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Abstract

Membrane proteins are the interface of cell communication and the target of more than
60 % of all medical drugs. However, their quantitative analysis remains challenging,
as the highly complex local environment, including other proteins, is critical to their
functionality. In 2008, our group presented a method that allows to track the interaction
of membrane proteins in space and time. For this purpose, the cells are placed on
micropatterned substrates, which fix the membrane proteins in vivo on periodic areas.
The lateral distribution of a fluorescently labeled target protein is monitored in the living
cell by total internal reflection fluorescence microscopy (TIRFM). In case of interaction,
the spatial distribution of the target protein will be that of the fixed membrane protein,
while otherwise a more even distribution across the available space will be present.

The basis of this method is the substrate, which structures the arrangement of the mem-
brane proteins. For this purpose, a two-dimensional pattern of anchor and block proteins
is applied to a TIRFM-suitable substrate. The lateral resolution of the method for inter-
action detection is primarily defined by the periodicity of this protein pattern. Analysis
of spatial heterogeneities in the protein-protein interaction requires the interrogation of
contrast values at a spatial frequency which is higher than the desired resolution of the
pattern. To improve the lateral resolution down to length-scales of one micrometer, a
period of less than 500 nm is necessary due to the Nyquist theorem. In this work a simple
method to produce such substrates with protein patterns that can reach a period well
below the optical resolution limit of 200 nm is presented. For this purpose, nanocontact
printing (nCP) is performed with a silicone that was originally developed in 2009 for
a variation of nanoimprint lithography (NIL) and, to our knowledge, has not yet been
used for contact printing.

First, masters were produced by phase transition mastering (PTM) and silicone stamps
were molded from them. Two types of silicones with high Young’s modulus were used
and the structural shape, diameter and period were varied to the technical limits of
PTM. From this it could be deduced which degree of hardness of the silicone is required
for which geometry. An equally important part of nCP is substrate preparation and
coating, and several variants have been reviewed. A coating material that has not yet
been used for pCP or nCP has been shown to give the best results. The functionality of
the produced protein patterns was checked by TIRFM and super-resolution microscopy.
Subsequently, a master was acquired that had a period of 140 nm and nanopatterns
were successfully created. At these length scales, the choice of the protein turned out
to be crucial for success. These protein patterns were examined with atomic force
microscopy (AFM) and stimulated emission depletion (STED) microscopy. With these
nanopatterns, it will be possible to decrease the resolution of the protein interaction
assay to below 300 nm.
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Zusammenfassung

Membranproteine sind die Schnittstelle der Zellkommunikation und das Ziel von mehr
als 60 % aller Medikamente. IThre quantitative Analyse ist jedoch nach wie vor heraus-
fordernd, da die hochkomplexe, lokale Umgebung bestehend unter anderem aus weit-
eren Proteinen entscheidend fiir ihre Funktionalitéit ist. Unsere Gruppe stellte 2008 eine
Methode vor, die es erlaubt, die Interaktion von Membranproteinen in Raum und Zeit
zu verfolgen. Hierfiir werden die Zellen auf mikrostrukturierte Substrate gebracht, die
die Membranproteine in vivo auf periodische Bereiche fixieren. Die laterale Verteilung
von markierten Zielproteinen wird dabei in der lebenden Zelle mittels total internal re-
flection fluorescence microscopy (TIRFM) verfolgt. Bei Interaktion wird die raumliche
Verteilung der Zielproteine der der fixierten Membranproteine entsprechen, wahrend
anderenfalls eine eher gleichmafige Verteilung tiber den verfiigharen Raum vorliegt.

Die Grundlage dieser Methode stellt das Substrat dar, welches die Anordnung der Mem-
branproteine strukturiert. Hierfiir wird ein zweidimensionales Muster von Fang- und
Blockproteinen auf einer TIRFM-geeigneten Oberfliche aufgebracht. Die laterale Au-
flosung der Methode zur Interaktionsdetektion ist dabei vorrangig iiber die Periodizitat
dieses Proteinmusters definiert. Die Analyse rdumlicher Heterogenitaten in der Protein-
Protein-Wechselwirkung erfordert die Abfrage von Kontrastwerten bei einer rdumlichen
Frequenz, die hoher ist als die Auflosung des Proteinmusters. Um die laterale Auflo-
sung in den Groflenbereich von einem Mikrometer zu bringen, ist aufgrund des Nyquist-
Theorems eine Periode von weniger als 500 nm erforderlich. In dieser Arbeit wird eine
einfache Methode vorgestellt, um mittels nanocontact printing (nCP) Substrate mit Pro-
teinmustern herzustellen, die eine Periode deutlich unter der optischen Auflésungsgrenze
von 200 nm erreichen kénnen. Hierfiir wird nCP mit einem Silikon durchgefiihrt, welches
2009 ursptinglich fiir eine Variation von nanoimprint lithography (NIL) entwickelt und
noch nicht fiir nCP verwendet wurde.

Zuerst wurden mit phase transition mastering (PTM) Master hergestellt und davon
Silikonstempel abgeformt. Es wurden hierfiir zwei Arten von Silikonen mit hohem Elas-
tizitdtsmodul verwendet und die Strukturform, -durchmesser und -periode bis an die
technischen Grenzen von PTM variiert. Daraus konnte gefolgert werden, welcher Hérte-
grad des Silikons fiir welche Geometrie benétigt wird. Ein ebenso wichtiger Bestandteil
bei nCP ist die Substratvorbereitung und —beschichtung und auch hier wurden mehrere
Varianten iiberpriift, wobei sich eine Methode, die bislang noch nicht fiir pCP oder nCP
verwendet wurde, als die Beste erwies. Die Funktionalitidt der hergestellten Protein-
muster wurde mittels TIRFM und hochauflésender Mikroskopie tiberpriift. Anschliefend
wurde ein Master angefertigt, der eine Periode von 140 nm aufwies und damit erfolgreich
Protein-Nanomuster erstellt, wobei sich allerdings gezeigt hat, dass in dieser GréBenord-
nung die Wahl des Proteins entscheidend ist. Diese Proteinmuster wurden mit atomic
force microscopy (AFM) und Stimulated Emission Depletion (STED) microscopy unter-
sucht. Mit diesen Nanomustern ist es moglich, die Auflosung der Interaktionsdetektion
auf unter 300 nm zu verringern.
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1. Motivation

Membrane proteins are the interface for the interaction between a cell and its environ-
ment [1]. They are therefore of academic value, but also the target of 60 % of all medical
drugs [2], which makes them a necessary research target from a medical point of view.
However, in order to understand which partners interact at the molecular level, it is
necessary to know the protein interaction patterns in space and time.

Most approaches to the analysis of protein interactions rely on cell lysates using tech-
niques such as immunoprecipitation, affinity purification, or chemical crosslinking [3, 4].
However, this screening platforms are rather artificial systems rendering the results prob-
lematic to confer on the in vivo situation. In live cells, assays are challenging, laborious,
suffer from detection of false positives or negatives, do not allow for easy quantification,
and/or are not readily accessible for many labs (e.g., bimolecular fluorescence com-
plementation [5], yeast two-hybrid screen [6], forster resonance energy transfer [7], or
single-molecule methods [8]). The quantitative analysis of membrane-protein interac-
tions in living cells is still very challenging because the plasma membrane is both highly
complex and highly dynamic [9].

Our group has developed a method that allows to make statistical statements about the
interaction of membrane proteins and other interaction partners within a living cell [24].
The basis for this method are substrates with patterned anchor proteins. This method
was applied with a pattern of 3pum disks and 3 pm spaces with total internal reflection
fluorescence microscopy (TIRFM). However, in order to resolve micrometer-sized clusters
of membrane proteins, structures having a period smaller than half the typical feature
size are necessary. The resolution achievable with this method is therefore limited by two
major factors: the microscopy technique and the periodicity of the anchor proteins on
the substrate. In this work, existing super-resolution microscopy devices were used, the
focus was on the simple production of high-quality substrates with patterns of anchor
proteins down to a periodicity of less than 200 nm.

A state-of-the-art laboratory technique for creating 2D patterns of proteins is microcon-
tact printing (nCP), which is fast, inexpensive, and simple, requiring neither cleanroom
instruments nor absolutely flat surfaces [10]. Poly (dimethylsiloxane) (PDMS) has been
the material of choice for mCP since its introduction in the early 1990s [11, 12]. Un-
fortunately, PDMS is not suitable for nanopatterns. Disadvantages of PDMS such as
sagging and pairing are particularly pronounced in the sub-micrometer range, so that
the invention of alternative techniques and materials for the nanoscale has become nec-
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essary. Alternatives include conventional photolithography to form a base template for
protein adsorption, but this is limited by diffraction [13]. Below the diffraction limit,
dip-pen lithography [14, 15] and e-beam patterning [16] play a major role, but these are
relatively delicate processes. Finally, nanoimprint lithography (NIL) applications are in-
dependent of the deflection limit and offer an alternative method for nanostructuring of
proteins, even with metal-based reusable templates [17]. However, NIL-based processes
are also very complex and often require hazardous resists and expensive systems.

Here, a nanocontact printing approach to fabricate highly condensed 2D-nanopatterns
of proteins is presented that has all the advantages of silicone-based printing while
avoiding its drawbacks. This is made possible by utilizing the novel stamp material
X-PDMS in a 2-layer stamp architecture which has been, to our knowledge, so far only
been applied for substrate conformal imprint lithography (SCIL) [18, 19]. The Young’s
modulus of X-PDMS can be adjusted by the curing temperature and time up to 80 MPa
which is suitable for SCIL with nanofeatures down to several tens of nanometer. Thus,
the stamp combines the advantages of two worlds: allowing features and a periodicity
down to the nanometer range and having a long lifetime while still ensuring conformal
contact between non-perfect surfaces over large areas and being easy to fabricate. Using
X-PDMS for nCP was exemplified by creating a nanostructured antibody surface with
feature sizes of 80 nm and a periodicity of 140 nm.
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2. Objective and overview

The main goal of this work was the development of a technique for the reproducible
production of substrates with nanostructures. The protocol should be suitable for lab-
oratory use. Specifically, it has been defined that the array of disks of anchor molecules
surrounded by a suitable blocker should have a period of less than 200 nm. The pat-
terns should be very dense and homogeneous, which means that there are no blocking
proteins in the anchoring area and vice versa. In addition, the distance between cell and
substrate between the two layers (anchor and blocker) should not vary significantly, as
this can lead to misinterpretations, especially in TIRF-based techniques. Finally, strong
binding to the glass substrate was also important as the adherent cells would pull on
the protein patterns and remove low bound proteins. However, this coating must not
increase the autofluorescence compared to glass.

The next chapters of the introduction explain the scientific basics and methods re-
quired for the experiments. This includes a summary of the application and the relevant
lithography and microscopy techniques.

In the second part of this work the technique is presented, with which the goals of this
work could be achieved. The nanostructuring of proteins by nanocontact printing using
high modulus silicone stamps is described here. In detail, the influence of the various
parameters on the quality of the print is examined. These include the structure size
and the Young’s modulus of the stamp, various substrate coatings and also the choice
of the protein to be printed and its concentration. Experiments are first performed
with a period greater than 600nm before concluding how to achieve a printing with
the constraints described above. This was implemented by the production of nanopat-
terns with 140 nm period. The protein structures were investigated by atomic force
microscopy (AFM), their functionality quantified by Total Internal Reflection Fluores-
cence Microscopy (TIRFM), Stochastic Optical Reconstruction Microscopy (STORM)
and Stimulated Emission Depletion (STED) Microscopy.

The third part describes two experimental approaches for the production of surfaces
featuring nanostructured proteins. These methods could not fulfill the set conditions for
different reasons. Nevertheless, they may be of interest for other applications or through
appropriate advancements. The first method describes nanocontact printing by means
of hard, functionalized stamps. Second, an attempt to achieve the goal by nanoimprint
lithography of a water-soluble resist is described.
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3. Abbreviations

AFM
BSA
DIW
FNT

FWHM
nCP / nCP
NIL

PBS
PDMS
PFOCTS
(P)NAM
PTM
RICM
RT

SAV
SCIL
SDS
STED
STORM
TIRFM

atomic force microscopy

bovine serum albumin

deionized water

fibronectin

full width at half maximum
micro/nanocontact printing

nanoimprint lithography

phosphate-buffered saline
poly(dimethylsiloxane)

1H, 1H, 2H, 2H-Perfluorooctyl-trichlorosilane
(polymerized) N-acryloyl morpholine

phase transition mastering

reflection interference contrast microscopy
room temperature

streptavidin

substrate conformal imprint lithography
natriumdodecylsulfat

stimulated emission depletion

stochastic optical reconstruction microscopy
total internal reflection fluorescence microscopy
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4. Interaction assay based on protein
patterns

The interaction between membrane proteins and proteins within the cell can be quanti-
tatively analyzed by a robust, simple and straightforward technique [20, 21, 22, 23]. In
short, membrane proteins (baits) of a living cell are limited by an external influence on
periodic areas. As a cell attaches to the substrate, the baits diffuse within the membrane
until they become attached to the anchor molecules and ideally have the same periodic
and well-defined pattern that has been produced and presented on the substrate. The
lateral distribution of a fluorescently labeled interaction partners (prey) within the cell
is monitored by fluorescence microscopy. When bait-prey interactions occur, the tagged
prey molecules represent the pattern of the bait molecules, while a homogeneous distri-
bution of the prey proteins indicate the missing interaction (Figure 4.1A, B). Among
other things, this method was used to investigate the interaction of captured CD4 (mem-
brane protein, bait) and LCK (protein involved in intracellular signaling pathways, prey)
on a pattern with disks with a minimum size of 3 pm and interstices of the same size
21, 22, 23] (Figure 4.1C).

The external influence that is intended to fix the membrane proteins is generated by
a substrate with anchor proteins (streptavidin proteins and antibodies), these anchors
being localized in a periodic and well-defined 2D pattern. The lateral resolution is defined
by the protein pattern of the bait, which is achieved by anchor proteins on the prepared
substrate. According to the Nyquist theorem, the established microstructuring method
with a period of 6pm is sufficient for a resolution of 12pum. To resolve biologically
relevant protein clusters such as the immunological synapse of the T cell activation with
a length scale of 1 pum, periods of significantly less than 500 nm must be used. This, in
turn, indicates feature sizes below 250 nm that require high-resolution microscopy and
fabrication techniques that are not limited by the diffraction barrier.
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#*  streptavidin

&  Dblocker protein

! captured bait protein
wp labeled prey protein

Figure 4.1.: Sketch of the assay to study the interaction of membrane proteins. Chosen
membrane proteins (bait) get captured by a protein pattern on a substrate.
The target (prey) gets labeled with a fluorescing dye. (A) If there is no
interaction of bait and prey, the fluorescently labeled prey is distributed
homogeneously. (B) If interaction between bait and prey appear in vivo,
the monitored prey will represent the pattern of the bait. (C) TIRFM image
of a living cells on a substrate with 3 nm sized disks and 3 pm interspaces.
The cell outline is indicated by a dashed white contour line. Scale bar 7 pm.
Modified from [24]
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5. Lithography

5.1. Phase Transition Mastering

The two processes that are the focus of this work are nanoimprint lithography (NIL)
and nanocontact printing (nCP). For both, a master is required for the development of
stamps. Depending on the conditions attached to a master, different approaches to the
preparation of the same are appropriate [25]. In short, for masters having structures
several microns wide and non-regular patterns, masked photolithography may be the
technique of choice. An example of this would be microfluidics, which can be transfered
very well by photolithography. With periodic patterns up to a structure size of several
hundred nanometers, the interference lithography allows the creation of small structures
on a large area. A flexible technique for structures less than 100 nm wide is electron beam
lithography, which on the other hand is expensive and slow. The direct use of biological
samples to model bionic structures can be innovative [26]. However, the possible freedom
of development is low and one relies on existing and suitable biological samples.

One technique that, to our knowledge, has not yet been applied to nCP mastering is
Phase Transition Mastering (PTM). PTM was invented by Sony DADC for the devel-
opment of templates for the 2003 Blu-ray injection molding process [27, 28]. By 2009,
94 % of the Blu-ray masters manufactured by Sony DADC were created with their PTM
device PTR-3000 BD Mastering System [29]. One of the strengths of this device is the
relatively fast creation of concentric structures that are less than 100 nm deep. Adjust-
ments to the PTM by the Sony DADC BioSciences GmbH made it possible to write
patterns that go beyond the concentric Blu-ray Disc patterns, which made the creation
of masters for this project possible.

PTM is divided into four steps: sputtering, writing, developing and plating (figure 5.1).
The process begins with the sputtering of three layers on an eight-inch silicon wafer.
The first layer is an etch stop OPT layer of about 10 nm. The second layer, amorphous
silicon, is about 100 nm high. This layer is an essential component of the temperature
absorption and can also be used if deeper structures are desired to be generated by deep
reactive ion etching (DRIE). The uppermost layer forms an inorganic resist called the
phase transition material (PTM layer), typically less than 30 nm. It consists of imperfect
oxides of tungsten and molybdenum [30]. A blue laser beam with a Gaussian profile is
focused on the uppermost layer of the constantly rotating wafer. Upon laser irradiation
(A = 405nm), the phase transition material changes from amorphous to polycrystalline
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5.1. Phase Transition Mastering

Beam Intensity

Figure 5.1.: (A) An eight inch silicon wafer gets sputtered with three layers: etch-stop
OPT-layer, amorphous silicon, and the inorganic PTM-layer. (B) A laser
beam (A =405nm) focuses on the spinning wafer writing the pattern. (C)
The inorganic resist requires a certain energy threshold for its heatchemi-
cal reaction. The size of these features are much smaller than for DVDs
which uses organic resists and a photochemical reaction. (D) The heated
parts crystallize and swell and (E) can be dissolved in a development bath
exposing the amorphous silicon below the inorganic resist. (F) Plating the
PTM-master with nickel results in the final nickel master which will be
further processed.
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5. Lithography

by thermal absorption. With tetramethylammonium hydroxide (TMAH) wet chemistry,
the master can be developed, that is, the crystalline areas are removed to the amorphous
Si layer.

Since the phase transition of the PTM layer is a non-linear process and a certain
temperature threshold is required to induce the transition, the diameter of the effective
spot can be set to a width of about 100 nm which is below the diffraction limit.The
excess heat is transferred to the underlying amorphous Si layer. If the PTM layer is
significantly higher than 100 nm, either the temperature threshold in the PTM layer can
not be uniformly achieved or the heat dissipates too slow, which broadens the width of
the written structure.

The PTM wafer released by the PTR-3000 is electrically conductive, allowing nickel
to be galvanized directly with a thickness of 0.5 mm. The peeled nickel disk shows the
inverse of the written PTM master and serves as the actual master for silicone imprints
in this work. Nickel has the great advantage that it forms an inert nickel-oxide layer and
silicone can be molded without adhesion problems. It is also possible to produce several
nickel masters from one PTM wafer or even to further modify the PTM wafer. The
sputtering of a conductive layer onto the PTM wafer before plating reduces the width of
wells and widespread pillars, which was used in this work to create 80 nm width silicone
pillars.

5.2. Nanoimprint lithography

In 1995, Steven Y. Chou’s group introduced a technology for producing nanoscale topo-
logical patterns and named them Nanoimprint Lithography (NIL) [31]. In NIL, a stamp
with relief structures is pressed into a resist so that the cavities of the stamp are filled
with it. The resist gets cured either by temperature or UV-light so that the polymer
shows the negative of the stamp.

Chou et al. embossed 25 nm diameter pillars using heat and pressure in PMMA (thermal
NIL, T-NIL). Shortly thereafter, Haisma et al. (1996) and Ruchhoeft et al. (1999)
presented a method for curing with UV light (UV-NIL) [32, 33]. In this variant, a
transparent stamp is pressed at room temperature at a significantly lower pressure in a
viscous pre-polymer, which can be cured by UV light before demolding. UV-NIL has
the great advantage that both the required pressure and the curing time are greatly
reduced. Both T-NIL and UV-NIL have shown replication of 5 — 10 nm structures and
imprinted areas up to 200 mm in diameter [34, 25, 35].

Compared to many other lithographic methods, NIL has the advantage that the struc-
ture transfer relies on direct contact, so its resolution is not limited to the limitations of
light deflection or beam scattering factors.
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5.2. Nanoimprint lithography

In addition to these two basic processes, a large number of process variants have been
developed on their basis over the last 25 years [36]. One major difference between
the variants is the geometry of stamp and substrate: plate-to-plate (P2P), roll-to-plate
(R2P) and roll-to-roll (R2R) NIL (fig. 5.3). In P2P, a flat stamp is used to print on
a flat substrate which is coated by a suitable resist. This variant is the simplest NIL
setup, but technically has some disadvantages. For example, the contact surface in a
roll process is theoretically a line, so at P2P a much higher force is needed to get the
same pressure (= force per area). In this work we have only used P2P, the term NIL is
used synonymous with P2P-NIL.

