objective was used.
Figure 3.8 shows microcontact printed quantum dots. The PDMS stamp
used for the printing was a stamp prepared by Nina Bjørk Arnfinnsdottir
(IFY). The photomask used for its production had a dotted pattern, each
dot with a diameter of 3.5 µm with 10 or 15 µm distance between each dot.
In part A of the figure the quantum dots are not only in the dotted pattern,
but spread over the surface. In part B the quantum dots are printed in the
dotted pattern, although they appear somewhat unclear. In part C and D
of the image the quantum dots are printed in the dotted pattern but there
are additional large spots and aggregations of quantum dots present.

Figure 3.8: µCP QDs imaged with fluorescent microscopy. PDMS stamp used prepared by Nina Bjørk
Arnfinnsdottir (IFY). The photomask used for its production had a dotted pattern, each dot with a
diameter of 3.5 µm with 10 or 15 µm distance between each dot.
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Figure 3.9 shows microcontact printed quantum dots printed with a PDMS
stamp prepared from master mold number 3 and 2 (described in table 2.2).
In A-D in the figure there is no printed pattern visible. Rather than stripes
and squares, irregular spots are visible.

Figure 3.9: µCP of quantum dots. A and B show quantum dots printed using a PDMS stamp prepared
from master mold number 2. C and D show quantum dots printed using a PDMS stamp prepared form
master mold number 3. Description of master molds are given in table 2.2.
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3.4.2 Printing PLL-FITC

µCP of PLL-FITC was imaged using fluorescence microscopy. A Zeiss Z.1
observer with 20x objective was used. Figure 3.10 shows PLL-FITC micro-
contact printed using PDMS stamps prepared from master molds 5 and 6
(described in table 2.2, master mold 5 and 6 are prepared using the same
parameters). In part A and B of the figure the striped pattern appears quite
faint. The pattern is present, although the PLL-FITC is not confined only
to the stripes, it appears to be present on most of the imaged surface. The
stamped PLL-FITC pattern seems to be clearer in part C, but there are
irregularities. In D, E and F the stripes are visible, but only parts of the
pattern is successfully transferred onto the surface. Some places the PLL-
FITC is not present at all, while other places large, unpatterned spots are
seen.
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Figure 3.10: µCP of PLL-FITC. The PDMS stamps used for printing are prepared form master molds 5
and 6 (described in table 2.2). A-F in the figure all show printing using the PDMS stamps with striped
pattern.
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Figure 3.11 shows microcontact printed PLL-FITC. The PDMS stamp used
is prepared from master mold number 7 (described in table 2.2). A and B
show PLL-FITC attempted pattered in stripes. Only parts of the pattern is
printed and there is visible PLL-FITC places other than the pattern. The
same can be said for the stamped squared pattern showed in C and D.

Figure 3.11: µCP of PLL-FITC. The PDMS stamps used for printing are prepared form master mold 7
(described in table 2.2). A and B in the figure show printing using the PDMS stamps with striped pattern,
while C and D shows printing using squared pattern.
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Figure 3.12 shows PLL-FITC microcontact printed using a PDMS stamp
prepared form master mold number 8 (described in table 2.2). Printing of
the striped pattern, shown in A-C, is clear at certain areas, but the transfer
of PLL-FITC in a striped pattern is only partial. The squared pattern of
the stamp can be spotted in D-F. In some areas the PLL-FITC is located
around the features rather than on them.

Figure 3.12: µCP of PLL-FITC. The PDMS stamps used for printing are prepared form master mold 8
(described in table 2.2). A-C in the figure show printing using the PDMS stamps with striped pattern,
while D-F shows printing using squared pattern
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Figure 3.13 shows PLL-FITC microcontact printed using a PDMS stamp
prepared form master mold number 9 (described in table 2.2). Part A shows
partial striped pattern of PLL-FITC and PLL-FITC on other spots than the
pattern. The same can be observed for the squared pattern in C. The PLL-
FITC is more evenly distributed in B and D, but it is not only confined to
the pattern.

