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Abstract

This work builds on previous research at NTNU into the use of verti-
cally aligned copper oxide nanowire arrays as a versatile system to deliver
biomolecules into cultured, adherent mammalian cells. The background for
the project and previous work on the topic is presented, including a review
of relevant literature on cell transfection systems, nanowire-based transfec-
tion, cell interactions with nanowires, surface functionalization strategies and
details on relevant materials. Methods and results of the current work are
presented and discussed. Initially, methods to study cultured cells were inves-
tigated, including various fluorescent dyes and drying procedures for electron
microscopy, and optimal procedures were found. Copper oxide nanowire ar-
rays were grown by thermal oxidation and incorporated into functional, trans-
parent devices by polymer processing and photolithography with PMMA,
PDMS and SU-8. This lead to optionally PDMS- or gold-coated nanowires
protruding from an SU-8 surface patterned with wells. Surface functionaliza-
tion strategies for optimal biomolecule binding were investigated, including
organothiols on gold and organosilanes on glass, PDMS, SU-8 and mica.
Thiols on gold were found to be challenging to study due to fluorescence
quenching and substrate roughness, but aminosilanes were successfully pre-
pared and investigated through immobilization of fluorescent quantum dots
and DNA. Patterning of surface chemistry was also used to modify cell at-
tachment and spreading, defining areas with no cell attachment or defining
arrays of single cells with defined morphologies.

Transparent nanowire devices displayed limited cell attachment and spread-
ing. Numerous model samples were tested, and it was concluded that planar
substrates of PMMA, PDMS and SU-8 were biocompatible, but that the
patterned SU-8 structure together with a PDMS-layer induced cell toxic-
ity, likely due to a retainment and subsequent leakage of a process solvent.
Alternative routes to produce non-toxic nanowire surfaces were found, and
HeLa cells were successfully cultured and studied on such surfaces. The cells
generally spread out in a way similar to flat culturing surfaces despite being
penetrated by multiple nanowires. However, at high wire densities, reduced
cell spreading was observed and attributed to lack of substrate contact. The
HeLa cells were shown to interact with the nanowires, with cellular protru-
sions binding to and engulfing the nanowires regardless of nanowire surface
chemistry. Preliminary experiments on delivery of a GFP-encoding plasmid
showed transfection of nanowire-penetrated cells, although transfection effi-
ciency was low. The results are compared with relevant literature, and finally
future prospects of the device in delivery applications and cell microarrays
are discussed.
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Chapter 1

Introduction

1.1 Background

Every human starts his or her life as a small vessel containing nutrition,
metabolites, proteins and DNA. The information-bearing DNA plays a vital
role in everything that is to come: growth and development, personality, dis-
eases and ultimately even death. Between 20 000 and 25 000 genes encode
up to 100 000 different proteins, and the relationship between the regula-
tion of genes, gene products and how they effect humans is a vastly com-
plicated research field busying thousands of researchers worldwide. Probing
the relationship between genes and cell biology and behavior is one of the
main endeavors of modern molecular biology, and it has greatly increased
our knowledge of multicellular systems [1].

There are a plethora of methods available to experimentalists to probe
these complex relationships, each with their benefits and drawbacks. Many
of the methods rely on delivery of an effector molecule into the cell, i.e.
a molecule that will effect the cell in some way. However, cells are sur-
rounded by a bilayer membrane, inhibiting transport of charged or polar
species such as the nucleic acids DNA and RNA, some of the most common
effector molecules. Thus the molecules must be delivered in some fashion, and
the various approaches involve packaging the biomolecule in lipids, viruses,
cationic polymers or nanoparticles, all of which can cross the cell membrane
more easily. This is termed transfection for non-viral methods and trans-
duction if viruses are used. As all these methods rely on the biology of the
cell to some extent, they are highly dependent on cell type and show a large
variability in their effectiveness. Physical transfection methods offer greater
possibilities as a universal delivery platform, but the standard methods need
large volumes of cells and reagents and often show low cell viability after



transfection, which is problematic for limited patient samples and general
low-cost approaches.

High aspect ratio nanostructures, called nanowires, nanopillars, nanorods
or nanotubes [2], depending their morphology, is one field of research which
has been gaining an increasing amount of attention as biomolecule deliv-
ery systems [3]. Briefly, the cells are cultured on a surface with protruding
nanostructures with the effector molecules attached to the nanostructures.
As the cells settle on the surface, they are impaled on the nanostructures.
As the nanostructures are very small compared to the cells this occurs in
a minimally invasive way, and the effector molecules are delivered into the
cells. High aspect ratio nanostructures offer a physical delivery system that
does not depend on the biology of the cell to any large extent, together with
low cytotoxicity, spatially localized delivery and low amounts of reagent use.
Thus, they are seen as possible candidates for a universal biomolecule deliv-
ery system for adherent cells (cells which grow on surfaces, as opposed to in
solution).

1.2 The current project

Recently, methods for rapidly and simply producing and functionalizing large
areas of nanowires have been developed at the Department of Physics at
NTNU [4, 5]. Dense arrays of copper oxide nanowires that are about 100 nm
in diameter and 1pm to 10 pum in length can be rapidly grown from a thin
copper foil by thermal oxidation, and the wires can be functionalized using
self-assembled monolayers to modify surface properties.

We wish to develop a cell transfection array that uses nanowire impale-
ment as a delivery vehicle, based on the above nanowire fabrication method.
For such a device to be successful the nanowires must be able to bind cargo
such as DNA molecules, the cells must grow relatively unperturbed on the
wire array, and the wires must penetrate into the cells and deliver the cargo.
In addition, there must be ways to image and study the cells, preferably in a
format that is compatible with high-throughput microarray systems for rapid
and quantitative cell analysis.