A fundamental problem of NIL is the difficulty in achieving conformal contact between
a rigid stamp and a hard substrate such as glass (fig. 5.2). To address this problem,
among others, Whitesides et al. introduced the use of poly(dimethylsiloxanes) (PDMS)
for embossing lithography and the term "soft lithography" [12]. PDMS is a polymer with
an inorganic siloxane backbone and organic methyl groups [37]. The great advantages
of this material are that silicone stamps can easily establish a conformal contact over a
large area, they are less susceptible to particle or stamp detachment and can be produced
more cost-effectively from a master. In addition, its gas permeability prevents defects
caused by trapped bubbles in the resist layer [38]. However, common PDMS as used by
Whitesides has a low Young’s modulus and is therefore not stable enough for stamps
with features in the nanoscale.

A B

Figure 5.2.: Schematic representation of defects which can occur in NIL or NIL-like pro-
cesses. (A) Partial contact of the stamp with the wafer due to a skew. (B)
A particle prevents contact between stamp and substrate over an area many
times the particle size. (C) Incomplete filling of features. (D) Breaking of
an imprinted resist feature which remains attached to the stamp. Modified
from [38]
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5. Lithography

THERMAL NIL

(1) Resist coating

] Imprint mold

Thermoplastic
polymer resist

T Substrate

(2) Heat and Press

Temperature
above glass
transition temp

UV NIL

{1} Resist coating

Imprint mold =S

Photopolymer
resist

Substrate

(2) Press and Expose

UV light
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Figure 5.3.: Comparing NIL principles.

(top) Differences in the way of curing the

monomer solution. (bottom) Differences in geometry of stamp and sub-

strate. Modified from [36]

12


https://www.tuwien.at/bibliothek
https://www.tuwien.at/bibliothek

Die approbierte gedruckte Originalversion dieser Dissertation ist an der TU Wien Bibliothek verfugbar.

The approved original version of this doctoral thesis is available in print at TU Wien Bibliothek.

thele

(]
blio
nowledge

(]
I
rk

5.3. High-modulus silicone stamps

5.3. High-modulus silicone stamps

Poly(dimethylsiloxane) PDMS is a polymer of linear linked dimethylsiloxane molecules.
If the prepolymer and curing agent are purchased commercially, the PDMS production
is very simple: Thorough mixing of the two components, degassing and pouring of the
master. The polymerization already starts with the mixing of the components and can
be accelerated by raising the temperature. The hardness of the material resulting from
the polymerization can be described by the Young’s modulus. It is a material constant
which represents the ratio of stress and strain of a solid body with linear-elastic behavior:

E =2 = constant (5.1)
€

with the mechanical stress o and the strain e which is defined as the change in length
divided by original length.

At near-zero stress, most materials have a linear region and the deformation is re-
versible. With a higher modulus, more stress is needed to effect the same change in
length. The Young’s modulus for PDMS varies with the cure time and temperature
between Fg = 1.3 — 3.0 MPa (commercial Sylgard 184 PDMS) [39, 38]. It is therefore
typically smaller than natural rubber E< 50 MPa [40] and much smaller than for ex-
ample Polypropylen F = 1.3 — 1.8 GPa [41], glass £ = 40 — 90 GPa [40] or graphene
E = 1000 GPa [40] (all at 20°C).

Its great popularity in the academic field is due to PDMS’s additional attractive features
[37, 38, 42, 43, 39]:

o (relatively) inexpensive

» easy to fabricate

« conformal contact

o chemical inert

 transparent near-UV and visible light

o temperature stable up to 200°C

o low interfacial free energy (21.6 dyn/cm)
o gas permeable

o water impermeable

Soft PDMS stamps are well established for both pCP and NIL. Due to the low modulus
of elasticity, a PDMS stamp can easily form a conformal contact over a large area, is less
sensitive to particle or stamp releases, and several stamps can be inexpensively produced
by a master [38]. In addition, its permeability prevents problems caused by entrapped
air bubbles in the resist layer when printed at ambient pressure.

Of course, there are disadvantages associated with the benefits. The soft material is
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5. Lithography

susceptible to three major deformations: sagging, deformation and pairing. Sagging
describes the collapse of cavities, deformation occurs on contact under pressure. When
individual features stick together, it is called pairing. These instabilities are mainly
dependent on the low Young’s modulus and the low surface energy and have been studied
extensively, as they often represent the limiting factor for the spatial resolution of soft
lithography approaches. For example, if the elastic energy stored in deformed features is
less than the energy gained from the reduction in surface energy at the interface between
two features, the patterns are permanently paired [38].

High-modulus silicone derivates Although a low Young’s modulus is required to make
conformal contact over larger areas, increasing the modulus would improve the mechani-
cal stability of the silicone. To increase the elastic modulus of PDMS, a modified PDMS
type called H-PDMS was developed. The H-PDMS rubber has a Young’s modulus
Ey =8 — 12MPa, which is approximately four times the modulus of soft PDMS. How-
ever, calculations have shown that this Young’s modulus is still insufficient to obtain
stable patterns below 100 nm [38]. Therefore, a new silicone derivative called X-PDMS
was developed and patented specifically for substrate conformal imprint lithography
(SCIL), a variant of P2P-NIL [18].

X-PDMS is a modified PMDS with 20- to 40-fold increased elastic modulus. While
normal PDMS and H-PDMS are two-component systems of linear dimethylsiloxane
molecules, branched systems (Q-siloxanes) were introduced for X-PDMS (fig. 5.4). By
adding branched precursors to a linear PDMS network, multi-directional links were cre-
ated to form a 3D network. The chain length of the prepolymers and the amount of
reactive groups in each precursor were adjusted to maximize the crosslink density. A
Young’s modulus of Exy = 80MPa could be achieved in this way [38]. Due to the
stronger cross-linking, the material also loses some of its advantages, among others it
gets very brittle. It is therefore not used as a pure stamp material, but as the top layer
of a composite stamp.

The SCIL stamps consist of an layer of X-PDMS (300 pm), a flexible layer of PDMS
(0.5 —2mm) and thin intermediate layer for adhesion of the both silicones. A glass can
be added on top of the soft PDMS to support stabilization. This stack ensures that
the stamp best combines the advantages of low-modulus silicones and high-modulus
silicones. The soft backplane allows conformal contact across the entire stamp surface,
while the stiffer X-PDMS layer minimizes stamp deformation and printing distortion.
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5.3. High-modulus silicone stamps
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Figure 5.4.: Chemical representation of (A) the linear polymer Poly(dimethylsiloxane)
(PDMS) and (B) the Q-branched siloxane precursor. (C) The latter plays
an important part of the synthesis of X-PDMS and increases the Young’s
modulus by 3D-crosslinks. Modified from [18, 38]
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6. Protein patterning

6.1. Proteins and membrane proteins

Proteins in general Proteins are linear polymers consisting of amino acids linked by a
special type of covalent bond. In eukaryotes, only 20 amino acids are known to be part
of proteins, while at least 300 amino acids are found in cells and also have important
functions [44]. However, the complexity and functionality of proteins is rarely defined
by their sequence (primary structure) but by the folding of the biopolymer. Particularly
stable arrangements which form recurrent structural patterns are referred to as secondary
structures. The tertiary structure describes a three-dimensional folded polypeptide. If
at least two polypeptides form a unit, this is called the quaternary structure [44]. For
example, the streptavidin monomer consists of 159 amino acids and in its folded form
has a high affinity for vitamin biotin. In its original form it is a homotetramer, the
quaternary structure consists of four identical units.

There are several ways to describe proteins. In this work, this pathway was chosen
because it will be important that the proteins change their size upon adsorption and
that this is related to their polymer structure. But first the term "size" has to be defined
and for this the Stokes radius R is often used. This is the radius of a hypothetical solid
sphere that has the same diffusion coefficient in solution as the object itself. Thus, the
Stokes radius is not the pure extension of the molecule, but often includes entrained
molecules of the solution.

kT
~ 6mnD

(6.1)

with the Boltzmann constant kg, the temperature 7', the viscosity of the medium 7,
and the diffusion coefficient D.

For proteins, the Stokes radius is typically in the range of 3 — 10nm. In this work,
the height of the proteins on the substrate are measured and compared with published
values of their Stokes radius.
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6.1. Proteins and membrane proteins

Membrane proteins When looking at membrane proteins for the assay described here,
not their polymer structure is in the foreground, but the embedding and diffusion in a cell
membrane. The central architectural feature of biological membranes is a double lipid
layer. The major components depend on the cell type, but consist of approximately 1/3
proteins, 1/3 phospholipids, and 1/5 sterols (by weight) [44]. The mobility of membrane
proteins within the membrane is crucial for the ability to pattern membrane proteins
in a living cell by external anchors and can be described by the fluid mosaic model
[45]: membrane proteins are embedded in the lipid bilayer and can diffuse in the lipid
environment as in a 2D fluid (Figure 6.1A). Although this model was developed more
than 40 years ago and has been continuously improved [46], the simple model still meets
the requirements to understand the application in this thesis, even though a modern
understanding of the membrane shows that it is much more complex (Figure 6.1B).

If the diffusion of the membrane proteins to be examined were restricted or very slow,
it would not be possible to use this assay. Diffusion in a 2D fluid was theoretically
described in the Saffman-Delbriick model in 1975 [47] and has been steadily improved
[48, 49]. The diffusion coefficient D is described by the mean square displacement (x?)
in the time ¢. It could be shown that for 2D diffusion the Navier-Stokes equation can
not be simplified to the Stokes equation without the need for correction terms. In the
case of 2D fluids, the ratio of the viscosity of the membrane ., to the viscosity of the
surrounding fluid py and the ratio of the membrane thickness h to the radius a of the
simplified protein (a cylindrical inclusion) play a not insignificant role:

p— & kBTh [m (h’“‘m> —’y] (6.2)

2% AT oy, a fiy

with the Boltzmann’s constant kg, the temperature 1" and the Euler-Mascheroni con-
stant v ~ 0.577.

For lipids, the diffusion coefficient is approximately 1 pm?s~!. The mobility of mem-

brane proteins depends on their function and are typically lower than the coefficient for
lipids. At the lower end of the spectrum is fibronectin, which is anchored to actin
filaments on the intracellular side by integrins and has a coefficient D of less than
10~*pum?2s™! [50]. Theoretically, it would therefore take about 6 days for a fibronectin
in the cell membrane to cover the distance of 10 pm by diffusion, whereas for a lipid it
would take less than 1 min.

Proteins of interest On coated glass substrates, three types of proteins are indirectly
and directly structured in this work: streptavidin, fibronectin, and bovine serum albumin
(Figure 6.2).

Streptavidin (SAV) is a 52.8 to 66 kDa protein homotetramer. Due to its high bi-
otin activity with a dissociation constant of about 10-14 mol/L, it is widely used in
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Figure 6.1.: (A) This early model described proteins diffusing in a 2D-liquid of lipids.
(B) A more modern approach expects a more crowded membrane which
influences the diffusion of the proteins to a great amount. In this sketch,
the asymmetry of the membrane is shown by the exposed fibronectin with
binding sites for both integrin and the proteoglycan. Both modified from
[44].

biotechnology. It is the strongest noncovalent interaction known in nature and usually
disturbed only by conditions that result in irreversible denaturation of the complex [51].
Since many macromolecules can be biotinylated, it is often used as a biological adhe-
sive for research methods and biotechnological techniques [17, 52, 53]. In addition, due
to the stability of the streptavidin-biotin complex to organic solvents, denaturants (eg,
guanidinium chloride), detergents (eg, SDS, Triton), proteolytic enzymes, and extreme
temperatures and pHs, it became widely used in molecular biology and bionanotechnol-
ogy [54, 17]. However, the protein tends to aggregate in solution when rehydrated after
lyophilization at a neutral or acidic pH [55]. It has a Stokes radius of about 4 nm [56].

Fibronectin (FNT) is a high molecular weight (440 kDa) extracellular matrix glyco-
protein. FNT is widely used to mimic the native extracellular matrix and promote cell
adhesion to solid substrates [57, 58, 59]. Its size in solution varies in length from 160 nm
[60] to 8.7nm [61]. While SAV can represent the anchor regions, FNT functions as a
blocker, but in addition with cell adhesion. Due to the importance of the equidistant
contact for TIRFM, fibronectin can ensure the anchoring of the cell even in the blocking
areas.

An alternative blocking protein is bovine serum albumin (BSA) of about 67 kDa, com-
parable in size to SAV. Since it is a relatively small, stable, poorly reactive protein, it
is often used as a blocker in various applications. It has a Stokes radius of 3.48 nm [62].
Cells do typically not adhere to BSA.
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6.2. Patterning of proteins

Figure 6.2.: Ribbon diagrams of the proteins applied in this thesis. (A) Streptavidin
monomer with captured biotin. (B) Fibronectin. (C) Bovine serum albu-
min. From [63, 64, 65]

6.2. Patterning of proteins

Micropatterning In recent years, surfaces featuring micropatterns of biomolecules,
particularly proteins, have seen a surge of interest. They have found multiple appli-
cations in biomedical research such as stem cell differentiation [66, 67], microarrays
[68, 69, 70], proteomics [71, 72], and biomimetic sensors [73]. Furthermore, micropat-
terned surfaces have been applied to influence the protein distribution in living cells to
address several cell biological questions [74, 75, 76, 77, 78, 79, 21]. Different techniques
have been developed for fabricating patterned surfaces which cater to the demands of
the respective applications.

One family of techniques is based on indirect deposition of proteins; the most prominent
of these are photolithography [80, 81] and laser microablation [82], where the minimum
feature sizes are set by the diffraction limit of light. Methods based on direct deposition
of proteins include maskless projection lithography [83], microfluidic patterning [84, 85],
and contact-based printing. The latter itself expands to a wide range of methods were
microcontact printing (nCP) stands out as a convenient, cost-efficient, and straight-
forward method [86, 11]. Therefore, pCP with poly(dimethylsiloxane) (PDMS) has
found its way into many laboratory applications for micropatterning of proteins.

Nanopatterning While several convenient methods exist today to create microstruc-
tured surfaces, the fabrication of patterns with a feature size below 1 pm is still chal-
lenging and often requires trade-offs between speed, biocompatibility, cost, versatility
and experimental complexity. However, to enable the development of a new generation
of high-performance nano-biointerfaces for proteomics and cell research, the miniatur-
ization of protein patterns down to the nanoscale is necessary: nanostructured surfaces
would not only match typical length scales of cellular plasma membrane structures, they
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6. Protein patterning

further fit capabilities of state-of-the-art super-resolution microscopy readout technolo-
gies [87]. For this purpose, dip pen nanolithography [88, 89], electron beam lithography
[90] or STED lithography [91, 92] have the advantage of a high resolution and full
freedom of choice regarding the created protein patterns, but are typically slow and
require complex procedures and equipment. Other techniques for nanopatterning which
overcome the restriction of the diffraction limit are colloidal lithography [93], di-block
copolymer micelle nanolithography [94, 95], di-block copolymer self-assembly [96], or the
indirect deposition employed by electropolymerization to functionalize gold micro- and
nanoelectrodes with proteins [97].

On the other hand, nCP has seen widespread adoption due to its simplicity and good
performance. However, printing with PDMS stamps typically results in sagging of the
interspaces or pairing for features significantly below 1 pm [10, 98, 38]. Therefore, many
creative methods were developed to circumvent the limitations of PDMS as a stamp ma-
terial for nanocontact printing. One successful approach to create features below 100 nm
by contact printing made use of silicone stamps with pyramidical features [99, 100]. A
drawback of this stamp architecture is that only periodicities in the micrometer range
can be realized. A different strategy to improve resolution is to increase the Young’s
modulus of the stamp material. This, however, can entail changes of the material prop-
erties compared to PDMS with respect to surface energy, as well as the necessity for
complex procedures in stamp production. Thus, the fundamental advantages of silicone
such as ease-of-use, compliant contact, and low surface energy, are often abrogated.
For instance, polyolefin plastomers foils can yield imprints of superior quality in the
sub-micrometer range compared to PDMS, however, the stamp development requires
hot embossing [101]. Therefore, global flatness is hard to achieve after demolding and
requires equipment with a high cost of ownership especially for larger stamps [102]. Fur-
thermore, the material is not gas permeable which increases the appearance of trapped
air bubbles, particularly in a manual printing procedure. Another example is the use
of a PDMS derivative with increased Young’s modulus of up to 9 MPa for printing
proteins with a periodicity down to 210nm [103]. The density of proteins that could
be achieved with stamps featuring 100 nm pillars, however, was very low and imprints
exhibited a number of defects. The quality of these patterns would not be sufficient for
the protein-interaction-assay.

6.3. Protein adhesion promoter

Epoxide Epoxy coating is a very common adhesion promoter on glass and polymer sub-
strates for proteins or nucleotides in both research and industrial production. Epoxide
is a cyclic ether with a three-atom ring, which is strained and thus highly reactive. The
opening of the epoxide ring is a strong electrophilic reaction, and alcohols, water and
amines can serve as nucleophiles. An epoxide-silane bonded to a glass surface presents
its epoxide ring and is called an epoxy coating. Upon contact with the amino group of
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6.3. Protein adhesion promoter

a protein, a nucleophilic attack occurs and the protein covalently couples to the surface
(fig. 6.3A).

Epoxy coating has several great advantages. It is very strong (covalent) and can be pro-
duced evenly with a CVD process (Chemical Vapor Deposition). This allows monolayers
of epoxide groups at industrial production level and is correspondingly low in manufac-
turing costs. The disadvantages, however, may limit its application. It reacts with water
in a hydrolysis reaction, resulting in no longer functional, opened epoxide rings. In ad-
dition, the reactions of epoxides are non-specific, resulting in random covalent bonding
and possibly decreasing the functionality of the protein ensemble.

protein

{’

protein

s e >
|
(GHa)e (CHa),
NH, HNH
CH,
O(E"’ HO-CH
: %

Figure 6.3.: Two coating strategies for protein adhesion promotion. (A) The epoxide
ring covalently links to the presented aminogroup of a sample protein. (B)
Anteo’s Biosensor reagent forming a cluster of metal ions on the substrate
holding an antibody. Modified from [104, 105].

Polymeric metal ion coating Polymer metal ion coatings are a relatively new option
for use as adhesion promoters, but have already found several applications, particularly
in the development of immunosensors [106, 107, 108, 109]. The coatings can be based
on various metals, including cationic Cr (III) in polymeric form (<5,000 D) (fig. 6.3).
This can form a coating about 1 nm thick and links by chelate chemistry with a suitable
substrate such as glass or thermoplastics such as cycloolefin (co)polymer (COC / COP)
[106]. A single interaction between a metal ion and the biomolecule would be neither
strong enough to hold it in position, nor irreversible. Only with a multitude of weak
compounds does the ion cluster produce a strong adhesion effect through avidity-binding
interactions (Figure 6.3B). The bonding strenght is omparable to the connection of
streptavidin and biotin [105].

Experiments with captured streptavidin and biotinylated fluorophores have shown that
this type leads to higher intensity bonding than, for example, an epoxy coating [105].
This could be explained by the fact that this coating does not generate a nonspecific
covalent bond, but an immobilization that allows a rotation of the biomolecule. That
would increase the likelihood of successful association with the antibody. In addition,
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6. Protein patterning

the risk of irreversible chemical or structural modification that reduces the functionality
of the biomolecule is reduced. The choice of a biomolecule is limited in this case such
that the coating can only be used if the reagent has an electron donor potential.

Compared to the epoxy coating, the biosensor coating does not react with water. How-
ever, buffers with strong chelating potentials such as PBS should be avoided since they
could passivate the surface. To the best of our knowledge, a polymer metal ion coating
has not been used for contact lithography.
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7. Microscopy

7.1. Atomic force microscopy

Atomic Force Microscopy (AFM) is a non-optical microscopy technique developed by
IBM in 1982 for nanoscale surface measurements [110]. The core of an AFM consists of
a cantilever with a fine nanoscale tip (Figure 7.1B,C). The cantilever is positioned near
a surface so that the tip can interact with the surface molecules. A laser is reflected
from the back of the cantilever to a position detector, and a feedback loop processes
the information from the detector and responds via a control unit (Figure 7.1A). The
AFM scans arrays point by point and creates a 2D image with the topology on the third
axis. Software algorithms help to get an interpretable image from the recording through
leveling and other functions.