Figure 3.13: µCP of PLL-FITC. The PDMS stamps used for printing are prepared form master mold 9
(described in table 2.2). A and B in the figure show printing using the PDMS stamps with striped pattern,
while C and D shows printing using squared pattern. The parts of the stamps used for µCP in B and D
were plasma cleaned before stamping.
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Figure 3.14 shows microcontact printed PLL-FITC. The stamp used for print-
ing was prepared from master mold number 13 (described in table 2.2). in A,
the surface stamped with a non-plasma cleaned stamp, the pattern is visible,
but not very clear. In B, the surface stamped with a plasma cleaned stamp
the pattern is much clearer than for A.

Figure 3.14: µCP of PLL-FITC. The PDMS stamps used for printing are prepared form master mold 13
(described in table 2.2). A and B is PLL-FITC microcontact printed using the same stamp, in B the
stamp piece used was plasma cleaned before printing.
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3.4.3 Immobilization on functionalized surfaces

Figure 3.15 shows control samples of yeast cells on a glass surface without
PLL and on a glass surface with unpatterned PLL. In part A, on the glass
slide with no PLL, there are no visible yeast cells. In Part B-C, glass slides
with PLL, there are visible yeast cells, often in aggregates.

Figure 3.15: A and B are images taken using bright field microscopy with 20x magnification. A shows a
clean surface where yeast cells have been attempted mobilized. B shows a glass surface with unpatterned
PLL where yeast cells have been attempted immobilized. C and D are images taken using phase contrast
microscopy with 20x magnification. Both shows yeast cells attempted mobilized on glass slides with
unpatterned PLL.
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Figure 3.16 shows yeast cells on a glass slide microcontact printed with PLL-
FITC. In part A only the yeast cells are seen. In part B both the yeast cells
and the areas where PLL-FITC is located is visible. The areas of stamped
PLL-FITC and the location of the yeast cells did not overlap.

Figure 3.16: Yeast cells on glass slide microcontact printed with PLL-FITC. PDMS stamp used prepared
from wafer 8 (described in 2.2 and was stripe-patterned). A is taken using bright filed microscopy and B
is taken using fluorescence microscopy.
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Figure 3.17 shows yeast cells on surfaces microcontact printed with PLL. For
A and B some scattered yeast cells were observed. In C and D the yeast
cells were seen in stripe shaped aggregates, in D a larger aggregate was also
observed. For E the yeast cells were distributed more evenly, but also here
larger aggregates were observed. In A-E, no patterns were observed.

Figure 3.17: Parts A and B was taken using bright field microscopy with 20x magnification. The surface
in a was printed using PDMS stamp prepared from master mold number 2, number 3 for B. C- E was
taken using phase contrast microscopy with 20x magnification. The surface C was printed using a PDMS
stamp prepared from master mold number 3, number 4 for E and number 13 for E.
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3.5 Investigation of PDMS stamps by AFM

Measurement of patterned squares

A PDMS stamp prepared from master mold number 8, described in table
2.2, was studies by AFM. The part of the stamp investigated was from the
areas patterned with squares. The AFM image obtained is shown in figure
3.18. The image shows regularly repeated features.

Figure 3.18: An AFM image of a piece of a PDMS stamp with a squared pattern. The stamp is prepared
from master mold number 8 given in table 2.2. The white line going across the image shows where the
topographical AFM-measurement was done. The light parts of the image represents the highest parts of
the stamp features, while the darkest parts represents the lower parts of the stamp features.
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Figure 3.19 shows the height of the PDMS pattern plotted against the dis-
tance. The height values are given in nm and the length values are given
in µm. The The stretch which is measured is shown as a white stripe in
figure 3.18. From the plot, three elevations is shown. The height of these
elevations are 32.97 nm, 37.57 nm and 33.65 nm. The lowest part of the plot
displays the value -17.65 nm, located between the first and the second top.
The lowest point between the second and the third top is -12.80 nm.

Figure 3.19: Topographical measurement of pattered PDMS by AFM. The x-axis gives the length of the
measured area on the PDMS stamp, whereas the y-axis gives the height of the features.

An image of a different part of the same PDMS stamp, prepared from wafer
8 in table 2.2, is given in figure 3.20. The part imaged is patterned with
squares.