Photodiode Laser
detector
Deflection
setpoint Cantilever
Feedback
electronics &———  X.Y scan

e—| control

Z control |

Figure 7.1.: (A) The principle setup of an AFM. A cantilever interacts with forces on
the sample surface while the laser reflection is measured. A feedback loop
controls the cantilever’s height measured by the position change of the re-
flected laser. The voltages applied to raise or lower the cantilever to keep
the position where the laser strikes the detector constant serve as the height
input for the image [118]. (B,C) SEM-images of OTESPA-R3 cantilevers
with a tip radius of 7 — 10 nm. Modified from [118, 119].
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7. Microscopy
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Figure 7.2.: The Lennard-Jones potential is a simple model that describes the interaction
between two neutral atoms depending on their distance r. It is composed of
two terms. In the far field, the attractive term dominates with =%, which
can be made up of van-der-Waals interaction effect or permant dipol-dipol-
interactions. As soon as the orbitals overlap, the repulsive term dominates
with r~2. Modified from [111].

The first developed mode for AFM was the contact mode. The tip of the cantilever
touches the measured surface while maintaining the height of the cantilever to the surface
or the applied force constant (constant height / force mode). Since this happens at the
atomic level, touch means that the distance is smaller than the minimum of the Lennard-
Jones potential and the tip strongly repelled by interelectron effects (Figure 7.2). The
shape of a particle measured in this way is calculated from a convolution of the shapes
of the cantilever tip and the particle itself. For soft materials such as proteins, this is of
particular importance since the tip usually becomes dirty within a few measurements.
The attached proteins increase the tip radius of the cantilever and the AFM image may
lead to wrong conclusions.

A second mode is the non-contact mode. The cantilever vibrates near its resonance
frequency without touching the surface. In this mode, forces such as Van der Waals,
dipole-dipole interaction, electrostatics, etc. play an influential and often attractive role.
The forces cause the amplitude of the cantilever oscillation to change (normally decrease)
as the surface-to-peak distance decreases, while the feedback loop adjusts the height to
keep the amplitude constant. Alternatively, a change of the resonance frequency could
also be used as feedback in case of altitude changes.

Through continuous improvement of AFM technologies, it is now possible to measure
other physical parameters such as mechanical, electrical, or magnetic properties [112].
The speed of the measurement also increased dramatically and allowed the direct imaging
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7.2. Fluorescence microscopy

of the thermal motion of membrane proteins with high-speed AFM [113, 114]. In this
work, only the tapping mode (also called intermittent contact mode, dynamic contact
mode or AC mode) was used to measure layers of proteins on a rigid surface. The
cantilever vibrates as in non-contact mode, but the tip touches the surface as in contact
mode. The tapping mode is gentle enough to scan even lipid bilayers and single molecular
motors [115, 116, 117]. In addition to the topology, this mode contains information about
the phase of the cantilever oscillation, which allows conclusions to be drawn about the
stiffness of the surface. Both information was used to determine the quality of protein
patterns.

7.2. Fluorescence microscopy

Jablonski diagram There are molecules that can absorb light and thereby turn into
an excited state. This can be explained graphically with the Jablonski diagram, which
abstractly describes the energy states of a molecule and the transitions between them (fig
7.3A). Absorption of a photon in this model represents the transition from the ground
state Sy to a higher level. Absorption can take place only if the transition energy
corresponds to the energy of the photon:

E=h (7.1)

with the Planck constant h, the speed of light ¢ and the wavelength \.

Typically, there is no direct transition from Sy to Sy, but a vibrational or rotational state
of S, is reached. After absorption, non-radiative relaxations in less than 1074 — 107!
seconds equalize the molecule to the lowest vibrational level of the excited state [122].

For thermodynamic reasons, a system wants to reach the lowest energy state, thus the
excited state is not stable. The energy difference to the ground state can now be released
in several ways: by thermal processes, radiation emission, photochemical reactions or
a radiation-free energy transfer to another molecule. If the transition from an excited
singulet state to the ground state takes place by emission of radiation, this radiation
is called fluorescence or phosphorescence. Between excitation and emission are about
0.5 — 20ns in fluorescence. Changing from a triplet state to the ground state can take
much longer and is called phosphorescence [122]. A system that fluoresces is called a
fluorophore.

For the construction of a microscope, an effect, which can also be illustrated with the
Jabslonski diagram, is of importance. If, as described, the excitation takes place between
Sp and a vibration level of S;, then relaxation leads to less energy being available for
an emission. This is called Stokes shift or redshift, since the emitted wavelength in
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7.2. Fluorescence microscopy

comparison to the excitation light is greater. This makes it possible to protect the
detector with a beam splitter and filter from the much stronger excitation intensity and
ideally to record only the fluorescence.

Excitation In fluorescence microscopy, the excitation light is typically blocked and the
red-shifted emission light is detected. But if a sample is illuminated directly, fluorophores
outside the focal plane would also be excited and contribute to the background noise.
Therefore, several methods have been developed that allow local excitation and therefore
improve signal-to-noise ratio (SNR). Examples are the confocal microscopy, multiphoton
microscopy, sheet-light microscopy, or total internal reflection fluorescence microscopy
(TIRFM).

evanescent
excitation
only in the

‘TIRF-zone'

soluble eGFP

cytoplasm

e | 0'0 0'0'0" XK "0 9
n1=1518 \ Q/ {} Q’Q 0’ y'
' ' ' Y/
\\ 7%

488nm laser

Figure 7.4.: Total internal reflection is the requirement for TIRFM and appears for tran-
sitions from the optical thicker medium to the thinner one. It produces an
evanescent excitation only in the TIRF-zone which has a height of around
100 — 200 nm and depends among others on the laser angle. From [123]

Die approbierte gedruckte Originalversion dieser Dissertation ist an der TU Wien Bibliothek verfiigbar.

The approved original version of this doctoral thesis is available in print at TU Wien Bibliothek.

27

Y 3ibliothek,
Your knowledge hu


https://www.tuwien.at/bibliothek
https://www.tuwien.at/bibliothek

Die approbierte gedruckte Originalversion dieser Dissertation ist an der TU Wien Bibliothek verfugbar.

The approved original version of this doctoral thesis is available in print at TU Wien Bibliothek.

thele

(]
10
edge

b

now!

(]
|
rk

7. Microscopy

In TIRFM, total reflection is used in the transition from medium 1 to medium 2. This
means that according to the rules of linear optics no light propagates into the medium
2. This occurs when the transmitted beam is tangent to the interface and is thus only
possible if the beam goes from the optical thicker to the thinner medium ((n; > n9)
with the refractive index n).

With the laws of electrodynamics, light can be interpreted as a electromagnetic wave E
with intensity I oc |F|?, which results in an evanescent wave with exponential damping
in the direction perpendicular to the interface:

A -
I = Ie /1 with d = . (n% sin oy ? — n%) is (7.2)

with the maximum intensity Iy, the depth z, the wavelength A\, and the entrance angle
7.

In TIRFM, this evanescent wave is used to selectively excite fluorophores at a limited
depth adjacent to the glass-water interface (Figure 7.4). For the media glass and water
as well as violet light, the intensity drops in practice for d ~ 100 — 200 nm to e~! of their
initial value. This depth is typically sufficient to penetrate a protein layer (5-10nm),
anchored antibodies (10 — 20nm), and the fluorescent proteins in the cell membrane
(5nm) without activating fluorophores within the cell. However, when the cell forms
bulges, the excitation intensity decreases locally and low signals may be misinterpreted
as areas with fewer fluorophores.

For our application TIRFM offers several advantages. It shows a low background noise
and due to the lower light damage, the survival of the cells is significantly increased.
Despite all advantages, TIRFM is still a diffraction-limited microscopy technique.

Resolution A point light source is imaged by a lens into a point spread function (PSF)
due to diffraction effects. For a circular lens and aperture, the PSF in the far field has
the shape of an Airy pattern. The distance d from peak to the first minimum depends
on the wavelength A:

1.22 A
=——=0.61 _)\
2 NA nsin oy

~ N2 (7.3)

with the numerical aperture NA of the lens which is defined as a product of the refractive
index of the medium and the sine of the lens angle aperture.

Due to this diffraction effect, a fluorophore with a size below 10 nm is projected as a
disk with a diameter of around 200 nm, independent of further magnification or detector.
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7.3. Direct stochastical reconstruction microscopy

Thus, so that two fluorophores can be distinguished from each other, their distance must
meet a minimum. Here the Rayleigh criterion can be applied (Figure 7.3B-D): The
minimum distance for resolving two point sources is reached, if the intensity maximum
of one image coincides with the first minimum of the other [124, 125]. If the resolution
is defined according to this criterion, it is identical to the location of the first minimum
and equation 7.3 applies.

With a very good objective NA = 1.44 and the emission wavelength of a green fluores-
cent protein (Clover) at 515 nm, the resolution can be estimated at 180 nm. To visually
resolve fluorophores that are closer together, super-resolution techniques must be used.

7.3. Direct stochastical reconstruction microscopy

Direct Stochastic Reconstruction Microscopy (ASTORM) is a single-molecule, high-
resolution microscopy technique [126, 127, 128]. The idea is that the center of an Airy
disk corresponds to the position of the fluorophore and can be localized when enough
photons are collected. If it is ensured that the PSF is represented by only one molecule,
its position can be detected with an accuracy below the diffraction limit, even if only a
few pixels of the camera have been covered (Figure 7.5A-C). In this way, this method
would still be bound to the Raleigh criterion, and fluorophores less than 200 nm apart
could not be resolved if they emitted simultaneously.

By suitable fluorophores and an associated buffer medium, it is possible to ensure
that the fluorophores are activated at different times. Specifically, at the beginning
of the measurement, all fluorophores are transfered to a non-fluorescent state. Either
spontaneously or induced (for example by a second laser), a subset of fluorophores is
reactivated. In this case, the probability of activation must be sufficiently low that
stochastically every active fluorophore has a distance of more than 200 nm to the next
emitting fluorophore. This ensures at all times that the visible fluorophores can be
dissolved and localized. Only the iteration of deactivation, activation and localization
yields images of spatially unresolvable molecules. If a stack of images with the calculated
PSF-centers is superimposed, a completely reconstructed image with a resolution of
10 — 50 nm is obtained (Figure 7.5 D).

7.4. Stimulated emission depletion microscopy

In stimulated emission depletion (STED) microscopy, the high resolution is achieved by
a second laser. A typical STED setup has a pulsed excitation laser that illuminates the
sample and excites the fluorophores to the first excited singlet state S;. A synchronized
and redshifted second laser is also pulsed and centered exactly at the same position but
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Figure 7.5.: dSTORM is based on the localization of single molecules. (A) If focused
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on the sensor, the PSF of a single molecule covers several pixel. (B) With
a Gaussian fit, (C) the center of the PSF and such the position of the fluo-
rescing molecule can be calculated. (D) Taking several images of localized

molecules, the sample can be reconstructed with an effective resolution far
below the diffraction limit. Modified from [126, 127]
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7.4. Stimulated emission depletion microscopy

with much higher intensity. This laser is called a depletion laser and goes through a 27
phase plate (Figure 7.6A) which gives the laser a donut-shaped intensity distribution.
The center (node) of zero intensity is surrounded by an exponentially increasing intensity
towards the periphery. The wavelengths and durations of both laser pulses must be
carefully selected according to the photoswitchable fluorophores.

The depletion laser frees an area around the node by stimulated emission and transfers
the fluorophores to the ground state Sy. Although both laser beams remain diffraction-
limited as they pass through the optical system, only fluorophores in the center of the
depletion donut now contribute to the image (Figure 7.6B). The extent of the node can
be well below the diffraction limit and is strongly defined by the power of the depletion
laser. Although higher intensity could reduce the size of the node to a few nanometers,
photobleaching and destruction of the probe may occur. Especially if the probe has to
be scanned with the depletion laser to get a complete image. A realistic resolution that
can be achieved with an unmodified STED is 20 nm [126, 129].

One of the advantages of STED is that the image can be obtained without further
processing. Its speed and resolution depend greatly on the configuration and the laser
power. The choice of photoswitchable fluorophores also plays a major role in STED.

Phase B
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- - »=—Tube
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4 STED Microscope
Deplietion Laser % __\ e b g Point-Spread Functions
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Figure 7.6.: (A) A minimalistic setup for STED. (B) The PSF of the depletion laser
has a zero-intensity center. Combined with the excitation laser, an effective
PSF with dimensions below the diffraction barrier can be achieved. From
[126]
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8. Introduction

Microcontact printing (nCP) is a very simple technique for creating two-dimensional
patterns of proteins on a substrate. For pCP, stamping material plays an important
role in the printing process, and this also applies to nanocontact printing (nCP) (Figure
8.1). The hydrophobic, low surface energy of PDMS makes it an ideal stamp material for
protein prints when presenting a high-energy substrate. In addition, its reusability and
low modulus of elasticity make it highly accessible to laboratories because the required
conformal contact can be ensured without a clean room or expensive equipment. For
nCP, however, a material is needed whose advantages are comparable to those of PDMS,
but which has a higher modulus.

The aim of this work was to increase the resolution of the interaction assays by struc-
tures with a periodicity of less than 200nm. For this purpose, masters were initially
produced by means of phase transition mastering and nickel plating, which, however,
were limited to a period greater than 600nm. However, the patterns produced were
suitable for studying the influence of geometries and Young’s modulus on the print re-
sult. Further investigations included the influence of substrate coating, the adsorption of
proteins on the stamp and the stability of protein patterns. The samples were tested for
their functionality with labeled membrane proteins in vivo using TIRFM. For patterns
below the diffraction limit, STORM was used.

From the results it was deduced which combination of stamp material, adhesion pro-
moter and process could yield protein patterns with a period below 200nm. For this
purpose, a master with the suitable geometry and a structure period of 140 nm was
produced externally. It has already been shown in AFM images that, in addition to the
factors mentioned above, the size of the nanoscale proteins also makes a decisive con-
tribution to quality. In addition, there were difficulties in resolving this high density of
fluorophores using STORM. Using STED, the nanostructures could finally be detected
by optical methods.

Aspects of this part were open-access published in Lindner, Marco et al. “A Fast and
Simple Contact Printing Approach to Generate 2D Protein Nanopatterns” Frontiers in
chemistry vol. 6 655. 24 Jan. 2019, doi:10.3389/fchem.2018.00655
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Figure 8.1.: Illustration of nanocontact printing of proteins. (A) Sketch of a stamp
featuring a well (left) or pillar (right) layout. (B) The protein solution is
incubated on the X-PDMS/PDMS stamp. (C—E) After washing and drying,
the stamp is brought into contact with a coverslip coated with an adhesion
promoter. The stamp is pressed onto the coverslip, incubated and removed,
leaving the protein pattern on the coverslip. (F) The quality of the imprint
is determined by AFM imaging. (G,H) After washing, the anchor proteins
(antibodies or SAV if blocker BSA or FNT were printed or vice versa) are
added to fill the interspaces, incubated and rinsed with water to remove
unbound proteins.
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9. Materials and Methods

Mastering A PTR-3000 acquired by Sony DADC AG, Austria, and modified by Sony
DADC BioSciences GmbH, Austria, was applied for phase transition mastering of several
PTM-masters. The diameter of the effective laser spot where the energy is above the
threshold to crystallize the inorganic resist was around 100nm. The designs in this
thesis always represent the center of the laser spots, therefore, a 100 nm designed disc
will result in 200 nm well diameter size. The developed PTM wafer was plated with
nickel by Sony DADC, resulting in a eight inch inverse of the PTM wafer. The eight
inch nickel masters were cut by a self-made tool to six inch disks for further processing.

Stamp development X-PDMS and intermediate layer pre-polymers were acquired by
SCIL nanoimprint solutions, Philips (Netherlands). MED-6019 was acquired by NuSil™
Technology LLC (USA). All used silicones consist of two components which were care-
fully measured with an error less than 1% in weight, thoroughly mixed with a polymer
stick for at least 3 min and degassed in a centrifuge at 2000 rpm for 2min. The master
was spincoated with 3 g X-PDMS-pre-polymer on a WS-650MZ-23NPP by Laurell Tech-
nologies Corporation (USA) in two steps. First, just a small amount of the mixture was
spincoated with 2000 rpm (4000 rpm for MED-6019) for 20s to cover the whole wafer
in a thin layer, then the rest of the pre-polymer was added and spincoated at 1000 rpm
for 10s. X-PDMS was cured incompletely for 10 min at 50 °C on a SKF Bearing heater
(Sweden) and rested at RT for around 15min. If the material was just slightly sticky
anymore, the wafer was put back on the spincoater and the intermediate layer applied.
The wafer was spincoated at 2000 rpm for 1min. The unavoidable edge bead was ig-
nored at this stage and cut away of the final stamp. The silicones was cured to a reach
a specific Young’s modulus as mentioned in the experiment. Finally, a compliant layer
of Sylgard 184 by Sigma-Aldrich (USA) of around 0.5 — 2mm was added and cured. If
a thin backplane was applied, a glass cover slip provided stabilization. MED-6019 was
cured for 2h at 70 °C before the soft backplane was added directly. The durometer type
A of the materials were measured with a RX-DD-A Shore A Digital Durometer with a
OS-1 Durometer Test Stand by Eletromatic Equip’t Co. Inc. (USA).

Substrate preparation Glass coverslips (#1.5, 24 x 60 mm; Menzel™, Fisher Scien-
tific, USA) with a thickness of 150 pm were washed with aceton and DIW and dried in
a stream of nitrogen. Around 50 — 100 pL. of Mix& Go Biosensor wet coating by anteo
technologies (Australia) was pipetted on the slide, protected from dust and rested for
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at least 45 min and a maximum of 90 min. Then it was pipetted for reusage, washed
with DIW and again dried with nitrogen. Although Biosensor coated samples could
be stored for several weeks, they were typically used in less than 24 h. For the plasma
treated slides, a diener electronics (Germany) ATTO plasma system (13.56 MHz) was
used with oxygen for 30s with a vacuum of 0.3 mbar and 50 W. The epoxy coated glass
substrate were purchased by SCHOTT NEXTERION® (Germany).

Incubation Proteins were soluted in Millipore filtered DIW, the concentration were
typically around 100 — 1000 £% . For protein incubation and washing tests of PNAM,
SecureSeal™ Hybridization Chambers by GRACE Bio-labs, USA, were placed on top
of the patterns.

For STED microscopy, goat anti-rabbit IgG antibody conjugated with STAR RED
(Abberior, Germany) was diluted 1:50 in PBS to a final concentration of 20 &, Again
a Secure-Seal™ hybridization chamber was placed and filled with 50 pLi of the antibody
solution, incubated for 15 minutes and washed with 1 ml of PBS to remove unbound
antibody.

AFM Atomic force microscope measurements were performed with a Bruker Dimen-
sion V, Digital Instrument, France. Cantilevers were (if not otherwise stated) Bruker
OTESPA-R3 with a tip radius of 7 — 10 nm, a resonance frequence at around 300 kHz,
and a spring constant of £ = 26 N/m. The experiments were executed in tapping mode
with a typical scan rate of 0.5 Hz. Both proportional and integral gain were adapted for
each measurement but were in the order of 0.5 and 2, respectively.

For analysis, Gwyddion version 2.49 was used. The correction algorithms "remove
polynomial background", "align rows using various methods", "correct horizontal scars
(strokes)", "shift minimum data value to zero", and "stretch color range to part of data'
were typically applied in this order. For the roughness analysis, "statistical analysis"
was performed, for the profile it was "extract profile', for the height distribution it was
"calculate 1D statistical functions".

SEM For SEM images, a Hitachi S-4000 (Japan) with EMI compensation system MK3
by Integrated Dynamics Engineering (Germany) was used. Before the samples were
put into the vacuum chamber of the SEM, they were sputtered with a gold layer of
approximately 30 nm. Only the secondary electron detection was used of the scanning
electron microscope.

TIRFM Total internal reflection fluorescence microscopy (TIRFM) experiments were
performed on a home-built system including a modified inverted microscope (Zeiss Ax-
iovert 200) equipped with a 100x oil-immersion objective (Zeiss Apochromat NA1.46).
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9. Materials and Methods

For excitation of the secondary antibody (goat-antimouse IgG-AlexaFluorophore 647) a
640 nm diode laser (coherent) was used. For excitation of hemagluttinin-mGFP (HA-
mGFP) a 488 nm diode laser (Toptica, ibeam-smart) was applied. Emission light was
filtered using appropriate filter sets (Chroma) and recorded on an IXON DU 897-DV
EM-CCD camera (Andor). TIRF-illumination was achieved by shifting the excitation
beam in parallel to the optical axis with a mirror mounted on a motorized movable
table. All measurements with cells were performed in HBSS solution supplemented with
2% FCS at 23°C. In order to check protein patterns of HA-mGFP, series of movies
were recorded at an illumination time of 3ms and a frame rate of 100 ms in the blue
channel. Samples were also recorded without using cells, simply recording the signal
from secondary antibody bound to antibody patterns. Under these conditions movies
were recorded with 3 ms illumination and overall 100 ms frame rate in the red channel.

RICM A modified TIRFM-setup as described above was applied for RICM. A Zeiss
HBO 100 mercury short-arc lamp with a spatial filter provided a parallel beam with a
Gaussian profile which was included to the laser beam path for TIRFM. Typical exposure
times were 50-100 ms.

dSTORM For dSTORM measurements, switching buffer conditions optimized for AF647
were used: PBS (pH 7.4) was supplemented with 10 % glucose, 500 2% glucose oxidase,
40 B& catalase and 50 mM cysteamine. In dSTORM experiments with AF647, the major-
ity of fluorophores was first transferred into a nonfluorescent dark state using high-power
640 nm laser illumination. Then, single molecules were imaged at 640 nm excitation at
lower power, keeping the 405 nm laser continuously on in order to switch molecules back
to a fluorescent state. Images were recorded as stacks of 10,000 frames at 100 Hz. Stro-
boscopic illumination protocols were applied with 3 ms illumination time and 7 ms delay
between consecutive images. Single-molecule signal localization and image reconstruc-
tion was carried out with the open-source ImageJ plugin ThunderSTORM24. Stringent
postprocessing parameters were chosen to discard signals with low localization precision.
On average, localization errors of sigma = 20nm for AF647 were obtained. Merging of
localizations was performed with a grouping radius adjusted to the average localization
precision of the respective fluorophores. If not specified otherwise, 50 frames off-time
was used. No drift correction was applied.

STED STED microscopy was performed on an inverted commercial STED microscope
(Abberior Instruments, Germany) with pulsed excitation and STED lasers. A 640 nm
laser was used for excitation and a 775 nm laser for stimulated emission. An oil immersion
objective with numerical aperture 1.4 (UPLSAPO 100XO, Olympus, Japan) was used
for imaging. The fluorescence signal was collected in a confocal arrangement with a
single photon counting avalanche photodiode using a 685/70 nm nm bandpass filter.
The pulse repetition rate was 40 MHz and fluorescence detection was time-gated. For
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both STED and confocal images, a pixel size of 20 nm, a pinhole of 1.0 airy units
and 3 line accumulations were used. The power values refer to the power at the back
aperture of the objective lens. The imaging parameters used for acquiring STED images
of W80 patterns were 40 ps dwell time, 41 pW excitation laser power and 80 mW STED
laser power. The corresponding confocal images were recorded with 50 ps dwell time
and 2 pW excitation laser power. For both STED and confocal images, a pixel size of
10 nm, a pinhole of 0.9 airy units and 3 line accumulations were used. The imaging
parameters for acquisition of the STED images of W300 patterns were 40 ps dwell time,
84 nW excitation laser power and 94 mW STED laser power. The corresponding confocal
images were recorded with 50 s dwell time and 12 pW excitation laser power.
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10. Nanocontact printing with
PTM-fabricated masters

10.1. Phase-transition mastering of multi-pattern
masters

With constant rotational speed w the scalar velocity v of a point on the disk depends
on the radius r: v = w - r. A design with a period of 600 nm was placed on three radii:
near the center, in the middle of the 8 inch wafer, and at the border of the wafer. The
developed PTM-master showed the influence of the radii. From the inside to the outside,
the measured radii were the following: 0.6 pm, 0.8 pm, 1.8 pm.

Therefore it was recommended to design the smallest features in close proximity to the
center of the wafer. To understand the limitations of high-modulus silicones for nCP,
a PTM master with eight different patterns was designed, beginning with A1l and A2
(smallest features and periods) near the center to D1 and D2 furthest away (Figure
10.1). The technical limits of PTM regarding diameter and period were reached with
the A patterns. Al was designed as wells with a diameter of 100nm and A2 as wells
with 300 nm. The pattern of A2 was inverted, leading to pillars in the PTM wafer. And
taking the size of the effective laserspot of around 100 nm into account, both A1 and
A2 resulted theoretically in features with a diameter of around 200 nm. Patterns for A1l
with just a single point instead of an area should in theory produce the smallest wells.
However, for patterns with less than 100 nm in diameter no PTM-parameters could be
found that the written features could still be developed.

B showed the same features as A but with increased period. C and D have the same
period as B but the feature sizes increased even further. Table 10.1 lists the design for
the PTM writing process, figure 10.1A visualize it.

Details to the PTM-writing and development parameters are company secrets. How-
ever, by carefully increasing the laser energy of the PTM and also increasing the devel-
opment duration, the durometer of the pillars could be decreased to 80 nm but this also
broadened the wells for this master. Therefore, two master variations based on the same
design were developed. One was applied mainly for pillars, the other one for wells.

Due to the phase transition process, the lower areas of the PTM-master showed a higher
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10.1. Phase-transition mastering of multi-pattern masters
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Figure 10.1.: (A) Overview of the design for the PTM-master. The yellow areas rep-
resent the center position of the laser beam for the writing process. The
final size depends among others on the laser spot size and can be adjusted
by its intensity and development duration. (B) Positioning of the patterns
on the wafer. The smallest features A1 and A2 were also written into the
triangles to test the PTM writing stability regarding the radius to the cen-
ter and to increase the usable patterned area. The macroscopic pattern
got circular repeated six times. (C) Plated with nickel and cut to 6in,
the final master showed interferences with visible light. All scale bars are
1 pm.
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10. Nanocontact printing with PTM-fabricated masters

Table 10.1.: Design for PTM mastering. Inverted means, that the area outside of the
small disks with the given diameter is written with the PTM-laser, resulting
in pillars after development. From PTM master to silicone stamp, the fea-
tures get copied two times, thus the listed forms also represent the patterns
on the final stamp.

Type Diameter [nm] Period [nm] Inverted Final Form

Al 100 600 no wells
B1 100 1000 no wells
C1 300 1000 no wells
D1 500 1000 no wells
A2 300 600 yes pillars
B2 300 1000 yes pillars
C2 500 1000 yes pillars
D2 700 1000 yes pillars

roughness and more defects than the top side of the sputtered PTM layer. One plating
step and imprinting this inverse with silicone had the advantage that the smooth top
side of the wafer represented the contact area of the final silicone stamp. In addition,
nickel forms an inert oxide layer if exposed to an oxidizing environment [130]. Nickel
is in fact one of the model metals for oxidation studies since it forms only one type
of molecules, NiO, under a wide range of conditions. It starts at nucleation spots and
coalesce, forming a NiO film with a thickness of several monolayers which inerts the
surface [131]. To ensure a complete isolation, a resting phase of one week at RT was
kept for the nickel masters. No further coating or polishing was applied. The next step
was the production of silicone stamps with these molds.

10.2. Development of composite stamps of
high-modulus silicones

Two materials were chosen for silicone stamps: X-PDMS and MED-6019. The main
application for MED-6019 from Nusil is the fabrication of medical devices. It is compa-
rable to h-PDMS in Young’s modulus and tensile strength [132] and therefore very likely
linear polymerized. However, only sparse information were available. X-PDMS on the
other hand uses branched polymerization, its modulus was extensively optimized [38].

The durometer type A of the materials was measured for several temperature and dura-
tion combinations. X-PDMS cured for 2 h at 50 °C reached a modulus £ =(5.0 + 0.7) MPa
while for long-term cured X-PDMS (10 days) at 70 °C a modulus F =(80 £ 5) MPa was
measured.
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10.2. Development of composite stamps of high-modulus silicones

Table 10.2.: Comparing properties of applied silicones. The values for PDMS (Sylgard
184) can be found in literature [39], for X-PDMS by Philips [38, 19]. For
MED-6019 the data was made available by NuSil [132], its durometer was
measured. * calculated with the estimation 10.1. ** Mentioned here for
comparison, not tested in this thesis.

PDMS H-PDMS ** MED-6019 X-PDMS

Young’s Modulus E / MPa 1.3-3 9 7-9 * 5-80
Durometer Type A 33-56 " 80 * 75 - 80 68 - 98 *
Tensile Strength / MPa 3.5-7.6 10 - 15 9.0 unknown
Typical curing time 15 - 45 min 2-8h 0.5-3h 2 - 10 days
Polymerization linear linear unknown branched
Main application various NIL/nCP medical SCIL

For most experiments long-term cured X-PDMS stamps were used. However, the short-
term cured X-PDMS was of special interest for the testing of the geometrical limits in
correlation to the stamp modulus.

An overview of key data are summarized in table 10.2. Durometer and modulus are
always measured in bulk. The wide range of the curing time is explained by its strong
dependency on the curing temperature. If the Young’s modulus E was given but not
Durometer Type A or vice versa, it was calculated with the following approximation

[133]:

~0.0981(56 + 7.623365)

- MP Sis D ter type A 10.1
0.137505(254 — 2.545) is Durometer type (10.1)

This relation is only valid for S > 40 wich applies to all tested high-modulus silicones.
The durometer values for PDMS are partly below this limit and should be treated with
care.

The two components of X-PDMS were carefully measured with an error less than 1% in
weight. This is critical since more than 3% difference has already a measurable impact
on the modulus [38] and thus would not allow reproducible experiments.

We tested X-PDMS without a backplane and different curing parameters but this re-
sulted in a brittle stamp which could not be removed intact from the master, leaving
residuals in the cavities. This also happened with MED-6019 for curing times higher
than 3h. Consequently, we decided to use composite stamps with at least two layers: a
high-modulus feature layer and a softer backplane. The second layer of common PDMS
stabilizes the more brittle high-modulus feature layer. In addition, since most printings
were performed manually, it supports the conformal contact and cushions the natural
shaking of the hand which allows printing in the nanoscale without sophisticated equip-
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10. Nanocontact printing with PTM-fabricated masters

ment. For SCIL, typically a third layer of glass is added to stabilize the stamp. If this
third layer was applied, it is mentioned in the experiment.

The stamps were fabricated as described in chapter 9 on page 36. Since X-PDMS
was applied as a thin layer for SCIL, we could use the available data and experiences.
On the other side, uncured MED-6019 has a higher viscosity than the X-PDMS pre-
polymer and no information on the application of this silicone for nanofeatures was
available. Therefore, we spincoated the mixed and degassed MED-6019 pre-polymer
with both 2000 rpm and 4000 rpm for 20s. The material was cured for 2h on 70°C and
resulted in a thickness of 600 pm and 230 pm, respectively. For further experiments, only
the parameters resulting in the thinner layer were applied since it was comparable to
the thickness of the other high-modulus silicone derivate (150 — 200 pm).

Scanning electron microscopy (SEM) and AFM images were taken of the stamps (Figure
10.2). During SEM, an electron beam is focused on a surface in a high vacuum. The scat-
tered electrons from the sample material, also called secondary electrons, are captured
by a detector. Their intensity depends, among other things, on the topology, since not
as many electrons reach the detector from deeper areas as from high features. An image
is output in grayscale, with lighter regions typically describing more exposed areas. The
surface must be conductive, otherwise it would be charged very quickly and the signal-
to-noise ratio would decrease dramatically. Typically, a thin layer (10-30 nm) of gold
is sputtered onto the surface for this purpose. This necessary conductive layer makes
SEM a destructive quality control method in our case. In addition, the 30 — 50 nm
gold layer is responsible for the rounding of pillars and wells, especially visible for the
smallest features. However, SEM is ideal for checking the quality of larger areas and
we could confirm that all features were copied very well, no defects were visible besides
trapped dust. This was hardly avoidable since the SEM was not located in a clean-room.
On the other hand, AFM only allows spot checks, but these can be performed on the
untreated X-PDMS stamp. Thus, the geometrical parameter were measured only at the
AFM images, the feature diameter was measured at the top of the profile since only the
top area is in contact with the substrate at nCP. The listed parameter can be found in
table 10.3.

We measured the roughness of the stamp surfaces. There are several options to define
roughness and we chose arbitrarily the root mean square R,,,s which is defined as

Roms = \/ (1/L) /O " H(2)2de (10.2)

with the profile height function H(z) and the evaluation length L.

It was calculated by Gwyddion, the applied analysis software for AFM measurements.
The top side was taken at well stamps while the bottom at pillar stamps since these
provided larger areas. As a result of the mastering process, the bottom R,,,; =2.3nm
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10.2. Development of composite stamps of high-modulus silicones

had a significantly greater roughness than the top side of the stamps R,,,s =0.4nm.
However, the difference was not as high as expected. Also, taking the tip size of around
7nm into account, this values should be interpreted qualitatively.

Table 10.3.: Listing the stamp parameter, all with a depth of 100 nm. The abbreviations
will be used in the thesis to identify the applied patterns for nCP. The
feature diameter was measured at the top of the X-PDMS stamp with AFM.
The values + SD were measured at three stamps and six positions on each

stamp.
Form Abbreviation Layout Diameter [nm] Period [nm] Master
W300/600 hex 315 £ 30 985 £ 5 Al
W300/1000 hex 305 £ 25 970 £4 B1
W500/1000 hex 495 + 20 970+ 3 C1
W500/1000 hex 700 = 10 965 £ 5 D1
pillars P80/600 hex 83£8 586 + 4 A2
P80,/1000 hex 87£10 967 £ 5 B2
P300/1000 hex 315+ 20 971+ 6 C2
P500/1000 hex 500 £ 10 970 £ 7 D2
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Figure 10.2.: SEM and AFM images of X-PDMS stamp. For SEM, the silicone had
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to be sputtered with around 20nm of gold. This was unavoidable with

our setup but slightly deforms especially the smallest features and was
responsible for crack-like defects. (A) W300/1000, (B) W500/1000, (C)
W500/1000, (D) P80/1000, (E) P300/1000, (F) P500/1000. (G,H) The

smallest features which were achieved with our setup are shown for wells

W300/600 and pillars P80/600, respectively. A detailled view (I,J) and
the corresponding line profiles (K,L). Scale bars (A-F) 1 pm.
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10.3. Characterization of nCP prints of proteins by AFM

10.3. Characterization of nCP prints of proteins by AFM

Improvements in the nCP of proteins can only be achieved if the quality of the prints
can be compared. For this purpose, two approaches were followed, both of which were
based on AFM images. AFM in tapping mode is a gentle and non-destructive method
that can provide detailed information on height and material stiffness.

Pattern quality by height histogram To quantify the periodicity and the pattern
width, a line profile was used. For the height of protein patterns, their height histogram
was used to obtain an average value. Ideally, it showed two distributions. One defines the
height of the substrate, the other the top of the printed proteins. The distributions can
be fit by a Gaussian curve and thereby their peak and their FWHM can be determined.
The distances of the peaks of the two curves in the height histogram indicate an average
protein level.

For the first approach of print quality characterization, two parameters were combined.
The expected pattern is recognizable in different spots, and the height histogram. The
results are summarized into three possible states: 4, o, and -. + means two Gaussian
curves in the height distributions can be fitted (f) and the expected pattern has to be
recognizable by eye at several spots in AFM topological images (e): f A e. - stands for
no distinct distribution and no pattern at all: f A& o represents the remaining two
options:

|| >
o 4|
o |

A success rate was defined as the ratio of numbers of + to number of prints n. The
error bar was arbitrary defined as the inverse of the quantity of the experiments thus
it decreases with number of experiments. The reason for this combination of partly
subjective values was that there could be cases were f is positive but e is negative. This
happened if the stamp showed defects, the patterns were only visible in certain areas
or if partial sagging appeared. e positive but f negative would mean that the pattern
could be recognized by eye but not be measured with the histogram as described above.

The full width at half maximum (FWHM) of Gaussian fits is also an indicator of print
quality. A large FWHM indicates a topologically heterogeneous surface. The FWHM
should therefore be as small as possible, especially for the glass surface.

Pattern quality by contrast The second approach of characterization is common in
fluorescence microscopy. For this, AFM images were converted to 16 Bit greyscale images
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10. Nanocontact printing with PTM-fabricated masters
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Figure 10.3.: Characterization of printed proteins. (A) Two Gauf functions were fitted
to the height distribution, representing the bottom (glass substrate) and
the protein top. In this example of printed BSA, the peaks are clearly
distinguishable and have a distance of 1.8nm. (B) “OFF” regions were
selected by defining repetitive circular features in the pattern image (upper
left). The size of the selected features was smaller than the actual well
features to avoid edge effects. “ON” regions were selected in a similar
fashion (bottom right). A W300 BSA pattern image is shown, scale bar is
2 pm.

and further analyzed in ImageJ. Regular arrays were selected within the printed patterns
(Figure 10.3B) corresponding to either regions with (“ON”) or without (“OFF”) stamp-
surface contact. The mean grey values per pixel for each region, Ipy and Ipppr, were
used to calculate the contrast C:

Ion — 1
O — ON " JOFF (10.3)
Ion

Background subtraction was performed by taking the signal of the glass coverslip not
covered by protein as a reference. In AFM image analysis, care was taken to perform the
background subtraction the same way in all images to make contrast data comparable.
Still, the definition of the OFF-state has an huge impact on the contrast and is partly
subjective due to the measurement technique. Thus contrast values are only intended
as a means of relative comparison between samples and are also no absolute indicator
of pattern quality.

10.4. Substrate preparation and comparing options for
coating

Blank slides Consistent starting materials are the basis for reproducible experiments.
Consequently, the cleaning of the glass slides was tested the very first. We checked the

48


https://www.tuwien.at/bibliothek
https://www.tuwien.at/bibliothek

Die approbierte gedruckte Originalversion dieser Dissertation ist an der TU Wien Bibliothek verfugbar.

The approved original version of this doctoral thesis is available in print at TU Wien Bibliothek.

thele

(]
lio
nowledge

b

i
r

10.4. Substrate preparation and comparing options for coating

slides out of the box, washed thoroughly with DIW, ethanol, or acetone and compared
rinsing to ultrasonic bathing. We scanned the surface with AFM with a tip diameter
of around 7nm. The root mean square of the deviation R,.,s (eq. 10.2) of the AFM
images are measured to compare the results.

Although the slides out of the box looked clean to the eye, AFM images showed a
lot of particles with a lateral size of around 0.5 — 5pum. Their height was in the range
of a few nanometers and thus comparable to the proteins of interest and would de-
crease the contrast of nCP significantly without being recognized as obvious influence.
Intense water rinsing did not influence the surface (R,.,s =0.9 — 1.3nm before and af-
ter rinsing) but with ethanol, isopropanol, or acetone the particles could be removed
(Ryms =0.2 — 0.3nm). Samples are shown in Figure 10.4.

A

Figure 10.4.: (A) Glass slide out of the box with residues and a roughness of
R,ms =1.1nm. (B) Washing the slides thoroughly with ethanol or ace-
ton removed this particles R,,s =0.3nm. (C) Epoxyslides had the
highest roughness R,,s =2.7nm. (D) Biosensor coated slides had ir-
regular holes with nanometer diameter but overall a good roughness of
R, =0.9 £0.1nm. Scale bar is 3 pm.

Protein adhesion promoter Different strategies for surface preparation for protein
printing have been proposed: plasma cleaning [134, 135], epoxy functionalization [136],
streptavidin-coating [137] as well as no further treatment of the glass substrate [74]. To
achieve not only high imprint quality but also good long-term storability of the printed
nanopatterns, we tested plasma activation, epoxide coating and functionalization of the
glass coverslips with Anteos Biosensor coating, a polymer metal ion coating.

At least six nano contact prints were performed with W300/600 high-modulus X-PDMS
stamps on the three chosen coating strategies on glass slides. The coated substrates were
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10. Nanocontact printing with PTM-fabricated masters

measured with AFM and the qualities of the prints were analyzed as described in the
previous chapter, normalized to the amount of experiments in Figure 10.5:

100%
20
60
40
20
0%
24h | 1 24h

Imin  15min 1k 24h

E -

&

1min  15min 1h min  15min 1h

Oxyegen pasma Biosensor Epcxide

H+ Ho H-

Figure 10.5.: Comparing X-PDMS print of FNT (100 %) with W300/600 on different
coatings regarding the definition of chapter 10.3. At least six prints were
performed for each coating. All experiments were performed at RT.

The roughness of the glass substrates was not influenced by the treatment with oxygen
plasma, R,,s =0.2 — 0.3nm. For short contact durations a good printing quality could
be achieved, however, it was not reproducible and often not homogeneous. In addition,
irreversible bonding between stamp and substrate occurred at the areas not covered by
proteins if it was in contact for more than a few minutes and even stronger if the contact
was hold for hours.

Epoxy coated slides had a roughness of R,,,s =2.6 — 3.2nm, much larger than a pure
glass. Again, as with the above particles, this roughness affects the quality of the pressure
when measured with AFM, since it inevitably affects the FWHM of the two curves in
the height histogram. The best results, with a success rate of 80 %, were only achieved
after 24 h continuous contact.

Biosensor coated slides had a slightly increased roughness R,,,s =0.4 —0.5nm. In
addition, the best results could already be generated after 15 min. Unusually, the quality
dropped again with increasing time. This was the case in most experiments, as more
"OFF" regions were covered by proteins as contact duration increased.