Figure 3.20: AFM image of PDMS stamp prepared from master mold number 8, described in table 2.2.
The white line indicates where the topographical measurements were performed.The lighter colour of
image, the more elevated is the pattern.
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Figure 3.21 shows the height of the PDMS pattern plotted against the dis-
tance. The height values are given in nm and the length values are given in
µm. The The stretch which is measured is shown as a white stripe in figure
3.20. The plotted graph displays four tops. These tops have height values of
78.34 nm, 72.27 nm, 72,36 nm and 85.20 nm. The valleys between the tops
are 35.16 nm, 32.87 nm and 26.31 nm.

Figure 3.21: Topographical measurement of pattered PDMS by AFM. The x-axis gives the length of the
measured area on the PDMS stamp, whereas the y-axis gives the height of the features.
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Based on the data achieved from AFM, the width of the features was esti-
mated. An average width from each of the plots was found by measuring
the width of every single top. How the widths was measured is illustrated
in 3.22. The average width of the four tops in part A of the figure was 5.41
±0.17 µm, while for part B the measured average width of the three tops
was 6.36±0.57 µm.

Figure 3.22: The topographical measurement of pattered PDMS by AFM. The red lines mark where the
width of each top were measured. Part A of the figure corresponds to the image in figure 3.21 and part
B corresponds to 3.18.
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Measurement of irregularities

AFM imaging was done of a piece of PDMS stamp prepared using master
mold number 9, described in table 2.2. The imaging was performed on parts
of the stamp where features other than the desired patterns were observed.
Figure 3.23 shows an AFM image of such features. The lines A and B on the
figure marks where the topographical measurements were made.

Figure 3.23: AFM image of PDMS stamp prepared from wafer number 9, described in table 2.2. The
white lines indicate where topographical measurements were made. The lighter the colour of the image,
the more elevated is the features of the PDMS stamp.
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The plots of the lines A and B from figure 3.23 is shown in figure 3.24. Both
plots have two evident peaks. The peaks in plot A are 26.62 nm and 58.69
nm. The peaks in plot B are 56.14 nm and 28.43 nm. Additionally, the with
of the peaks were estimated. The width of the peaks were measured at their
widest. For the peaks in plot A the widths were measured to be 4.36 µm and
6,37 µm. For the peaks in plot B the widths were measured to be 4.32 µm
and 2,33 µm.

Figure 3.24: Topographical measurement of pattered PDMS by AFM. The x-axis gives the length of the
measured area on the PDMS stamp, whereas the y-axis gives the height of the features. The plots A and
B corresponds to the lines A and B in figure 3.23.
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Another part of the PDMS stamp prepared from wafer number 9 (table 2.2)
was investigated. The AFM image is given in figure 3.25.

Figure 3.25: AFM image of PDMS stamp prepared from wafer number 9, described in table 2.2. The
white line indicates where topographical measurements were made. The lighter the colour of the image,
the more elevated is the features of the PDMS stamp

The plot of the line from figure 3.25 is shown in figure 3.26. The plot has
one evident peak, with a maximum of 74.52 nm. The with of the peak was
estimated. The measurement were done at the widest point of the peak. The
width was measured to be 4.25 µm.

Figure 3.26: Topographical measurement of pattered PDMS by AFM. The x-axis gives the length of
the measured area on the PDMS stamp, whereas the y-axis gives the height of the features. The plot
corresponds to the line drawn in figure 3.25
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4 Discussion

The fabrication of cellular microarrays by the use of photolithograpy, PDMS
molding, µCP and immobilization on functionalized surfaces was investi-
gated. Many different experimental parameters and their effects on the pro-
cess were studied. Errors and flaws of the process were identified and correc-
tions of these errors were researched in order to come closer to optimizing an
effective and reproducible process. The effects of each step in the fabrication
process on the final result are discussed in the following sections.

4.1 Effect of photolithography parameters

4.1.1 Resist homogeneity

Inhomogeneties in the resist layers on the wafers were observed by several
means. Measurement of the layer’s thickness at several spots gave an indi-
cation of how evenly the resist was distributed on the wafer. Microscopic
images of the wafers revealed presence of cracks and bubbles. Often, it was
possible to spot defects in the resist layer by eye during the preparation of the
wafers. Examples of such defects easily spotted were ”comet”-like structures.