Plasma-activated surfaces are functionalized with -OH groups and provide instant bind-
ing upon contact, but the silicone stamp can also covalently bond to the silicon dioxide
surface. Biosensor coated surfaces are also charged, but without the option to bond to
glass. Covalent attachment to epoxide requires opening of the epoxide ring, which can
react in a slower time than direct adhesion to charged surfaces. The compliant contact
was mandatory for all techniques and we expect it to be made after a few minutes when
only light pressure was applied. Higher pressure caused the nano-functions of the stamp
to sag or collapse, while at the time of contact, air bubbles prevented homogeneous
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10.5. Geometrical limits of stamps with three different Young’s moduli

contact over the entire area.

An increase in autofluorescence could not be recorded in any of the promoters used.

Washing stability While the pattern is defined by the nCP, all further steps (backfill-
ing, biotinylated antibodies, cell adhesion) are carried out in aqueous solution. There-
fore, the adhesion of proteins to the substrate must be stable enough to withstand
contact with water. To check this, the sample quality was checked with AFM and then
an incubation chamber was applied. Since the time between substrate preparation and
cell experiments can take several days, the samples were stored in the refrigerator (4 °C)
for one week. Subsequently, the incubation chambers were rinsed three times with DIW,
carefully removed and the sample gently dried with nitrogen.

On pure and plasma-treated slides, the proteins were almost completely removed, the
printed protein pattern was no longer detectable in any sample (6 samples of both
variants). In contrast, slides coated with epoxy and biosensor showed no measurable
pattern deformation (5 and 7 samples, respectively).

10.5. Geometrical limits of stamps with three different
Young’'s moduli

The Young’s modulus of a stamp determines which change in length is induced at a given
stress. Stamps with a high modulus have a higher probability that pillars remain stable,
no sagging occurs and wells are not squeezed together. Nevertheless, the increased
crosslinking of the silicone polymer also alters the surface energy, which in turn can
lead to disadvantages in protein adsorption or transfer to the substrate. Therefore, the
silicone stamps were made so that three different Young’s moduli were achieved. The
limits of these nanoscale stamps were statistically determined by a series of experiments
under constant conditions.

Contact printing was performed with three stamp variations: low- and high-modulus X-
PDMS and MED-6019. FNT 100 £& was applied both for wells and pillars, the substrate
was thoroughly cleaned and coated with Biosensor reagent. The prints were evaluated
according to chapter 10.3, results of the smallest achievable features both for pillars and
wells are shown in fig. 10.7 and all results are listed in table 10.4.

High-modulus X-PDMS stamps had overall the most successful prints. In detail, for
stamps from X-PDMS, the success rate for P300 patterns was similar to that for the
W300. In P80, however, the mean contrast was significantly reduced. 5 out of 6 pressure
tests on BSA produced very poor contrast (C' < 0.1) with P80 patterns, but one print
was of high quality (C' = 0.75). Interestingly, despite the difference in size to BSA,
printing of P80 fibronectin samples gave similar results: 2 out of 9 impressions were of
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10. Nanocontact printing with PTM-fabricated masters

high quality (C' > 0.75), while the remainder could not be successfully printed. This
heterogeneity in the performance of the P80 stamps can probably be attributed to the
manual printing process. Although the stamps did not show permanent damage after
use, it is conceivable that excessive pressure during printing results in a reversible collapse
of the rather soft pillars, resulting in a loss of contrast in the printed pattern. This could
possibly be avoided by controlling the pressure with a suitable tool.

With MED-6019, the pressure of wells was of comparable quality, while no single suc-
cessful pressure could be performed with 80nm diameter pillars. The largest Pillars P500
/ 1000 achieved a success rate of 100 %.

In contrast, with the smallest modulus used (E = 5MPa), no single pressure with a
pillar structure was successful and even the well structures had a much lower probability
of success (33-72%). This often came about because of the printing being successful
only locally in certain areas. These areas had a ring-like shape, but with different radii
between a few microns and a few millimeters. A faulty stamp production due to an
incomplete imprint could be excluded by AFM and SEM images. Even with a used,
cleaned stamp no quality change could be found which would explain the ring-shaped
pattern.

To ensure that this reduction is actually related to the modulus of the stamp, the
contact behavior of these stamps was investigated. For this purpose, a stamp with-
out proteins was brought into contact with an uncoated slide while its adhesion was
monitored by reflection interference contrast microscopy (RICM). RICM is an optical
microscopy technique that uses polarized light to quantify the proximity of an object to
a smooth surface, usually cells on glass. As the name implies, RICM is based on the
contrast in the interference pattern of the reflected light. If the distance is on the order
of the applied wavelength, the reflected rays interfere constructively or destructively de-
pending on the distance. With monochromatic light, a higher signal intensity means a
greater distance of the object from the substrate surface.

The wells were visible under light pressure, but the pillars appeared only in areas with
gas bubbles or dirt (Figure 10.6). Lifting the stamp during filming showed that the
pillars stood up again before losing contact with the substrate. The printing areas
with a larger radius were therefore the marginal areas where the stamp lifted off of the
substrate and so did not squeeze the pillars locally.
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10.5. Geometrical limits of stamps with three different Young’s moduli

Table 10.4.: List of experiments regarding the correlation of stamp material and feature

limit size. All experiments were performed with 100 £& FNT at RT on
glass substrate coated with Biosensor. The characterization of the prints
is defined in chapter 10.3. Success rate is the ratio of numbers of + to

quantity. The Young’s modulus of the materials is in brackets.

Material Master  Success Rate Quantity + o -
X-PDMS  W300/600 94 % 16 15 1 0
high-m. ~ 'W300,/1000 100 % 6 6 0 0
(~80MPa) W500/1000 100 % 6 6 0 0
W500/1000 83 % 6 5 1 0

P80/600 21 % 14 3 5 6

P80/1000 0% 8 0 3 5

P300/1000 88 % 8 7 1 0

P500,/1000 83 % 6 5 0 1

X-PDMS  W300/600 33 % 9 3 3 3
low-m. W300/1000 67 % 7 4 2 1
(~5MPa)  W500/1000 2% 7 5 2 0
W500/1000 72 % 7 5 2 0

P80/600 0% 7 0o 0 7

P80/1000 0% 7 0o 0 7

P300,/1000 0% 7 0o 0 7

P500/1000 0% 7 0o 0 7

MED-6019  'W300/600 83 % 6 5 1 0
(~8MPa) W300/1000 100 % 6 6 0 O
W500/1000 83 % 6 5 1 0

W500/1000 83 % 6 5 1 1

P80/600 0% 6 0 0 6

P80/1000 0% 6 0 0 6

P300,/1000 67 % 6 4 2 0

P500/1000 100 % 6 6 0 O
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10. Nanocontact printing with PTM-fabricated masters

Figure 10.6.: RICM images of a stamp with a modulus £ ~5MPa in contact with an

Height [nm])

13

untreated glass slide. (A) Wells of all feature sizes were clearly visible but
pillars showed mostly a full-faced contact. Pillars could only be found in
areas around defects like trapped air or particles (B) or at the edge of the
contact zone (C). (D-E) show the same position while manually lifting
the stamp. The dashed line in (E) illustrates the position of the contact
edge at (C).
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Figure 10.7.: AFM tapping mode topology images of minimal achieved geometries of the
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nickel masters. For MED-6019, the limit was reached with (A) P300/1000
and (B) W300/600. With high-modulus X-PDMS all features which were
fabricated by PTM could be printed, although (C) P80/600 with a success
rate of around 20 %, (D) W300/600 with 94 %. The line profiles (E,F) are
for the images directly above.
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10.6. Influence of protein concentration for nCP

10.6. Influence of protein concentration for nCP

The objective for this experiment was to optimize the parameter for the protein coating
of the stamps. To get reasonable limits for concentration tests, the following estimation
was proposed:

The number of proteins in bulk N gets reduced by the number of adsorbed proteins on
the stamp n, the remaining proteins in the bulk are N':

N =N-n =1-— (10.4)

n
N N
A ratio n/N — 0 indicates that the amount of proteins in the bulk was not influenced
by the adsorption. The ratio n/N — 1 means that all proteins from the bulk were at
the stamp surface. Now assuming a circular area with a radius R is fully covered by
a monolayer of proteins while the protein solution forms a hemisphere. This is a lower
estimate since untreated silicone stamps are hydrophobic, meaning more volume on less
contact area. Both n and N can be calculated if the area a covered by one adsorbed
protein, molecular mass m of one protein and the mass of all proteins in bulk M are
available:

ni?

a

M 2 c
= Nzizf 37 ].
n -~ 37TR (10.5)

m

With this, the ratio of adsorbed proteins to available proteins can be calculated, as-
suming the protein occupies a disk area with the radius 7:

n_Rzm 3 m

N r2M - 21 Rr2c

(10.6)

Having the initial idea in mind we can now see the ratio is an hyperbola for the con-
centration and we can define a minimum concentration c¢,,;y,:

n n
N x¢ N — 1 at Cmin (10.7)
Proteins tend to spread if they adsorb on a surface, especially for low concentrations.

For a rough estimate the Stokes radius can be applied although it includes a hydro-
sphere and is therefore typically larger than the pure protein polymer. With a typical
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10. Nanocontact printing with PTM-fabricated masters

drop radius of R = 2mm, for both BSA and SAV the minimum concentration is around
Cmin ~0.1 28 for FNT it is ¢, &1 22, Although it is a lower estimation, the complete
transfer of the proteins in the solution to the stamp is very unlikely. The applied
concentration should therefore be significantly higher than calculated values and we
tested protein concentration of FNT in DIW between 1, 10, 100 and 1000 X£.

X-PDMS stamps were covered with 50 pL. of the protein solution and washed after
15min with DIW. The substrates were prepared with Biosensor reagent, printing dura-
tion constant at 15min. Prints were in principle possible for all concentrations, how-
ever, the height of proteins decreased dramatically while lowering the concentration.
For higher concentrations, the coating was thicker and more homogeneous. A surface
with a roughness below R =0.5nm was reached for 100 &, the protein curve had a
FWHM of 2.1 £0.2nm. Cracks in the layer appeared for 10 1% the FWHM increased
to 3.2 £ 0.8nm. For 1 X% the patterns was still visible for human eye but did not succeed
according to the applied characterization methods. The distribution of the glass surface
and for the protein merged into one curve with a FWHM of 1.4 + 0.2nm. Representable
AFM images and height distributions are shown in fig. 10.8. The average values of the

heights are plotted in fig. 10.9.

The measured height of FNT was significantly smaller than the Stokes radius in lit-
erature [60, 138, 61]. For experiments with 1000 X% we measured a total height of
5.5 £ 0.2nm, while the Stokes radius should be around 8 nm. However, the definition of
the hydrodynamic radius includes dragged molecules which impact the diffusion coeffi-
cient and get widely ignored by the tapping mode of AFM. In addition, the adsorption
of the protein leads to stretching, limited mainly by intramolecular forces [139]. This
also explains the variation of height of FNT depending on concentration. If more space
is available only intramolecular forces hinder further expansion, resulting in cracks in
the patterns of 1 and 10 X2. These correlations also apply for the spherical proteins

BSA and SAV but to a lesser degree.

According to the estimation, no height difference should be measurable if a typical
protein solution were reused several times, since the ratio for BSA (100 22) n/N =~
21072, Several experiments were performed to test the practicality of this estimate.
Several stamps were coated with BSA and after 15 min the protein solution was pipetted.
The stamp was printed on biosensor reagent, then washed thoroughly with acetone,
ethanol and DIW, and then the protein solution was reapplied directly from the pipette.
Six iterations were performed and the protein level determined (Figure 10.9). The linear
fit shows a small slope, but all data points lie within the error bars. Granted, this is of
little relevance to standard BSA or FNT, but could become more important if expensive,
modified proteins are used.
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10.6. Influence of protein concentration for nCP
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Figure 10.8.: Variations in protein concentration of FNT. (A,C,E,G) show AFM im-
ages, (B,D,F,H) their corresponding height distribution. Measuring the
average height as described in the characterization chapter, (H) is not
resolvable. (A,B) 1000ug/ml; 5.3nm, (C,D) 100ug/ml 4.2nm, (E,F)
10ug/ml 1.9 nm, (G,H) lug/ml, not resolvable.
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10. Nanocontact printing with PTM-fabricated masters
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Figure 10.9.: (A) The height of adsorbed FNT proteins depends on the concentration
of the solution while coating. (B) For at least five applications, the same
protein solution can be applied without loss in height.

10.7. Washing, reusability and large area prints

Washing One of the benefits of PDMS stamps for mCP is that they can be reused
many times before defects become visible. However, it was unclear whether this also
applies to X-PDMS stamps with nanostructures, as these can be a lot more sensitive.
Therefore, FNT (100 £, 15 min) with W300/600 stamp was printed on biosensor coated
substrates. When a drop of DIW was applied to the stamps, it was found that the
protein-coated portion was slightly hydrophilic while the silicone surface otherwise re-
mained hydrophobic. When the stamp was pressed onto another coated slide without
re-adsorption of proteins and a drop was applied again, no hydrophilic area was left.
This led to the assumption that at least no cohesive protein layer covered the stamp
surface anymore. Since a monolayer of the proteins was confirmed on the basis of the
height measurements on the substrate, it can be assumed that a monolayer is also ad-
sorbed on the X-PDMS and completely transferred during the pressure. Indeed, AFM
samples of substrates printed with a used stamp did not show any transferred proteins.
These substrate looked identical after printing to a fresh biosensor coated surface with
R.s = 0.5nm.

If conformal contact has been prevented, for example, by the inclusion of air bubbles or
particles, it could happen that proteins stick to the stamp. As an experiment, a stamp
was coated with FN'T as above but then tried to wash off the proteins before the nCP.
Neither acetone, isopropanol, ethanol nor DIW reliably removed all proteins, but dust
particles could be removed from the silicone with the organic solutions. Only when the
stamps were bathed in acetone and DIW with ultrasonic for 1 min, the proteins could
be removed successfully.

To see if this cleaning option could have an impact on the stamp after repeated use, the
stamps were bathed with ultrasonic for 5min, 10 min and 15 min. Between each bath,
nCPs were performed and checked with AFM. The pattern showed defects on the order
of 50 — 200 nm after even 5min. Prolonged application increased the number and size
of nanodefects (Figure 10.10). Although these protein patterns were still well defined
in terms of height distribution, they would fail the quality test because the pattern was
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10.8. Incubation of SAV on FNT pattern

clearly not homogeneous to the eye. The contrast dropped to 0.42 £+ 0.12.

Figure 10.10.: Stamp defects by ultra-sonic bath. (A) Microdefects and some delami-
nations of X-PDMS from the softer backplane can be seen after 10 min.
(B) After 15min the amount of the nanodefects increased.

Reusability Finally, several stamps were applied with the same type of protein for
around thirty times, two for even more than fifty times with the mentioned washing
steps in between the pritings. The nanopatterns showed no detectable defects, the
contrast did not deteriorate. AFM images of the stamp also showed no defects such as
accumulated proteins or nanodefects as occurred after ultrasonic baths.

Large area nCP In contact printing, protein deposition does not depend on the coher-
ence of a light source or other long-range effects limiting the size of the patterned area.
The size limit for a patterned area is thus set, in principle, by the size of the master.
Even with stamps produced from 6inch masters, pattern quality was generally high over
the whole printed area. Measured on several times in three different regions (near the
center, near the edge and in between) the overall contrast was 0.79 + 0.02. However,
in a manual printing process, a practical limitation is set by the dexterity of the ex-
perimenter, since the likelihood of trapping air bubbles between stamp and substrate
increases with the stamp size.

10.8. Incubation of SAV on FNT pattern

After printing FNT wells, an incubation chamber was adhered to the printed pattern.
Five samples were backfilled with a SAV solution 100 % for 15 min immediately, five
after one week. In application experiments, the chamber would not be removed, but
for further analysis the incubation chamber was rinsed with DIW to avoid salt crystals
and then carefully removed with a razor blade. The substrate was dried in a stream of
nitrogen and examined with AFM.

AFM images showed a homogeneous topology with small differences in height of less
than 2nm between SAV disks and the FNT grid. By the dependence of the protein level
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10. Nanocontact printing with PTM-fabricated masters

on the concentration used, the difference between FNT and SAV could be adjusted so
that either the SAV or the FNT protrude topologically (Figure 10.11).

Phase images also showed a clear difference between the two proteins, regardless of the
topology. Substitution of FNT by SAV during incubation is thus not excluded but at
least unlikely.

A 0pm B Opm 2
o 3

Figure 10.11.: AFM images of printed FNT on Biosensor coating, before and after incu-
bation with SAV. (A) If the FNT layer has a height of around 3 nm, (B)
the backfilled SAV proteins protrudes. (C) If the FNT layer is around
4.5nm, (D) SAV can match the height and can hardly be detected with
topology images. However, looking at the phase images of pure FNT and
after backfilling (E,F, respectively), the incubated SAV proteins can be
clearly distinguished from the FNT pattern. Measurements for images
(C-F) were performed with the same cantilever.

10.9. Qualitative assessment with TIRFM and
super-resolution microscopy

TIRFM  We prepared W300/1000 and W300/600 with FNT (100 %) on Biosensor
coated slides and incubated in sequence with SAV and biotinylated anti-human-CD4
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10.9. Qualitative assessment with TIRFM and super-resolution microscopy

antibodies (30min). After washing and incubation with Hela-cd4-mclovers cells (1h),
the redistribution of the membrane protein CD4 according to the printed nanopattern
was monitored. The Hela cells were genetically modified to express CD4 which is an
important membrane protein of T cells. Also, the fluorophore mclover was genetically
attached to the membrane protein. This GFP-derivate is suitable for TIRFM and one
of the strongest fluorophores of all GFP or REFP derivates [140].

HeLa HA-mGFP cells were used for testing measurements since they are adherent cells,
opposite to T cells which are suspension cells. In addition, HeLa cell line is easy to use
and culture because they are not prone to infections, the growth rate is relatively high,
and the transfection of HeLa with recombinant DNA is feasible.

With epifluorescence microscopy and not focusing at the glass-cell-interface, a relatively
homogeneous distribution of the labeled CD4 could be observed (fig. 10.12A). Moving
the focus to the region of interest near the glass surface, we could see that the CD4 mem-
brane proteins rearranged according the printed protein nanopattern on the substrate
(fig. 10.12B). Although background noise was still present, it was decreased significantly
with switching from epi-illumination to TIR (fig. 10.12C-D). We expect two major causes
for background noise. If the pattern density was lower than the density of the fluorescing
molecules the pattern would be saturated, leaving the remaining fluorophores in regions
which should be blocked. The second major cause were activated fluorophores far away
of the glass. By the application of TIRFM which illuminates around 200 nm near the
glass surface, a cell thickness of at least several micrometers and fluorophores only at-
tached to membrane proteins, this second cause was strongly reduced. However, the
density ratios of capturing areas and fluorophores in the membrane needed to be care-
fully adjusted to avoid undersaturation with a weak signal intensity or oversaturation
with higher noise. We expect that in our case more proteins were expressed than could
be captured with the antibodies.

Once the cells were attached they did not move again in the timescale of at least 1h.
This indicates that neither the antibody-SAV binding nor the SAV fixed to the Biosensor
coating could be detached by cell forces. At this stage, we cannot estimate the influence
of the FNT-pattern which supposedly helped to stabilize and fix the cells and to keep
the membrane attached to the glass surface.

We recognized that the fluorescing dots seemed larger than the width of the wells
measured with AFM. This can be explained by the size of the point-spread-function
which increases the diameter of the patterns to a size of 500 nm which corresponds quite
well to the visible TIRFM pattern. Thereby the W300/600 pattern was hardly resolvable
with TIRFM (fig. 10.12E,F), having an effective pitch of 100 nm.

dSTORM New samples of W300/600 FNT-patterns were studied with STORM. The
preparation was identical as described for TIRFM but only fluorescing antibodies were
incubated and no cells added. In contrast to TIRFM, with STORM the pattern were
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10. Nanocontact printing with PTM-fabricated masters

#
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Figure 10.12.: TIRFM image of Hela-cd4-mclover cells. (A-D) One is attached to

62

W300/1000 patterns, (E-F) a second cell overlapped to W300/600. Epi-
fluorescence microscopy images in the cell (A) and at the membrane (B)
illustrate the huge advantage of TIRFM (C) for studying membrane pro-
teins. (D,F) are the magnification of (C,E), respectively. The dashed line
outlines the Hela cell, the straight rectangle the magnified region. Scale
bar (A-C,E) 10 um, (D,F) 5 pm.


https://www.tuwien.at/bibliothek
https://www.tuwien.at/bibliothek

Die approbierte gedruckte Originalversion dieser Dissertation ist an der TU Wien Bibliothek verfugbar.