Two different types of resist was used and various spin coating speeds were
applied. This led to variations in the thickness of the resist layers. The effect
of the resist thickness and the homogeneity of the resist layer is important
for the quality of the master mold. Inhomogeneity of the resist layer is of-
ten considered the main source of complications in lithography processes.[92]
Variations in homogeneity can be variations in thickness, irregularities as
bubbles or cracks. be The results indicated that the resist layers were not
entirely homogeneous. Additionally, edge beads was measured for several of
the spin coated wafers. These findings were likely to affect the features of the
pattern as an edge bead will cause difficulties during exposure to UV-light.
Errors in the pattern of the photoresist will propagate further, causing errors
in the features of PDMS stamps and further during µCP.

Resist thickness
As seen from table 3.1 and from table 2.2, the resist thickness was dependant
on the spin speed. For the wafers covered in SU8-5 the layers spun with a
maximum speed of 6000 rpm was thinner than the layers spun with a max-
imum speed of 3000 rpm. There was no notable pattern indicating which
speed resulted in the most homogeneous layer in terms of thickness. Wafers
prepared with the same resist and spin coating speeds, for example wafer
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number 5- 8, had some difference in their measured thicknesses. The amount
of resist applied before spin coating and the time between application of resist
and spinning are parameters likely to have an effect on the resist thickness.
SU8-2003.5 and SU8-5 resist had different viscosities, affecting the thickness
of the resist layer, making comparison of the spin speeds across resist types
difficult.[92]

By comparing the standard deviations of the measured resist thicknesses,
it was found that generally the SU8-5 layers were more homogeneous than
SU8-2003.5 layers. As a dilution step was necessary for preparation of SU8-
2003.5, variations may occur for each batch of this resist. This could be a
disadvantage when optimizing experimental parameters.
Thickness measurements was done by measuring ten spots distributed around
the surface, which is likely too little data to gain a good overview of the ho-
mogeneity of the resist thickness. The resist thickness must be chosen to
make the features of the PDMS stamps stable. This is further discussed in
section 4.2.

Preparation of both wafers with 2” and 4” diameters were attempted in order
to investigate whether there were any difference in resist homogeneity. By
using a 2” wafer instead of a 4” wafer the measured resist thickness showed
improvement in resist homogeneity for wafers covered with SU8-2003.5, but
no improvement was seen for the wafers covered with SU8-5. As there were
only one attempt using 2” wafers for each type of resist, it is not possible to
say for sure whether or not the wafer size makes a difference for the homo-
geneity of the resist thickness.

For some of the wafers, based on visual inspection, edge beads were mea-
sured. This was observed as a thicker resist layer at the edge of the wafer.
Data for the wafers where edge beads were measured is included in appendix
A. The measured thickness of the edge beads deviated more from the average
thickness of the resist layer than the standard deviation. Insufficient contact
between the mask and the resist is likely to take place when an edge bead is
present, which may explain why the patterns have some faded areas or why
some of them are very unclear.[41][45][46]

Resist irregularities
Irregularities in the resist layer was seen from images of the master molds.
The effects of such irregularities were spotted in the images of the PDMS
stamps. The spots seen in the resist in figure 3.1 were likely caused by bub-
ble formation in the resist layer, known to occur during dispension of the
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resist onto the substrate or because of the N2 formation due to steady de-
composition of the resist’s photo active compound.[48] The spots may also
have been caused by particles not removed during cleaning. An explanation
could be that the wafers shown in figure3.1 were not plasma cleaned before
spin coating. As the observed spots appeared to be of the same size or even
bigger than the features of the pattern, their impact on µCP were likely very
negative.
The cracks seen in figure 3.2 were observed for several of the SU8-5 resist
layers, probably arising during or after the soft bake or post exposure bake.
Excessive baking and thermal stress could cause cracking with the risk of
thermal stress growing bigger with the resist thickness.[42][44][49] Some of
the wafers were left on a cooling block after the baking steps, this rapid cool-
down could be the cause of cracking. As bubbles, cracks are likely to disrupt
the pattern. Wafers with a thicker resist layer, shown in figure 3.3, had a
more distinct pattern. A thicker resist layer cause the feature of the pattern
to be higher. There were still seen some irregularities for this wafer. In figure
3.4 a wafer with no obvious observable irregularities is pictured, this wafer
was made from a positive photoresist.

The quality of the master molds was important for the quality of the PDMS
stamps. PDMS stamps molded on wafer number 3, seen in figure 3.5, dis-
played bubble-like features. This was seen from master molds prepared from
the same type of resist, SU8-2005.3. The bubbles in the PDMS stamp could
have been caused from insufficient degassing of the PDMS mixture prior to
curing.
Figure 3.6 B shows that that the cracked pattern often seen for SU8-5 resist
layers was present on the surface of the PDMS stamps. The features of the
cracks were much larger and more visible than the features of the stamps.
Generally fewer bubbles were seen on these stamps, but fading of the features
were seen.
Part A and B from figure 3.7 shows PDMS stamps prepared from wafers
with a thicker resist layer. The stripes are perhaps somewhat more promi-
nent than for the the stamps prepared from wafers with thinner resist layers.
The same can not be said for the squared pattern. C and D shows PDMS
stamps prepared from wafers with relatively similar parameters, only a slight
difference in spin speed and thus resist thickness. The one in C being 3.03 µm
thick and the one in D 2.91 µm. The pattern in D is much more prominent
than the pattern shown in C. This could indicate that even small variations
in resist thickness is of importance for the final result. E and F show a PDMS
stamp molded from a wafer without any visible impurities. No significant
impurities were seen on these stamps. The results argue that even the small-
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est impurities from the master molds will have consequences for the quality
of the PDMS-stamps.

4.1.2 Exposure doses

Several of the wafers covered with SU8-5 resist were prepared with the same
parameters except for the exposure dose in order to find the optimal dose
and to investigate the effect of varying it. The PDMS stamps molded from
wafers prepared with 100 mJ/cm2, 120 mJ/cm2, and 140 mJ/cm2, shown
in figure 3.6, indicated that different exposure doses give features of different
qualities. The resist thicknesses of the master molds used were in the range
2.83-2.91 µm. Where 100 mJ/cm2 was used, the striped pattern was very
unclear and faded. For the ones made with higher exposure doses the stripe-
pattern was more distinct. A possible explanation for this is underexposure.
Underexposure of an SU8-5 resist causes the pattern to dissolve or some
of the resist layer to separate from the wafer during developing because of
incomplete polymerization.[42][44] The PDMS stamp molded from the wafer
where an exposure dose of 140 mJ/cm2 was used gave the most clear and even
striped features, suggesting that this was the most appropriate exposure dose
of the ones tested for this resist thickness. However, for the squared features
the PDMS stamp molded from the wafer prepared with an exposure dose
of 120 mJ/cm2 was more distinct than for the one where 140 mJ/cm2 was
used. This could have been due to over exposure, caused by formation of
acid diffusing to the sides of the exposed areas.[44][42] These findings imply
that there were different optimal exposure doses for the two different types
of pattern.

4.2 Effect of PDMS stamp quality on µCP

The quality of the PDMS stamps was of importance for how the µCP turned
out. Both quantum dots and PLL-FITC was attempted printed onto a glass
surface.

µCP of quantum dots
From figure 3.8 the quantum dots printed using PDMS stamps prepared
by Nina Bjørk Arnfinnsdottir (IFY) is displayed. These stamps had pre-
viously been used for successful µCP.[38] The circular spots of the pattern
were clearly visible, but there were several aggregates of quantum dot solu-
tion around the pattern. This could indicate that the µCP- procedure was
satisfactory, but that the quantum dot solution had aggregated, something
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quantum dot solutions tend to do with time.[65] The quantum dots printed
using PDMS stamps prepares from master molds covered with SU8-2003.5
resist were not printed in any pattern, only aggregates were seen. These re-
sults implies that the batch of quantum dots had aggregated too much to be
suitable for printing purposes and that the stamps prepared from the mas-
ter molds with SU8-2003.5 resist were not suited for printing. Bubbles and
impurities were seen from the figures displaying wafers and PDMS stamps
made using SU8-2003.5 resist (figures 3.1 and 3.5), possibly explaining why
the µCP of quantum dots was unsuccessful. As the quantum dots seemed to
aggregate PLL-FITC was used for µCP using the rest of the stamps.