The approved original version of this doctoral thesis is available in print at TU Wien Bibliothek.

thele

(]
blio
nowledge

(]
I
rk

10.9. Qualitative assessment with TIRFM and super-resolution microscopy

clearly resolvable and had a better background to noise ratio than the images with cells
(fig. 10.13). This supports the theory of oversaturation with fluorophores.

Figure 10.13.: STORM images of FNT W300/600 patterns, (A) overview and (B)
zoomed-in. Opposite to TIRFM, with STORM the pattern was clearly
resolvable. This image was measured with biotinylated, fluorescing anti-
bodies without cells. Scale bar is (A) 2 pm, (B) 1pm.

Compared to the very homogeneous looking AFM images, brightness heterogeneities
in the wells could be detected with this super-resolution technique. Several causes can
contribute to this result such as the size and binding kinetics of the antibodies, denatu-
rated fluorophores, and detaching of SAV. Due to the timescale of STORM, stage-drift
may also be taken into account. This misinterpretation can be partly eliminated by
sophisticated algorithm but would require additional experiments and carefully adjust-
ment of the STORM-parameters including the adaption of the redox-buffer. One of the
intrinsic problems of STORM could not be ruled out. That is, that one fluorophore may
be counted several times, each time with a position accuracy of 10 — 50 nm. Thus, the
reconstructed final image may present higher local brightness which gets interpreted as
several activated fluorophores but in fact came only from one molecule. However, the
main reason may be that the sample had to be bleached heavily for the imaging, thereby
destroying many fluorophores. This is especially true for high amounts of fluorophores
which we have in the dense patterns. Thus, for the smallest feature sizes of this thesis
another super-resolution technique was applied.
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10. Nanocontact printing with PTM-fabricated masters

10.10. Discussion

The goal of the experiments with the PTM masters was to explore the limitations of
nCP with high-modulus silicones and to find conditions that could enable a nCP with
a period under 200 nm considering the set requirements. In principle, two different
strategies can be used to prepare nanoscale biofunctional streptavidin discs: a) printing
SAV with a pillar profile stamp, followed by filling with a protein for surface passivation,
or b) printing a background protein and filling with SAV. By mastering with PTM, both
variants could be examined for their applicability in the nanoscale.

It showed that the silicone with the highest modulus of £ = 80 MPa had the highest
success rate overall. At EF = 8 MPa, well-structured printing was of nearly comparable
quality, while at £ = 5MPa, only 33% of the smallest well-structure attempts were
successful. The printings with pillar stamps were of lower success rate for all stamps.
The high modulus X-PDMS stamp was the only one capable of printing with pillars
of 80 nm in diameter, but only with a success rate of 21% and even then only up to a
period of 600nm. At 1000 nm period not a single successful print could be generated.
Since these results were independent of the proteins used, this is probably not only a
consequence of the modulus, but also of manual printing. No expensive equipment is
needed either for the production of these stamps or for printing. Small impurities of the
stamp have also no long-range influence, so this technique is well suited for laboratory
use.

The protein concentration played a minor role in influencing print quality. A threshold
value must be exceeded in the concentration, which can be estimated among other
things by the protein size, then a dense and homogeneous protein layer was reproducibly
possible. At least for large, flexible proteins such as fibronectin, there was also the option
to adjust the thickness of the protein layer between 1.9nm and 5.3nm solely by the
protein concentration.

The coating with Biosensor solution was superior to the alternatives. The surface was
only slightly rougher (R,.,s < 0.5) than cleaned or plasma-treated glass (R,ms < 0.3),
while the epoxy coating already had structures with a height in the nanometer scale
(Ryms < 3.2). However, only the patterns on Biosensor and epoxy coating survived the
contact with water without a significant loss of quality. In comparison between these
two reproducible good results could be achieved with Biosensor coating already with
a contact duration of stamp and substrate of 15 min, with epoxy the best results were
achieved after 24h. Although transfer for the electrostatic coatings should be imme-
diate, nCP is essentially a plate-to-plate process, so air bubbles can easily be trapped.
However, the silicone stamps are permeable to gas, which was probably the reason that
only after a few minutes a complete conformal contact was guaranteed. Epoxide binding
required significantly longer time periods to ensure stable protein transfer. It may be
that the covalent bonding process takes much longer compared to electrostatic bonding.
In addition, in contrast to the epoxide rings, the metal polymer ion coating does not
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10.10. Discussion

hydrolyze, so that the coating remains functional after at least two weeks. It is thus pos-
sible with the Biosensor coating to produce substrates with nanopatterns from blocking
proteins and to add the anchor proteins shortly before the application, which offers the
lowest probability of denaturing the anchors.

In contact printing, protein transfer does not depend on the coherence of a light source
or other remote effects that could limit the size of the structured region. The size con-
straint for a structured area is, in principle, determined solely by the size of the master.
The master made with PTM had a diameter of 6 inches, yet the pattern quality was
generally high throughout the print area. As already mentioned, in a manual printing
process there is a practical limitation by the dexterity of the experimenter since the like-
lihood of trapping air bubbles between stamp and substrate increases with the stamp
size.

In addition, it has been shown that an X-PDMS stamp can be reused at least fifty
times, with only a slight decrease in quality. However, ultrasonic baths can permanently
damage the stamp, but also remove any residual protein from the surface, which could
otherwise lead to cross-contamination.

The nanopatterning of membrane proteins could also be verified with TIRFM and
dSTORM for W300/600 and W300/1000 patterns. However, dSTORM requires that
the active fluorophores of each image could be resolved and localized which naturally
gets more complicated with higher numbers of fluorophores. Images showed an inhomo-
geneous brightness distribution probably due to intrinsic limitations of the method such
as the strong bleaching.

The success rates showed that high-modulus X-PDMS stamps with wells and Biosensor
coating were the best choice for the nanoscale.
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11. Nanocontact printing with a
period of 140 nm

11.1. Master design and preparation of composite
stamps

According to the results in previous chapters, printing from Wells was a promising way to
achieve features under 100 nm. Since the limit of mastering possibilities with PTM had
already been reached in-house, an external Master had to be acquired. Few techniques
are available to create silicon masters with 50 — 80 nm wide pillars and a period of less
than 200 nm. Electron beam lithography can achieve such patterns, but is quite costly,
especially for large areas. On the other hand, the given lateral constraints are too small
for most interference lithography techniques. However, Eulitha, Switzerland, invented
and patented a technique called Phable for the cost-effective production of periodic
nanostructures [141]. A 4-inch master could be acquired by Eulitha with 52 + 3nm
wide pillars (measured on top of the pillars) with a period of 140 £ 2nm and a depth
of 100 nm (Figure 11.1 A). Since the stamp’s feature sizes are defined not by the top
diameter but by the wider bottom of the pillars, the pits of X-PDMS stamps had an
average size of 78 +5 and a period of 140 + 2. The stamp was thus defined as W80/140.

This master was imprinted with MED-6019 and X-PDMS (cured for maximum mod-
ulus). In the protocol of X-PDMS, 3g for both X-PDMS and intermediate layer are
suggested for a 6 inch wafer. For a 4 inch wafer, this would result in only 1,4g to cover
the area, however, spincoating the reduced amount of the viscous pre-polymer resulted
in incomplete coating. Thus, although the area of the Eulitha master was around half
the size of the nickel master from PTM, the amount of X-PDMS reagents was kept the
same. With this, both MED-6019 and X-PDMS stamps were both successfully fabri-
cated with the protocol in chapter 10.2. The topology of the patterns were checked on
a large scale with SEM for defects like pairing. Minor, local defects and dust particles
were detectable but overall the stamps of MED-6019 and X-PDMS were of high quality
(fig. 11.1B-D).
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11. Nanocontact printing with a period of 140 nm

11.2. Nanocontact printing of FNT with 80 nm wide
wells

Following the print protocol developed in Chapter 10, FNT (100 22) was printed on
Biosensor coatings using the new wells stamps. However, the substrate showed no well
pattern, but a fully covered area with protein rings at the edge of the expected wells
(Figure 11.2). Defective prints could be used to determine the height of the protein
carpet at 4nm, which is approximately equal to the level of FNT for the applied con-
centration. The rings themselves had a height of about 8 nm, so they correspond to a
double layer FNT. The radius of the covered pits is 35 nm in the inside, from tip to tip
it is 75 nm, which is close to the hole size of the stamp.

The results of the protein carpet were reminiscent of the experiments of nCP with
stamps with too low a modulus of elasticity or too high pressure (see chapter 10.5).
RICM measurements were not possible because the feature period was below the diffrac-
tion limit. Based on previous RICM experiments (Figure 10.6), it was expected that
there could be a pressure windows that did not deform the stamp features. This can
hardly be achieved with manual nCP, so the device introduced in Part III, which was
developed for nanoimprint lithography, was used. It is a specially crafted NIL-to-disk-
to-disk tool, which is discussed in detail in Chapter 14.2. To modify it for nCP, the
stamp was placed on two slides so that it could hang over the ground like a bridge. A
stack of soft PDMS (5mm square, 2mm thickness) was placed on top of the stamp in
the middle. The bending of the foil pressed on the stack and brought the feature side
of the stamp into contact with the substrate. The automatic release of the print causes
a lifting due to the stiffer glass backplane. The pressure was varied from (10 — 50) kPa
in steps of (10) kPa and between (40 — 50) kPa with steps of approximately (2) kPa. All
variants, however, resulted in a protein carpet. So no successful nCP could be achieved.

Other potential parameters have been varied, such as printing on epoxycoated slides
(24h), but the result remained sobering. A reduction in the concentration to 10 22,
however, caused that no rings were present, but only the continuous protein layer. By
further reducing to 1 £ irregular wells became noticeable. However, as already shown
in Chapter 10.6, the print quality was insufficient for concentrations far below 100 %
Nevertheless, this was an indication that the protein itself could be the cause of these de-
fects. In a compact conformation, the molecular dimensions of fibronectin are 9x16 nm
[138], while the stretched molecule can reach lengths of up to 160 nm [60]. It is therefore
possible that fibronectin partially covers the 80 nm wells, resulting in a loss of resolu-
tion. To verify this theory and work around the problem, a smaller; spherical protein
was printed instead.
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11.3. Nanocontact printing of BSA with 80 nm wide wells
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Figure 11.2.: AFM images of FNT rings on a carpet of FNT. (A) Overview and (B)
detail with their line profiles (C,D). The inner diameter of the rings is
around 35nm, from peak-to-peak it is 75nm. The well diameter on the
applied stamps is around 80 nm.

11.3. Nanocontact printing of BSA with 80 nm wide
wells

Fibronectin was chosen in the beginning as the blocking protein because the adhesion
of the cell membrane is crucial for application experiments based on TIRFM. Different
spatial distances, such as those caused by bending the membrane, would lead to data
that could be misinterpreted. However, because FNT was not printable for W80/140, a
smaller protein was tested. BSA is a spherical protein with a mass of about 15 % of a
FNT.

Nanocontact pressures were measured with BSA (500 22) on Biosensor coated slides.
This time, wells could be clearly seen (Figure 11.3). For comparison, experiments with
W300, P80 and P300 were additionally performed (Table 11.1, Figure 11.4). The prints
of W80/140 had a success rate of 67 % and a decent contrast 0.61 + 0.14, averaged over
ten samples measured. Two samples were below 0.40, otherwise the quality would be
comparable to W300/600.

The BSA height for the applied concentration was approximately 3nm, which is only
slightly smaller than the Stokes radius of 3.5nm, and can again be determined by the
definition of the hydrodynamic radius as well as by conformational changes [139]. Again,
the prints were dense monolayers.

To consider the influence of the Young’s modulus, 10 prints were also made with the
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11. Nanocontact printing with a period of 140 nm

MED-6019 stamp, but the results showed a protein carpet with no recognizable wells
(C <0.16).

The next step was to check whether reuse of the stamps would decrease the imprint
quality for these nanopatterns. Even after 50 prints of BSA with one stamp, however,
the contrast of the W80/140 prints did only slightly deteriorate (C' = 0.58 £ 0.07).
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Figure 11.3.: AFM tapping mode topology images of W80/140 prints with BSA 500 £
on Biosensor coating. (A) For the MED-6019 stamps, no protein nanopat-
tern could be achieved. (B) With X-PDMS and BSA, the prints succeeded
with a rate of 67 %. (C) The line profile and the (D) height distribution
of (B) illustrate the quality of the pattern. (E, F) After the samples were
stored in the fridge at 4°C for 17 days, no diffusion of the proteins was
detectable.
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Table 11.1.: Quality assessment of protein nanopatterns.

11.3. Nanocontact printing of BSA with 80 nm wide wells

n indicates the number of

imprint replicates. Mean contrast values + standard deviations are given.

Stamp layout Protein C n Comments
W80/140 BSA  0.61+0.14 10 2 samples with C < 0.40
W300/600 BSA  0.78+£0.08 12
W300/600 BSA 0.79+£0.02 3 3 differnt ROIs within
one 6inch imprint
W80/140 BSA  0.58+£0.07 3 after 50 prints
W80/140 BSA  0.53+£0.03 3 after 17 days at 4°C
W80/140 FNT 026£0.11 9 0 samples with C > 0.50
W300/600 FNT 0.67+0.05 14
P80/600 BSA 0.13£0.28 6 1 sample with C > 0.75
P300/600 BSA 0.72+0.02 7
P80/600 FNT 024+£034 9 2samples with C > 0.75
P300/600 FNT 0.78+0.02 6
100%%
Bl
60%
40%
20%
0%
g = g g 2 g g 2 g 2 g S
= = = = = = g5 = £ = = =
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Figure 11.4.: Comparing the success rate of nCP with different feature sizes referring to
table 10.3. All samples were performed on Biosensor coating with FNT
except the W80/140 for which BSA was applied. At least six prints were
performed for each feature side. The definition of the characterization can
be found in chapter 10.3.
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11. Nanocontact printing with a period of 140 nm

11.4. Shelf-life of nanopatterned BSA

Another important parameter is the storability of the printed patterns. Mostly, several
days or weeks laid between nCP and further tests and the proteins could denaturead or
diffuse over time. It has already been shown that biosensor coating is stable over several
weeks. However, avidity binding may have the option of allowing the molecules to rotate
and may also be accompanied by diffusion, which over time should reduce the contrast
of the pattern. After 17 days of storage at 4 °C, only a small decrease in pattern contrast
(C = 0.53 £0.03) was observed (Figure 11.3E,F), no major diffusion of the protein into
the free spaces could be detected. Therefore, SAV can be added directly before the
experiments to ensure a high functionality of the anchoring protein.

11.5. Imaging of antibody nanopatterns with STED

For STED microscopy, W80/140 and W300/600 BSA patterns were prepared and in-
cubated with goat anti-rabbit IgG antibody conjugated with STAR RED (Abberior,
Germany), diluted 1:50 in PBS to a final concentration of 20 X%, This fluorophore is
recommended for STED, has excitation peaks at 635 nm and 650 nm and a depletion at
750 — 780 nm.

Although a W300/600 pattern was still resolvable with the confocal setup, the STED
image showed more details regarding the positioning of the fluorophores. And as with
STORM, a heterogeneous brightness was measured resulting in a contrast of C' =
0.77 £0.03. For W80/140 no patterns were visible with confocal microscopy but STED
microscopy resolved the nanofeatures (Figure 11.5). For this pattern, the heterogeneity
distributed over several disks, decreasing the contrast to C' = 0.55+0.04. Both contrast
calculations were averaged over three imprint replicates.
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11.6. Discussion

Figure 11.5.: Comparing confocal (left lower corner) and STED images of nanopat-
terns. (A) W80/140 patterns are visible with confocal microscopy but
STED microscopy resolves the nanofeatures. (B) The W300/600 pattern
was still resolvable with the confocal setup but the STED image showed
far more details regarding the positioning of the fluorophores. Scale bar
1 pm

11.6. Discussion

For living cell applications on nanostructured surfaces, it is often beneficial to promote
cell adhesion in the areas adjacent to functionalized disks. In microcontact printing,
fibronectin has been widely used for this task, however, printing of FNT using the
W80/140 stamp resulted in low-contrast patterns (C' = 0.21) and often ring-like features.
By comparison, the print quality achieved with the W300/600 stamp layout was of much
better quality. It is suspected that the poor performance of fibronectin with the W80/140
stamps is most likely due to the size and properties of the fibronectin molecules. Large
molecules such as fibronectin can alternatively be printed with pillars, but the success
rate would drop significantly.

AFM images of the W80/140 printed BSA pattern resulted in successful prints with an
average height of the printed protein of about 3 nm, which corresponds to a monolayer of
BSA. These prints were reproducible at a median contrast of 0.61, which was lower than
stamps with the W300 layout (0.78). There are several possible explanations for this:
First, of the 10 imprints analyzed for the W80 layout, 2 had contrast values below 0.4.
Such outliers were not observed in the W300 layout and may be a consequence of the
manual printing process. Second, AFM image artifacts can affect contrast levels. For
example, edge effects caused by the pulling of proteins into the "OFF" regions are more
pronounced as the feature size decreases, resulting in an overestimation of the height in

73


https://www.tuwien.at/bibliothek
https://www.tuwien.at/bibliothek

Die approbierte gedruckte Originalversion dieser Dissertation ist an der TU Wien Bibliothek verfugbar.

The approved original version of this doctoral thesis is available in print at TU Wien Bibliothek.

thele

(]
10
edge

b

now!

(]
|
rk

11. Nanocontact printing with a period of 140 nm

"OFF" regions, resulting in an overall reduced contrast.

The samples could be stored for two weeks without pattern deformation, indicating
that the avidity bond of the Biosensor coating is strong enough to prevent diffusion into
the unprinted areas during this timescale. This was essential because the samples had to
be transported from the production site to the high-resolution microscopes and usually
several days had passed between the nanoprinting and the application.

In comparison to STORM, STED requires a more complex setup, but due to its prin-
ciple of stimulation depletion, large amounts of fluorophores do not adversely affect the
results but improve it. STED images of the patterns W80/140 and W300/600 could be
recorded successfully with STED. In the W80/140 patterns, some spots appear to be
poorly occupied with fluorophores, while some spots appear overly bright. The contrast
values obtained for the W80/140 and W300/600 antibody samples were 0.52 and 0.77,
respectively. Several factors can reduce the detected spot brightness and thus contrast
in STED microscopy: low level of labeling of the antibodies, fluorophores lost by bleach-
ing by either the excitation laser or the high intensity STED laser, fluorophores with a
photon detection efficiency of less than 70 %. Considering the size of an antibody (10 nm
x 15nm), a maximum of about 20-30 antibodies can be accommodated in a well with a
diameter of 80 nm. Due to the stochastic distribution of antibodies on the surface, it is
possible that the number of fluorophores and thus detected photons differs considerably
between individual antibody disks generated with the W80/140 stamps. With feature
sizes of 300 nm, this leads to brightness heterogeneities within individual antibody disks,
whereas in 80 nm features heterogeneities between the disks dominate.
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12. Conclusion

It was possible to successfully produce substrates with nanopatterns of various sizes, the
smallest samples produced had a period of 140 nm. The patterns were very homogeneous
and stable for at least two weeks. The production of a fresh substrate took just 30 min,
was very easy to reproduce and required no special equipment. This could be achieved
by using high-modulus silicones as a stamp material and a polymer metal ion layer
coating to support protein adhesion.

The combination of Young’s modulus of the stamp and its geometry has a very big
influence on the success rate. For 300 nm diameter wells, the modulus should be at least
8 MPa to reach > 80 % rate. For pillar structures, in addition to the diameter, the
distance also plays an important role. A pressure with pillars with a diameter of 80 nm
and a distance of 600 nm was only possible with stamps whose modulus was 80 MPa and
even then only 1 of 4 succeeded. Successful prints with wells with 80 nm diameter could
also be achieved only with these stamps, the success rate for 20 samples was (80 4 5)%.

Also the choice of the protein is crucial. While wells with a diameter of 300 nm could
still be printed with fibronectin, this protein occupied the wells with a diameter of 80 nm
and thus prevented the successful printing. With bovine serum albumin, this difficulty
did not exist, it was printable with all sizes in high density. However, cells usually do
not adhere to BSA, which can cause problems with long distances between anchor disks.

Using living cells and TIRFM, the patterns could be seen up to a size of 300 nm and
600 nm period. The nanopatterns were stable over time even with the attached cells
indicating that the adhesion of the proteins to the substrate was sufficiently strong.
With STED, finally, the functionality of the smallest patterns with a period of 140 nm
could be detected. With this technique, there is now an option to investigate the in-
teraction behavior of membrane proteins up to a resolution of around 280 nm. Because
a single well has a diameter of just 80 nm, it might be possible to capture only a few
membrane proteins and study their interaction over a large area, not in the ensemble,
but individually.