µCP of PLL-FITC
Further µCP was done using PLL-FITC as ink. As PLL is known for its
ability to immobilize bacteria onto glass surfaces, this was assumed to be a
better way of investigating whether or not the stamps made were suitable
for µCP. For the majority of the microcontact printed PLL-FITC only parts
of the pattern were transferred onto the glass slide, seen from figures 3.10,
3.11, 3.12 and 3.14. For some of the stamped glass slides the PLL-FITC
appeared to be on the edges of the pattern, seen from for example figures
3.10 C and D. This may have been caused by lateral diffusion of of the ink
during stamping.[37] No evident connection between which patterns were the
most distinct on the PDMS stamps and which stamps gave the best transfer
of PLL-FITC onto the glass slides were observed. This suggests that there
are factors, not observable by microscopy, which determines how suitable the
stamps are for µCP. Plasma cleaning of the PDMS stamps before use gave a
more even transfer of PLL-FITC onto the glass slide, even if the PLL-FITC
were not clearly transferred in a pattern, seen from figure 3.13. For the
PDMS stamp prepared from master mold number 13, a pattern previously
proven successful, the effect of plasma cleaning was very evident, seen from
figure 3.14.[38] With plasma cleaning the pattern became much more appar-
ent. When plasma cleaning a PDMS stamp, its surface is changed from a
hydrophobic to a hydrophilic character. A hydrophobic surface is undesired
because it repels polar molecules and cause poor inking of the stamp.[48][54]
During the printing procedure it was observed that on untreated stamps the
PLL-FITC solution gathered in one large drop on the stamp surface, making
it hard to cover the pattern areas. On the plasma treated stamp the solu-
tion would spread evenly across the stamp surface. Plasma cleaning had a
positive effect on µCP.

For the PDMS stamps prepared from master molds 1-12 the reasons for the
inadequate transfer of ink from stamp to surface in the desired patterns
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could have been due to various deformations and collapses of the stamp fea-
tures. Occurrence of deformations depends on the feature’s aspect ratios; the
height divided by the lateral dimensions. With high aspect ratios buckling
and lateral collapse could happen, with low aspect ratios roof collapse could
happen.[37][55] The striped features had a width of 10, 8 and 5 µm, assumed
that the dimensions of the mask were correctly transferred to the master
mold and then to the PDMS stamp. The squared pattern had a width of 4,
6 and 10 µm. The height of the features ranged from 1.94 µm to 4,86 µm.
With these dimensions the aspect ratio could not have been high, therefore
unlikely that buckling or lateral collapse took place. It is more likely that
roof collapse could have happened based on these values. It is however diffi-
cult to reach a certain conclusion from the dimensions of the stamps as they
could have been, and most likely have been, altered in the process.

AFM results
The results of the AFM measurements indicated that there were repeating
features of µm scale present on the surface of the PDMS stamps. The piece
of PDMS stamp studied had squared features, which according to the size of
the squares on the mask, was expected to be of the sizes 4, 6 or 10 µm. The
AFM results stated that the features on the investigated stamp pieces had
widths of 5.41±0.17 µm and 6.36±0.57 µm. This change of feature size is
likely to have happened mainly in the photolithography process, as there are
many factors that could cause errors. PDMS shrinks by 1 percent when it
is cured, which may also be a part of the explanation to the deviant feature
widths.[37][49] From the shape of the plots of the topographical data, seen
in figures 3.19 and 3.21, it appears that the features are of different heights
and not clearly defined. This would help explain why the µCP was prob-
lematic. The distance between the highest and the lowest points measured
differed between the two PDMS pieces. The plot from figure 3.19 display a
distance varying from 46.45 nm to 55.22 nm. The plot from figure 3.21 dis-
played distances between maximums and minimums of 115.14 nm and 113.5
nm. The resist thickness of the master mold used for the preparation of
this PDMS stamp was 2.88 µm, far from the height of the features accord-
ing to the AFM measurements. With these dimensions of the stamp features
their aspect ratio would be very low, which could cause roof collapses.[37][55]

Cracks formed in the resist layer would cause the PDMS stamp molded from
them to have features in the shape of the cracks. The width of the features
likely to be caused by resist-cracking in the PDMS stamp measured using
AFM ranged from 2.33 µm up to 6.37 µm, being in the same size range as
several of the measured and expected features. Crack-features of such sizes
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were likely to disrupt the features. The measurements were performed on a
PDMS stamp prepared from a master mold with a 4.82 µm thick resist layer.
The peaks of the crack shaped features were between 28.43 nm and 74.52
nm in height. This would indicate that when cracks are formed in the resist
layer, they do not go through the entire layer.

4.3 Immobilization

When attempting to immobilize yeast cells on both a clean glass slide and
a glass slide covered with PLL, a beneficial effect of the PLL was observed.
Basically no yeast cells were attached to the clean glass slide, whereas for
the slides with PLL many yest cells were seen. The PLL was applied to the
slides in one large drop. The cells were expected to attach to the same area
where the PLL was applied, but they rather seemed to stay on the glass
slide in various aggregates randomly around the surface. An explanation for
this could be that the PLL-molecules detached from the glass slide when the
yeast cells suspended in buffer were added to the glass slide. Some of the
PLL might have been washed away from the glass surface, while some of it
stayed in place. The PLL used had a Mw of 150-300 kDa. Studies have found
that PLL with Mw of 350 kDa attaches better to glass surfaces than PLL
of lower molecular weights.[74] It is possible that PLL of larger molecular
weights than used for this experiment would have had better attachment to
the surface. However, the results indicate that adding PLL to a glass surface
have an effect on yeast cell immobilization. It can also be argued that phase
contrast microscopy gives a clearer image of the yeast cells than bright field
microscopy as each cell is more visible in the phase contrast images.

Yeast cells were also attempted immobilized on surfaces where PLL-FITC
was microcontact printed. In figure 3.16 the same glass slide stamped with
PLL-FITC and added yeast cells is imaged using both bright field and fluo-
rescence microscopy. This was done in order to find out where the PLL-FITC
was located on the glass slide and whether or not the yeast cells were located
in the same place. From the images it is found that the yeast cells did not
necessarily attach to every area where PLL-FITC was. The yeast cells seen
using bright field microscopy were also seen using fluorescence microscopy,
meaning that PLL-FITC attached to the yeast cells. This is explained by the
negatively charged cell-surface and the positively charged PLL.[67][68] From
the results it is possible to assume that the yeast cells attached to some of
the PLL-FITC, but the PLL-FITC does not necessarily stay attached to the
glass slide in the wanted pattern. The Mw of the PLL-FITC used ranged
from 15-70 kDa, possibly too low for sufficient attachment to the glass slide.
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For the yeast cells attempted immobilized on surfaced patterned with un-
labeled PLL, shown in figure 3.17, the same kinds of aggregates was seen
as for the yeast cells on the glass slides with unpatterned PLL. This would
also suggest that the PLL did not stay attached to the surface upon addi-
tion of suspended yeast cells, or that the yeast cells did not immobilize on
the attached PLL. The image in part E of the figure display more evenly
distributed yeast cells than the ones in part A-D. The stamp used for part
E was prepared from wafer 13 (described in table 2.2), a stamp with good
results for µCP PLL-FITC. The cells were not immobilized in any distinct
pattern.