5


https://www.tuwien.at/bibliothek
https://www.tuwien.at/bibliothek

Die approbierte gedruckte Originalversion dieser Dissertation ist an der TU Wien Bibliothek verfugbar.

The approved original version of this doctoral thesis is available in print at TU Wien Bibliothek.

thele

(]
blio
nowledge

(]
I
rk

12. Conclusion

From all findings the following Best Practice Protocol was compiled:

Stamp preparation X-PDMS stamps can be reused many times especially if applied

in series.

1. Cure X-PDMS layer for maximal Young’s modulus. A curing at 70°C for 10 days
is recommended if features sub 100 nm are required.

2. Add a soft PDMS backplane of 2 — 3mm. This is essential as compliant layer and
may vary if the printing is not performed manually. Cure slowly at low temperature
(<70°C) to prevent bending of the stamp.

3. Carefully lift off the stamp. Wash with acetone, ethanol, and DIW to remove

remaining monomers and store dust-free.

Substrate preparation The success of nanocontact printing depends greatly on the
preparation of the substrate.

1.

Clean substrates. Rinse or bath in highly-pure organic solvent (ethanol, acetone)
and then in DIW.

. Mark the region of interest on the backside and cover it with Biosensor coating on

the front. Protect the substrate from dust.

. After 45 min, pipette the wet coating for reusing. Wash the substrate with DIW

and dry in a nitrogen stream.

. Dry and cool it can be stored for several weeks without losing functionality.

Nanocontact printing Great care should be taken for a clean environment, good light,
and steady hands. The protein coating can be performed in parallel to the substrate
coating.

1.

76

Apply the protein solution. The concentration defines the height of the adsorbed
proteins. For wells with a diameter above 300 nm, FNT (100 — 1000 %) is appro-
priate. Below, BSA (10 — 1000 2% ) is recommended as blocker protein.

. After 15min, wash the stamp with 1 ml DIW. Do not use PBS to prevent salt

crystals on the surface. Dry with a nitrogen stream, blowing the remaining DIW
carefully away from the region of interest.

. Press the stamp by hand and with care on the marked area of the substrate. Be

sure to avoid trapping air bubbles as good as possible. This can be achieved for
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example by starting with the central area and then releasing slowly the slightly
bended stamp.

4. Let the stamp rest for 15 min.
5. Remove the stamp and wash it with acetone, ethanol, and DIW.

6. Glue an incubation chamber on the printed area to ensure a protected and stable
micro-environment for the proteins.

A substrate prepared like this may be stored dry and cool in a Unilever slide and sealed
with parafilm for at least two weeks without deformation or diffusion on the nanoscale.
However, it is important that the samples are adapted to room temperature before
opening the seal.

Nanopatterning of membrane proteins The next steps depend strongly on the ap-

plication and the used microscopy technique. With appropriate glass slides and the
Biosensor coating, the samples are suitable for TIRFM, STORM, and STED.

1. Add SAV in solution 100 £% to the incubation chamber. It should never dry to
prevent salt crystallization or partial denaturation of the proteins.

2. Wash the chamber several times with PBS and add biotinylated antibodies. Do
not let the solution dry.

3. Again, after 15 min, wash the chamber several times with PBS.

4. Finally cells can be added. After typically one hour, it is ensured that the cells
adhered to the substrate and the target membrane proteins are captured at the
regions of interest.
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13. Nanocontact printing with hard
POSS stamps

13.1. Introduction

As already described PDMS is the material of choice for pCP [10]. The silicone with
a Young’s modulus of a few MPa ensures a conformal contact of the stamp and the
substrate. In addition, silicone is well suited to adsorb proteins but also to transfer
them to substrates with high surface energy [135]. In the nanometer range, however,
PDMS has disadvantages such as the described sagging and pairing, which for the most
part relates to the softness of the polymer. However, in hard stamps, the molecules
do often not adhere to the surface but accumulate in the recessed areas of the stamp’s
nanostructures [142]. Polyhedral oligomeric silsesquioxane (POSS) materials can cure
to a polymer whose functional groups can be modified to mitigate the disadvantages
of other hard materials. The material has a Young’s modulus in the range of GPa
and should be stable enough for the nanometer range. In order to achieve a uniform
and dense wetting of the stamp, an attempt was made to functionalize the stamp by
carboxyl groups. The electrostatic interaction should ensure that proteins adhere well
to the stamp. In order to facilitate the transfer, the adhesion to the substrate must
be stronger than this interaction with the stamp. Therefore, epoxycoated slides were
chosen as substrate. The covalent bond with an epoxide ring should be stronger than
the electromagnetic interaction with the stamp surface. With this combination lines of
avidin up to a width of 50 nm were already published [143].

13.2. Materials and Methods

AFM, TIRFM, and cell experiments were performed as described in part II.

Carboxylic acid-functionalized polyhedral oligomeric silsesquioxanes Briefly, Oc-
tasilane POSS was used as the starting material and epoxide groups and carboxyl groups
were added using Speier catalysts (Figure 13.1A). The statistical ratio of the two at the 8
arms of the POSS could be adjusted among other things by the reaction time. The syn-
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Figure 13.1.: (A) Synthesis of functionalized POSS. The rest R consists either of an
epoxid- or a carboxylgroup. (B) A 4 inch wafer was successfully imprinted
with the resist. (C) SEM images of the wafer. From [143].

thesis was tested by ATR-IR measurements. The resulting carboxylic acid-functionalized
epoxy-POSS was finally supplemented by a photoinitiator, so that the resist could be
cured by UV-NIL. Five variants of the resist were prepared with different ratios between
epoxy and carboxyl groups. A line-and-space structure was shown with a period of
500 nm was successfully imprinted on 4 inch wafers (Figure 13.1C). The synthesis was
carried out in collaboration with Julia Kastner (Profactor), details of the synthesis can
be found in [143].

Stamp preparation From the wafers with the functionalized POSS layer pieces were
cut off between 5x5 mm? and 10x10 mm? using diamond cutters. The material itself is
very hard, its Young’s modulus is in the GPa range. Therefore, a compliant layer of soft
PDMS was applied to the back and applied to an microscope slide (1 mm) for handling
in the EVG. This stack was used as a stamp.

Nanocontact printing The stamps were covered with a streptavidin solution in PBS
(50 — 100 £2) for 1 — 15 min, washed with DIW and dried in a stream of nitrogen. For
nanocontact printing, a EVG 620 mask aligner (EV Group, Austria) in manual micro CP
mode was applied. With a 7 inch maskholder size and 6 inch substrate size, a seperation
distance of 30 pm, a mask thickness of 1.52mm and a substrate thickness of 1.32 mm.
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13. Nanocontact printing with hard POSS stamps

A 1 Zone-Manual chuck with the proximity NIL 1.1 were taken. The pressure of the
contact force during process was 800 mbar, during WEC it was 500 mbar. The process
duration was varied between 1 and 120 minutes.

13.3. Experiments

Even with constant parameters, the print results varied significantly between the indi-
vidual tests. Occasionally, areas were homogeneous and dense, but most of the time the
transfer was incomplete and even had gaps within a protein line (Figure 13.2A). The
best results were obtained when the protein adsorption was increased to 15 min and the
pressure duration was set to over one hour (Figure 13.2B-D), however, only in 12 out of
50 attempts such homogeneous lines could be detected. The FWHM of the protein top
side was typically greater than 3 nm, the height of the streptavidin lines varied between
1.3 and 3.3nm. In experiments without high pressure (e.g., manual printing), no lines
could be detected regardless of the printing duration.

However, even if a region of uniform patterning could be identified by AFM, TIRFM
images with fluorescent , biotinylated antibodies still showed strong inhomogeneities
(Figure 13.2E-F). Finally, good areas were first identified with AFM and HeLa cells
were then applied to these substrates. The labeled membrane protein CD4 could be
monitored, it aligned to the nanopattern of the proteins on the substrate (Figure 13.2G).

13.4. Discussion

A dense, homogeneous protein pattern could not be produced reproducibly with these
materials. Isolated areas were able to reach the quality as published in [143] with the
AFM, but inhomogeneities also showed up as soon as their functionality was examined
with TIRFM. No functionality measurements of the printed protein patterns were per-
formed in the publication. It was noticeable that many areas only had a thickness of
1.5nm and thus just half of the expected height of a streptavidin molecule. It could
be that the homotetramer streptavidin denatured such that not all four monomers were
transferred or were no longer functional due to contact with the stamp. This could
explain why the functionality was not uniform despite promising AFM recordings.

The synthesis also required the use of toxic chemicals and corresponding devices such
as IR-spectroscopy, which were mandatory to confirm the success of the synthesis. Also,
the conformal high pressure cannot be achieved without a high-priced contact printing
device, all manual experiments showed no protein transfer. For these reasons, and
because the results were not reproducible, this method was not suitable for the membrane
protein interaction assay.
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Figure 13.2.: (A) Protein patterns printed with POSS stamps resulted in most cases
in an incomplete protein transfer, (B) which is especially evident in the
magnification. (C) The height of the protein lines (profile of A, B) shows
that it is an incomplete monolayer of streptavidin. (D) Two curves should
be visible in the histogram, but the layer thickness of the protein layer
is so inhomogeneous that only the substrate height can be clearly seen.
(E,F) TIRFM images of biotinylated fluorophores showed further inho-
mogeneities in the structures. (G) Nevertheless, it was possible to align
fluorescent membrane proteins in a living cell on the nanopatterns.
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14. Nanopatterning of proteins with a
water soluble resist

14.1. Introduction

Contact printing is a simple and established technique for micropatterning of proteins
in laboratories. Despite its huge advantages, its limitations led to the inventions of al-
ternatives. For example, contact printing is hardly suitable for mass manufacturing of
nanopatterns which would enable versatile and comparable applications e.g. for mem-
brane protein screening. In addition, multiprotein patterns are a major challenge for
micro- or nanocontact printing but important for many assays.

In 2004 Hoff et al. published a method to nanopattern proteins with Nanoimprint
lithography (NIL) [17]. NIL is a method presented 1995 by Steven Y. Chou to pro-
duce lateral sub 25nm patterns in polymers. In the past 20 years, a broad variety
of NIL techniques were developed, including methods to mass fabricate nanostructures
like substrate conformal imprint lithography (SCIL) or roll-to-roll (R2R) NIL. Hoff et
al. presented a relatively complex procedure to pattern aminosilane which then cova-
lently immobilized biotin molecules on silicon substrate. The homotetramer streptavidin
(SAV) bound with one of its binding sites to biotin with high affinity. The remaining
functional groups of SAV captured finally the biotinylated target protein.

An alternative is NIL of gold-thiol. Capturing proteins with functionalized gold-thiol
is an established technique, even for centimeter-scaled areas [144]. Gaubert and Frey
functionalized gold-thiol patterns with fibronectin for seeding human umbilical vein en-
dothelial cells.

NIL was also applied in the innovative technology of protein immobilization on tita-
nium nanostructures by Moxey et al. [145]. Exploiting the photocatalytic self-cleaning
characteristics of titanium, they fabricated reusable templates for protein nano- and
micropatterns, reaching down to 30 nm wide features. Their method enables repeated
adsorption of different proteins on Ti20 nanostructures and their removal using simply
UV-exposure. This method could be of interest for laboratories that require nanopat-
terns of protein but lack the required high-cost infrastructure. However, the development
of the nanopatterned substrates is quite sophisticated.
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14.2. Materials and Methods

Overall, NIL for protein patterning is not a new idea, however, we aim for process which
in theory allows multiprotein patterning within simple washing steps and is suitable for
super-resolution microscopy avoiding metal coatings. In addition, it is less hazardous
since the applied polymer is water-soluble and shows low toxicity to cells.

In detail the proposed process consists of six steps (fig. 14.1):

1. Residual layer free imprinting of a water-soluble polymer

2. Modifying the polymer to adjust water-resistance

3. Covering the polymer pattern with a streptavidin solution

4. Washing with DIW, removing residual proteins and the polymer
5. Backfilling with a blocker-solution

6. Washing with DIW, removing residual blocker molecules

It is based on a residual free pattern of a water-soluble polymer. Either this is achieved
directly with appropriate lithography or by an etching step. The polymer has to endure
5 — 15 min of contact to water without exposing the substrate. Thus, a modification
step may be required to adjust the water-resistance. Then the first protein, for example
streptavidin, covers the polymer pattern in solution. The proteins adhere to the exposed
substrate surface and most probably also at the polymer. The remaining proteins in
the solution are washed away in DIW together with the water-soluble polymer. It
is essential that the polymer has to be dissolved residue-free so the second protein,
e.g. fibronectin, can adhere to the remaining substrate surface, backfilling the pattern.
Remaining polymer residuals would greatly influence the application since UV-curable
resists are typically autofluorescent. The final substrate would show a pattern of two
proteins defined by the NIL process. If the imprinted polymer had not only one height
but several steps, multiprotein patterns would be feasible.

Step 5 and 6 are similar to most protein patterning approaches and already studied in
part II. Step 3 and 4, the patterning of the first protein are the core of the presented
idea but rely completely on the success of the first two steps. If a residual layer remains
after imprinting the polymer, the proteins cannot adhere at the substrate. And if the
polymer dissolves too fast or partly not at all, the protein coating would probably be
not sufficient.

14.2. Materials and Methods

Mastering, stamp development, AFM, and SEM were identical to chapter 9 on page 36.
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Figure 14.1.: Sketch of the novel process to nanopattern proteins with nanoimprint
lithography of a water-soluble resist. (A) A high-modulus silicon stamp
gets pressed into the UV-curable resist. (B) The resist gets polymerized
without a residual layer. (C) Streptavidin in solution adsorbs on the glass
and the polymer. (D) A washing step removes the remaining water-soluble
polymer. (E) Blocker proteins fill the gaps comparable to the nCP process.
(F) The final two-dimensional pattern of two proteins.
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14.2. Materials and Methods

Substrate preparation Glass coverslips (#1.5, 24 x 60 mm; Menzel™ Fisher Scien-
tific, USA) suitable for TIRFM with a thickness of 150 pm were washed with acetone
and DIW and dried in a stream of nitrogen. No adhesion promoter was applied.

Nanoimprint lithography Performed on a in-house fabricated plate-to-plate tool con-
sisting of a metal container with a built-in UV-lamp (Dedolux 03S from DELO) and a
movable plate to hold the substrate (fig. 14.2). The lamp emitted in a spectrum be-
tween 325 — 600nm and its average intensity reached 70 mW /cm? after five minutes of
illumination. The resist was acquired by Joanneum Research GmbH as UV-NIL-ACMO
with an absorption maximum at A =370nm. A stack of glass, resist, and stamp was
placed on the plate and hold in place by vacuum. The lid of the plate has to be closed
tightly since a flexible foil is clamped between sample and lid. Air pressure up to around
50 kPa was pressed between foil and lid to conformal press the foil down on the sam-
ple. Due to the heat generated by the lamp the illumination container was constantly
flowed by an cooling air stream. After curing, the plate was moved out again, the air
pressure switched off and the lid opened. The stamp was peeled off with care from the
polymerized NAM (PNAM). Switching off the vacuum, the glass with the imprint could
be removed.

Figure 14.2.: (A) In-house fabricated plate-to-plate tool for NIL. (B) During NIL with
sample inside.

Washing For the washing experiments, SecureSeal ™ Hybridization Chambers by GRACE

Bio-labs were glued over the imprinted polymer structures. These chambers were filled
with deionized water via a micro-pipette to incubate the polymer for a desired time
span. Afterwards the water got pipetted, the chamber carefully removed with a scalpel,
and the substrate gently dried in a stream of filtered air.
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14. Nanopatterning of proteins with a water soluble resist

Etching Etching of PNAM was performed with a diener electronics (Germany) ATTO,
a radio frequency plasma system with 13.56 MHz. The chamber was vacuumed to
0.2mbar and flushed with oxygen to around 0.7 mbar. This was repeated three times
to ensure a reproducible, white oxygen plasma. The flow rate was adjusted to a stable
pressure of 0.3 mbar. Samples were treated with a power of 50 W for 0.5 — 10 min.

14.3. Nanoimprint lithography of NAM

Imprint processes can be broken down to four steps: coat the substrate with the resist,
press on the stamp to fill the cavities with the resist, cure / polymerize, and lift off. In
all cases, the filling of the cavities is crucial for the success and depends mainly on three
factors [146, 147]:

o external pressure by the imprint system
o capillary effects

» sorption of any gaseous phase in the cavities

For UV-NIL, the external pressure is typically very low (<0,2MPa), with our setup
the maximum is already reached at 50 kPa. Therefore, the other two options had to be
improved while all experiments were performed at maximal pressure.

Water-soluble polymers which are suitable for nanoimprint lithography are rare. The
same applies for resists which are suitable for a residual free imprint. In 2009 a method
was published to produce submicron organic thin film transistors at room temperature
with UV-NIL [148]. For this, a novel resist called UV-ACMO was developed which
enabled residual-free NIL and its polymer was soluble in DIW. UV-ACMO is described
as a mixture of a photoinitator, N-acryloyl morpholine (NAM), and chloroform in the
ratio 1:20:400. The high amount of chloroform was applied to reduce the viscosity which
is critical for residual-layer free imprints. With coated hard silicon stamp they reached
residual layer free structures without etching down to the nanoscale.

Polymerized NAM (PNAM) is not unknown in the biology. It found its application in
block co-polymers and showed limited toxicity. Gorman et al. applied the homopolymer
like a hydrogel barrier for temporal and spatial control over cell adhesion [149]. After
24h in aqueous solution the polymer lost 75 % of its weight and cells regrew into the
area of the washed polymer.

Most experiments and the evaluation was solely performed with pillars of PNAM for
three reasons: First, for stamps with well cavities the influence of the capillary effect
is greater, possibly reducing the need for high pressure. Second, measurements with
AFM are more exact for nanopillars than for deep structures due to the lateral and
spatial extent of the cantilever tip. And third, pillars would enable the patterning of
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14.3. Nanoimprint lithography of NAM

Table 14.1.: An overview of the applied nanostamps, all with a depth of 100nm. The
abbreviation will be used to identify the patterns in this part.

Form Abbreviation Layout FWHM [nm] Period [nm]

wells W200/600 hex 205 £15 085 £ 5
wells P200/600 hex 195 £ 15 586 + 4
wells W300/1100 hex 215+ 15 1155 £ 10
wells W500/1100 hex 510 £ 20 1160 £ 10
wells W500/1700 hex 515+ 20 1700 £ 10
lines L.500/2000 linear 500 £ 20 1980 £ 10

the blocker proteins which are typically less essential if denaturation appears due to
the contact with the polymer. Especially in the nanoscale, each denaturated anchoring
protein would potentially decrease the linked membrane proteins or fluorophores and
thus reduce the effectiveness of the application.

Well and pillar nanopatterns of PNAM were both imprinted with the multipattern X-
PDMS stamps developed for part II but due to these reasons a new nickel master with
pillar features on a large area was developed to increase the usable area of the stamp.

Development of masters and stamps The master for the nanofeatures was developed
with PTM as described in detail in chapter 10.1. However, a new design was developed
since the focus in this part was not in different geometries but larger areas with the same
pattern. Since the geometries of the same pattern increases by the PTM process with the
distance from the center, a concentric design was chosen (fig. 14.3A). Again, a week at
room temperature ensured the oxidation of the nickel surface before it served as master
for the production of X-PDMS composite stamps (fig. 14.3B). To change the surface
properties, some stamps were treated by chemical vapor deposition process with 1H,
1H, 2H, 2H-Perfluorooctyl-trichlorosilane (PFOCTS). For this modification, the surface
of the silicone was activated for 15s with Oy plasma and then placed in a desiccator
with 5 pL of the silanes on a covers slip. The PFOCTS molecules evaporated under low
pressure and bond to the presented -OH groups on the activated silicone surface yielding
a monolayer of the fluorocarbon groups [150]. After one hour, the stamp was rinsed with
deionized water and isopropyl alcohol and dried with nitrogen gas. Due to the silanes
groups of PFOCTS this modification was covalent and a modified stamp could be used
numerous times.

While for nanocontact printing the feature diameter on the top side of the stamp was
essential, for NIL the full width at half maximum (FWHM) is more informative due to
the conic shape of the cavities. The parameters for the applied stamps are listed in table
14.1.

Microfeatures were fabricated for comparison but the focus was clearly on nanostruc-
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14. Nanopatterning of proteins with a water soluble resist

Figure 14.3.: Master and stamps for NIL (A) A 6inch nickel master with nanowells
W300/1100, W500/1100, and W500/1700 (concentric rings) was developed
with PTM and electroplated with nickel. (B) SEM-image of X-PDMS
composite stamp fabricated with this master. (C) Also masters and stamps
were fabricated for micrometer features L.500/2000. Scale bars are (B)
Ipm, (C) 3pm.

tures. The masters with microfeatures were created with photolithography and the
positive resist AZ9260 diluted in PGMEA. No surface treatment was performed before
it was molded with PDMS (fig. 14.3C).
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Figure 14.4.: Schematic diagram of NAM photo-polymerization to PNAM [149].

NIL of UV-curable N-acryloyl morpholine N-acryloyl morpholine (NAM) C7H;; NOs
is a disubstituted acrylamide derivative which is soluble in a wide range of solvents,
aqueous solutions as well as organic ones [151]. It was used for a wide variety of gel-
based applications. In its polymerized form (PNAM) (fig. 14.4) it was applied as an
temporal spatial cell barrier since it performs as a physical hydrogel in aqueous solvents,
doubling its dry weight over a 2 h period before undergoing dissolution, following a
second order exponential decay profile [149]. A mixture of one percent w/v solutions of
2,2-dimethoxy-2-phenylacetophenone (DMPA) in NAM was used in this experiment and
cured PNAM seemed to be non-toxic to cells. However, since nanofunctions were sought
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14.3. Nanoimprint lithography of NAM

and pure NAM is highly viscous, a UV-curable NAM with an absorption maximum of
A =370 nm was acquired at Joanneum Research GmbH, Austria. Auner et. al called this
material UV-NIL-ACMO since it is based on ACMO of Rahn GmbH which is their trivial
name for acryloyl morpholine monomers. Joanneum applied it for the development
of submicron organic thin film transistors [148]. According to this publication, UV-
NIL-ACMO is fabricated by a mixture of GENOCURE*LTM, acryloyl morpholine, and
chloroform at a mass ratio of 1:20:400. Due to the low viscosity of this pre-polymer and
the high polarity difference between a silicon stamp and UV-NIL-ACMO, residual layer
free imprints were achieved.

NAM monomers have a steam point at 60°C [152], chloroform has a boiling point
at 61°C, both are highly toxic for cells. Since the homopolymer of NAM has a glass
transition temperature of T, =140°C [152], it was expected that these materials could
be removed by elevated temperature. Samples of pillars (W500/1000) were prepared
and the shrinkage after post-expore bakes was measured. A temperature of 100 °C was
applied to prevent deformation but also samples were tested with 140°C and 170°C.
After 20 min neither the height nor the FWHM of PNAM pillars changed for both 100 °C
and 140°C. At 170°C, melting of PNAM could be observed. With this experiments it
could not be clarified if monomers or chloroform were present in PNAM. However, since
no changes greater than the error bar could be measured (except for the melted PNAM)
it is not expected that major amount of toxic molecules were present in the final polymer.
In addition, they probably could be removed by exposing the polymer to a temperature
around 100 °C, far below the critical Tj.

Gaseous phase sorption in the cavities of the silicone stamps The main pressure
hindering the filling the stamp features is the remaining gas trapped in the cavities. If
the polymer stamp is highly gas-permeable like a PDMS stamp [153], the gas diffuses
into the polymer and its volume is replaced by the resist. This process is dependent on
time and temperature and relies mainly on the stamp material and the vapor molecules.

Another important property regarding imprinting is the solubility of the resist in the
stamp material. Solubility for materials in polymers is often defined by its degree of
swelling S. An experimental approach to this value is to place a dry, solid piece of the
polymer with the length Dy into the solvent for 24h then measure the new dimension
D. The swelling is defined as

S = D/Dy (14.1)

Water does not swell PDMS at all (S = 1,00), acetone slightly (S = 1,06) but chlo-
roform to a huge amount (S = 1,39) [154]. In the applied resist, the NAM monomers
are highly diluted in chloroform. The swelling is not known for X-PDMS to this detail,
however, since it is a derivate of PDMS with higher cross-linking, similar properties can
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14. Nanopatterning of proteins with a water soluble resist

be expected. In addition, the X-PDMS layer is thin compared to the backplane of PDMS
which functions in this case not only as a compliant layer for the mechanical stress but
also for the absorption of molecules.

It was tested if imprints with the resist were achievable with X-PDMS stamps and varied
the duration while the stamp is in contact with pre-polymer before curing. The material
could influence chloroform absorption and gaseous phase decrease. The polymer was
qualified and quantified by AFM. However, no differences were detectable for imprints
with a contact time of 5 min, 10 min or for 45 min. For these experiments, the dimensions
of the wells or pillars did not change within the error bars even for the smallest features
(fig. 14.5). However, with only 1min of contact time before exposure, the imprints
mostly failed. Therefore, for further experiments the contact time was set to 5 min.

CVD-coating of stamps with PFOCTS The capillary filling is only possible in the
case of a low-viscous resists and is defined by the contact angle of the resist on the
stamp surface. Water and chloroform show a angle greater than 90° for silicones which
is contraproductive for the capillary effect. Thus experiments were performed with
PFOCTS coated stamps to achieve residual-layer free imprints.

The average pillar height for uncoated W200/600 stamps was 95 + 5nm, the FWHM
was 210 £+ 10 nm. For the PFOCTS treated stamps, the height shrank for around 25 nm
to 70 & 5 nm, however, the FWHM increased to 240 £ 20 nm. This can be explained by
the conic shape of the cavities in the silicone stamps and is a result of the mastering
with PTM. Since the pillars are not as high as imprinted without PFOCTS coating, the
cavities were only partly filled before curing, resulting in an apparently more compressed
version of the pillars. Measuring the full width of imprints without coating at the height
of the half maximum of imprints with coated stamps, it is 245 + 15 nm, which strongly
supports this theory. The same applies for W500/1100 stamps but in limited proportion.
With coating the height was 87 & 5nm, with PFOCTS it shrank merely to 80 & 5nm.
If the PFOCTS coating provides a barrier for gases and supresses the absorption of air
and chloroform could not be verified but is suspected.

Regarding its residual layer, the phase image of the W200/600-pillars indicated that
the material of the pillars and at the bottom are similar. We performed a scratch test
to expose the glass substrate as reference but the residual layer could not be removed by
scalpel. Later experiments with plasma verified that a polymer residual layer was still
present.

Nevertheless, with PFOCTS coated microfeatures stamps, residual layer free imprints
were achieved despite the low pressure we could apply with our NIL-tool. The height of
the microfeatures was very heterogenic on a larger scale and typically less than 40 % of
the height of the cavities (fig. 14.6). Again, lower gas permeability may be the reason
for the height difference. The larger volume of the micrometer sized cavities could take
more resist before the gaseous pressure reaches its threshold. We expect this to be the
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14.3. Nanoimprint lithography of NAM
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Figure 14.5.: Smallest imprinted features. (A) The printing was homogeneous over sev-
eral mm. Here is a 50 pm overview shown since no nanopillars would be
recognizable on a mm large overview. Both wells W200/600 (B) and pil-
lars p200/600 (C) could be successfully imprinted, their line profiles are
shown in (D,E), respectively.
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14. Nanopatterning of proteins with a water soluble resist
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Figure 14.6.: AFM measurements (tapping mode) of imprinted PNAM. (A,B) Micro-
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lines imprinted by uncoated stamps showed the same phase both for top
and bottom reagions, indicating the same material and thus a residual
layer. (C,D) For micro-lines imprinted with PFOCTS-coated stamps, the
phase image indicates a residual layer free imprint, although only low pres-
sure could be applied by the NIL tool. (E,F) For the nanopillars, no
residual layer free imprint was achieved for all variations in coating and
geometry. (G,H) are the line profiles of (E,C), respectively.
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14.4. Modifying water solubility of polymerized NAM

reason why the resist under the microscopic stamp features was repressed and residual
layer free imprints were achieved.

Plasma etching of the residual layer The typical thickness of the residual layer with
stamp protrusion heights of 100 — 200 nm is around 10 — 20nm [155]. Etching is the
common procedure to remove this residual layer. Often highly anisotropic etching is
applied to keep the lateral dimensions intact. We used a plasma chamber with oxygen
to expose the polymer to isotropic etching which would also decrease the width of the
pillars and thus further lead to the nanoscale, enabling several patterns with the same
period but different width with just one stamp.

According to the last experiments, PFOCTS treated stamps showed at least for the
micro sized features residual layer free imprints. We performed the etching experiments
both with PFOCTS modified stamps and untreated ones. Again, we focused on nanopil-
lars since their height can be measured more accurately. Samples were checked with AFM
and then O plasma etched for various durations (0,5 — 10 min) and measured again.

PNAM-pillars W200/600 reduced in 30s oxygen plasma treatment their height by
around 35nm from 70 + 5nm to 35 + 10 nm, the full width at half maximum (FWHM)
decreased from 240 + 20nm to 180 & 35nm, which is a loss of around 25%. Pillars
W500/1100 showed a weaker effect by the plasma, they reduced from 85+ 5nm to
75 4+ 15nm after 0,5 min and were stable in this height for at least 10 min.

The huge error of the final heights is a result of the produced surface roughness and
the geometrical irregularities in the plasma treated pillars (fig. 14.7). The residual layer
showed cracks and hindered a more detailed quantification regarding the etching since
it was unclear to which ratio the residual layer shrank compared to the exposed pillars.
The reference bottom layer was taken on the top of the residual layer, ignoring the
cracks.

We expect that isotropic etching appeared both at the pillars and the residual layer
which kept the relative height constant. The absolute height with the glass surface as
reference should decrease but could not be measured. The fading of the FWHM supports
this theory.

14.4. Modifying water solubility of polymerized NAM

The water-solubility of the polymer is essential for the presented method. However,
the polymer also needed to be stable for the duration of the protein adsorption to
the polymer-free areas which we expect to take around 5 — 15 min. Since first tests in
DIW showed the immediate washing of the nanopillars, we evaluated physical options
to modify the water-solubility. An overview of the experiments can be found in table
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Figure 14.7.: (A) Pillars imprinted with PFOCTS coated stamps W200/600 show a
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reduced height of 70 £ 5nm compared to untreated stamps which result
in pillars of 95+ 5nm. (B) After 30s in oxygen plasma, the polymer
roughened significantly and pillars height decreased to 35 £ 10nm. (E,F)
The same applies for pillars of W500/1100 stamps but to a lesser degree.
(C,D,G,H) show the line profiles of (A,B,E,F), respectively. In all plasma
treated samples, the residual layer roughed.
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14.4. Modifying water solubility of polymerized NAM

14.2 on page 100.

Pre-exposure bake In photolithography, a resist get spincoated on the wafer and baked
before the exposure. This pre-exposure-bakes or soft bakes are important to decrease
the amount of solvent which is necessary to achieve an homogeneous and thin layer.
For our NIL experiments, the high amount of chloroform as solvent was essential for
the low viscosity of the resist and thus for filling up the nanocavities. On the other
hand, chloroform could hinder a dense polymerization of PNAM reducing its water-
resistance in consequence. Therefore, we performed a pre-exposure bake after applying
the W500/1100 stamp on the resist but before the lithography. The cavities should be
filled with resist but absorb slowly the chloroform and the ratio of NAM-monomers to
solvent in the cavities should increase.

The temperature for the bakes were set above the boiling point 7;, =61 °C of chloroform
but below the boiling point of NAM monomers 150 °C [152]. The pre-polymer was baked
at 80 and 90 °C for 5, 10, and 20 min. The height of the pillars were measured to see the
influence of swelling (fig. 14.8).

100

(= [=1] (=]
[ ]
il

L g

1

Height / nm
(=]
(=] (=] (=]

L
0 5 10 15 20 HO
Bake / min -
Figure 14.8.: Pre-exposure bakes at 90°C for different baking times. Up to 10min
they had no influence on the height but after 20 min no imprint could
be achieved. All pillars could be dissolved in less than 1 min.

For 5 and 10min at both temperatures, the pre-bake did not influence the height.
However, after 20 min for both 80 and 90 °C, no visible patterns were achievable any-
more. Unfortunately, for all pre-exposure bakes, no change in water-solubility could
be detected. All patterns were washed away in less than 1 min in DIW. Therefore, we
did not determine the reason for the imprinting failures after 20 min. We suspect that
swelling was not responsible since the height of the successful imprints did not depend
on temperature or baking time up to several minutes.

Post-exposure bake Post-exposure bakes are essential for photolithography. The ex-
posure itself initiates the polymerization, e.g. by creating radicals in the resist, but
for many resists the main part of the polymerization is typically performed during the
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14. Nanopatterning of proteins with a water soluble resist

post-exposure bake. Therefore it also referred as hard bake in literature. However, a
bake after the nanoimprint step is relatively uncommon. Resists for NIL are usually
developed to polymerize the complete available material since the patterns are already
predefined by the topology of the stamp. Nevertheless, an elevated temperature may
still support further cross-linking and thus increase the water-stability of the polymer.

/ nm
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Figure 14.9.: (A) Post-exposure bake at 7, =140°C for 20 min did not measurably in-
fluence the pillars while (B) for 190 °C melting appeared on a large scale.
(C) All baked samples looked similar after 1 min in DIW, no pillars were
preserved. (D) Shrinkage of the pillars appeared for all samples above T},.

Again we fabricated pillars of W500/1100 and measured height and FWHM. The post-
bake temperatures were varied between 100 and 190 °C, the glass transition temperature
of the homopolymer PNAM is at T, =140 °C [152]. After 100 and 140°C for 20 min on a
covered hotplatem the pillars looked similar to the reference within the error bars. The
170 °C treated pillars looked irregular, showing inhomogeneous meltings or evaporations.
The height shrank significantly from 80 + 5nm to 55 + 10 nm but the FWHM grew to
410 £+ 15nm. Finally, after the highest applied temperature of 190 °C, the pillars showed
clear melting signs and shrank both in height and FWHM (fig. 14.9).

Unfortunately, the tested post-exposure bakes did not influence the water-solubility of
the nano features. After 1min in contact with DIW, no pillars were visible for any
post-bake treatment (fig. 14.9). Since even the pillars dissolved which were treated at
or above the glass transition temperature, we assume that for the applied resist and NIL
process no further cross-linking could be enforced by a post-exposure bake.

Plasma treatment Although the residual layer was still present after the etching in
chapter 14.3, we also tested the water solubility for these plasma treated samples. The
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14.4. Modifying water solubility of polymerized NAM

idea was, that the longest plasma treatment could have etched the residual layer to a
thickness of only several nanometers and thus dissolve faster than the pillars. Samples
of W500/1100 were prepared, plasma treated for 10 min and incubated with DIW for
1min. After drying, the residual layer was still intact but also the pillars withstood the
washing procedure for the first time. We increased the washing duration to the required
10 min and the form became very heterogeneous with an height in a range of 15-30 nm
but with a very rough residual layer (fig. 14.10). After 30 min the pillars were removed
but residues covered the surface with a wide up to several hundred nanometers and a
maximal height of around 10 nm. It could not be determined if they were caused by the
pillars or the residual layer.
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Figure 14.10.: PNAM pillars W500/1100 with residual layer were treated with oxygen
plasma. (A) The oxygen plasma reduced the height in the first 30 s but
this effect stagnated for at least 10 min. (B) Opposite to this stagnation,
the FWHM reduces for longer plasma treatments. The red dots at "H,O"
represent the measured values after the washing procedure with samples
which were treated for 10 min. (C) The surface roughness increased vis-
ibly with a 10min treatment but the (D) the pillars withstood water
incubation for 10 min. (E,F) show the line profiles of (C,D), respectively.

We repeated the experiments with samples put into the plasma chamber but only ex-
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14. Nanopatterning of proteins with a water soluble resist

Table 14.2.: Overview of the presented experiments with the nanopillars. The listed pre-
exposure bakes were performed at 90 °C, post-exposure bakes for 20 min.
Water resistance stands for the qualitative evaluation of the nanopillars to
withstand 1 min in DIW. The height and the full width at half maximum
(FWHM) was measured with AFM. * measured at the non-melted areas.

stamp PFOCTS | Pre-bake | Post-bake | Plasma | Height FWHM | Water
/min /°C /min /nm /nm res.
W500/1100 w/o - - - 87+5 | 433£10 —
W500/1100 w/ - - - 80+5 | 437£10 —
W500/1100 w/o - - 0.5 7T £15 | 405+ 15 +
W500/1100 w/o - - 3 79+20 | 345+ 25 +
W500/1100 w/o - - 10 T7T£25 | 285+ 35 +
W500/1100 w/ 5 - - 81+5 | 435£10 —
W500/1100 w/ 10 - - 78+5 | 435£10 —
W500/1100 w/ 20 - - - - —
W500/1100 w/ - 100 - 79+5 | 435+£10 —
W500/1100 w/ - 140 - 81+5 | 430£10 —
W500/1100 w/ - 170 - 55 £ 10" | 410 £+ 157 —
W500/1100 w/ - 190 - 38 £5* | 390 £ 30" —
W200/1000 w/o - - - 95+3 | 210£10 —
W200/600 w/o - - - 96+3 | 210£10 —
W200/600 w/ - - - 70+£2 | 240+£20 —
W200/600 w/ - - 0.5 35410 | 180+ 35 +
W200/600 w/ - - 6 30+15 | 140+£40 +

posed to vacuum without ignition of the gas. The mentioned increased water-resistance
was not achieved for these samples. Therefore, we expect that the highly reactive -OH-
groups and radicals which were induced by the plasma are responsible for the increased
water-resistance. When these reactive groups diffuse or rotate into the bulk, cross-
linking may appear, producing a highly-dense barrier with a depth of one nanometer or
even less. If this hypothesis should be correct, carefully adjusting the plasma parame-
ters could produce an adequate dense barrier to prevent quick water solution but keep
the water-solubility of the PNAM-bulk material. Since the pillars were detectable after
10 min but removed after 30 min, the achievable timescales look promising. However, it
still has to be verified if this effect is also present if the pillars are not supported by a
residual layer.
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14.5. Discussion

14.5. Discussion

Residual layer free polymer It was possible to produce reproducible PNAM nanofea-
tures with X-PDMS stamps and up to 200 nm wide pillars and wells. By AFM recordings,
however, could be shown that a residual layer was still present. This layer may not be
present for the further process steps, but could neither be avoided by coating the stamp
with PFOCTS nor be removed by oxygen plasma.

For nanoimprints, pressure, contact angle and gaseous sorption are crucial for a good
imprint. However, the nanofeatures were already 80 to 90 % filled and yet the residual
layer was present. On the other hand, PFOCTS-coated PDMS stamps with micrometer
features allowed for a layer-free residual pressure, even at only 50 kPa, the maximum
available pressure of the NIL system. The filling of microfeature cavities, however,
depends more on the gas pressure, which was low in this case, since the cavities were only
partially filled. To increase the pressure, Auner et al. used rigid silicon stamps instead of
silicone stamps and a R2R setup [148, 156]. R2R has only one line of contact compared
to area-area in P2P-NIL. Since the pressure p depends directly on the ratio of force to
area p = F'/A, the same force that would be used for both techniques would result in a
much higher pressure at R2R. In addition, a much higher pressure was typically applied
to rigid stamp (modulus of elasticity £ ~GPa) than to silicone stamps (E ~MPa), as
it is more critical to achieve conformal contact. It is therefore reasonable to suppose
that the low pressure of the NIL device used could be one of the main reasons for the
remaining layer of nanofeatures.

Water-resistance of PNAM It has been found that a pre-exposure bake has no effect
on the water solubility of PNAM. But as soon as it was baked for at least 20 min at 80 °C
or 90°C, it was no longer possible to produce nanopatterns. Due to the importance of
the low viscosity for filling cavities at the nanoscale, we assume that the amount of the
solvent, chloroform (boiling point at 61 °C) is reduced to a subcritical level. Damage to
the photoinitiator is not expected since parts without features were still cured.

Post-exposure baking also showed no effect on the water solubility of PNAM. The
stability of the dimensions of the pillars even at the glass transition temperature of
PNAM indicated that the polymerization was complete and no NAM monomers (boiling
point 60 °C) were available for further crosslinking. In addition, it is assumed that only
very few chloroform molecules were present in the fully cured polymer. Further tests on
cells must, however, confirm this hypothesis.

Only the samples exposed to Oy plasma showed water resistance. This was unexpected
since the plasma treatment was only planned for isotropic etching of the residual layer.
Although the dimensions changed, the plasma-treated pillars withstood 10 min of DIW.
This duration would be sufficient for the adsorption of proteins at typical concentrations
in the range of 100 — 1000 £2. However, as not only the pillars but also the residual
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14. Nanopatterning of proteins with a water soluble resist

layer remained stable during water contact, the ability of O; plasma to reduce the
water solubility of PNAM can be meaningfully further analyzed only with residue-free
structures. However, increasing the cross-linking of the polymer surface could provide
a promising opportunity to increase the water resistance of the polymer in a controlled
manner without altering its high water solubility below the surface.
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