By changing the conditions of the environment, such as pH, ionic strength
and temperature, it would be possible to change the rate of PLL adsorption
to a surface.[72] Another way of improving the immobilization of yeast cells
to patterned PLL could be to treat the glass surface with substrates that pre-
vent bacterial adhesion before patterning the surface. Such substrates are for
instance PEG, PVA and BSA. PEG has proven to be especially suitable for
this purpose.[38] Alternatively, other chemicals than PLL could be used for
immobilizing cells. PEI and PD on glass passivized with PEG have proven
to be efficient for cell immobilization.[38]

Yeast cells often have diameters of 4-6 µm.[93] The pattern attempted printed
had dimensions of 5, 8 an 10 µm for the stripes and 4, 6 and 10 µm for the
squares, giving good reason to assume that if the desired patterns of PLL
were properly stamped onto the glass slides and stayed attached, the yeast
would be able to be immobilized on the pattern.
Immobilization of polystyrene beads on patterned surfaces were tried without
any successful results. The beads had diameters of 2.10 µm and 3.07 µm,
smaller than the average yeast cell, but in the size range of some bacterial
cells. The beads were functionalized with carboxyl groups, giving reason to
think they would attach to the positively charged PLL. An explanation could
be detachment of PLL from the glass slides or that the beads simply did not
attach to the PLL.
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4.4 Quality of results

Relying mainly on images when evaluating the quality of the master molds
and the PDMS stamps had some shortcomings. It it difficult to gain in-
formation on whether a stamp is suitable for microcontact printing only by
looking at an image. Some stamps looked relatively good in the images, but
using them for µCP did not provide good results. Here, it was hard to pin
down the exact reason for why the stamp was unsuitable for microcontact
printing. Additionally, determining which stamps had the most distinct fea-
tures is likely to be somewhat inaccurate when measured by eye.

The determining of the resist layers would have been more accurate if more
than 10 measurements were made around the surface. It would also be
possible to say more about the resist layers if more measurements had been
performed on the edges, determining if edge beads were present on every
wafer and how thick they were.

4.5 Future work

As an optimized photolithography process for producing PDMS stamps suit-
able for µCP was not found, meaning that further research is needed. Edge
beads were measured on the wafers, likely to have caused problems during
exposure. The effect of removing of the edge beads would be interesting to
investigate.

Further investigation of the PDMS stamps with AFM would give more insight
into why µCP did not go well. AFM measurements of stamps molded from
master molds prepared with different exposure doses and thickness of resist
layers would say more about the effect of each of the parameters in the
photolithography process.
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5 Conclusion

In this master thesis fabrication of cellular microarrays were investigated.
The work aimed to optimize the production process of microarrays and to
find the sources of errors in the process. The experimental parameters of
the photolithography process were varied in order to optimize the process.
SU8-type photoresist were used during photolithography. An inhomogeneous
resist layer after spin coating and formations of cracks associated with the
baking steps were thought to be large sources of errors, which would cause
further problems during UV-light exposure. As there were several challenges
related to the use of SU8 photoresist, it should be considered that other types
of photoresist may be explored in the place of SU8.

Investigation of PDMS stamps molded from master molds made with SU8
resist using an AFM confirmed that the features of the stamps were not op-
timal. As did µCP of quantum dots and PLL-FITC. It was seen that plasma
cleaning of PDMS stamps before inking was beneficial.

PLL were stamped onto glass slide in order to immobilize cells onto the
stamped pattern. As this did not turn out successful there should be con-
sidered using either PLL of higher Mw (more than 300 kDa) or using other
chemicals. For instance covering the glass surface with PEG, inhibiting cel-
lular attachment and then stamping the surface with PEI or PD, known to
immobilize cells.

From thoroughly investigating every step in the fabrication process it was
found that the methods used for PDMS molding and µCP were most likely
sufficient. The errors in the process originated mainly from the photolithog-
raphy process and from the chemicals chosen as immobilizing agents.
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A Edge bead measurements

All the measurements made on the resist thickness for master molds number
5 and 8 (prepared as described in table 2.2) are given in table A.1.

Table A.1: Every measurement of the resist thickness made on master molds
5 and 8. The underlined measurement, number 1 for master mold 5 and
number 2 for master mold 8, were made at the edge of the wafers.

Measurement

#

Resist thickness

[µm]

Wafer 5

Resist thickness

[µm]

Wafer 8

1 3,26 2,82

2 2,89 3,25

3 2,91 2,81

4 2,88 2,38

5 2,80 2,87

6 2,88 2,83

7 2,87 2,83

8 2,88 2,90

9 2,88 2,81

10 2,88 2,82
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