During my specialization project an SU-8 structure with protruding, gold-
coated nanowires was produced and cells were cultured on the devices [6].
SU-8 is a negative epoxy-based photoresist known for high mechanical sta-
bility, transparency to visible light and cell compatability [7]. Briefly, SU-8
was first applied as a thin (~ 4 pm) layer, which buried some wires but left
many protruding through the photoresist. Then a thicker (~ 50 pm) SU-8
layer with ”wells” down to the thin SU-8 layer and the nanowires was used



to produce mechanically stable samples with defined areas with and without
nanowires. The copper substrate was then removed by acid etching, leaving
a transparent SU-8-based structure with intact protruding nanowires. SU-8
was rendered hydrophilic and cell-compatible by oxygen plasma treatment,
while the nanowires were covered in a thin (~ 4nm) layer of sputter coated
gold to allow the use of thiol-based chemistry for selective functionalization.
It was shown that cells could be cultured on such a device, and were pene-
trated by the nanowires without apparent harm. Investigations into surface
functionalization were also done, but with few conclusive results. There were
also issues with the control of the acid etching step, and a relatively unde-
fined surface with both lying and standing wires. In addition, early attempts
at biomolecule delivery into cells did not show any results.

The goal of this Master’s project is to further develop copper oxide
nanowire-based impalement of cells as a versatile delivery platform, and im-
prove upon some of the above issues. Specifically, certain improvements in
the fabrication process are desired to improve the reliability and reproducibil-
ity of device production. Better control of surface chemistry and function-
alization strategies for optimal molecule delivery are sought. Further it is
desirable to investigate cell proliferation and behavior when cultured on the
nanowire devices to ensure that the devices in fact can be used to study cells.
Finally, solid proofs of cargo delivery via nanowire impalement would show
the potential usefulness and advantages of such a system.

This thesis begins by describing the background of cellular gene expres-
sion, and how this can be controlled and studied by using DNA vectors
and RNA interference. Further, the various methods that are available to
deliver nucleic acids into cells are briefly described, including chemical, vi-
ral and physical methods, as well as novel techniques based on the use of
nanostructured materials, since this is the field our platform operates in. As
the platform that has been developed is only applicable to in wvitro cell cul-
ture use, this will be the focus of these sections. In addition, how adherent
cells react when introduced to a cell culturing surface is described, as this
is very important to have in mind when designing devices for use in cell
studies. Methods to study the in vitro cultured cells are described, including
methods of confocal microscopy, microarray analysis and scanning electron
microscopy. Further, as knowing the properties of the materials of the sys-
tem is important for understanding how a device performs, both physically
and in respect to cell culturing, an introduction to the various materials that
are used is given. Methods behind altering the surface properties of materi-
als are then described, with focus on the techniques relevant for our system.
Finally, the current attempts to further develop the nanowire-based transfec-
tion device are described, including details of the fabrication, results and a



discussion concerning the current state and future possibilities of the system.



Chapter 2

Theory

2.1 Perturbing cells by delivery of active
biomolecules

The flow of information in the cell, specifically the process of producing
functional proteins from the information encoded in the genome, is some-
times referred to as ”the central dogma of molecular biology” [8], but is more
commonly known as gene expression. Briefly (more details can be found in
e.g. [9]), cellular DNA (the genome) contains nucleotide sequences called
genes, which encode functional proteins. Nearby in the genome are other
sequences involved in the regulation of gene expression, such as promoter se-
quences. Protein complexes called transcription factors bind to the promoter
sequences, allowing RNA polymerase enzymes to make an RNA copy of the
gene in a process called transcription. This RNA copy is termed messenger
RNA (mRNA), and will bind to ribosomes, which are large RNA /protein
complexes. In the ribosome the information coded by the mRNA is used to
produce the corresponding sequence of amino acids in a process called trans-
lation, which eventually results in functional proteins. The process of gene
expression is illustrated in Figure 2.1a.

Cells can be forced to express a certain type of protein by introducing
the gene encoding the protein into the cell. The most common method of
achieving this is by using a special form of genetic construct called a vector
[10]. Vectors can be based on viral genomes or bacterial genomes. Common
to both is that they contain the gene of interest, typically introduced by re-
combinant DNA techniques (outside the scope of this work, see e.g. [11] for
details), together with promoters and other regulatory sequences. When the
vector reaches the nucleus of the cell, transcription factors bind to the pro-
moter sequences and expression of the gene commences. This gene expression



can be either transient or stable, depending on whether the gene is incorpo-
rated into the chromosome of the cell or not [12]. Transient expression will
fade over time, typically after only a few cell divisions, while stable expression
will follow the cell line for multiple generations, even indefinitely. Typically
a reporter gene is included in the vector [13]. A reporter gene encodes for a
protein that allows some form for external readout, which can be used as an
indicator for the expression level of the gene of interest. The most common
reporter gene products are green fluorescent protein (GFP) and its analogues;
yellow fluorescent protein, red fluorescent protein, etc. They allow fluores-
cent readout of gene expression, allowing both qualitative and quantitative
analysis of expression levels. Luciferase, chloramphenicol acetyltransferase
and [-galactosidase are other reporter proteins which allow luminescent, ra-
dioactive and colorimetric readout, respectively. An overview of the steps
involved in DNA-vector based transfection is shown in Figure 2.1b.

The opposite strategy, suppressing the expression of a gene product, is
called silencing the gene. This can be done by using the RNA interference
system [14, 15]. Initially assumed to be a defense mechanism against viral
attacks, it has later been shown that this is also a way the cell internally reg-
ulates gene expression [16]. Briefly, a 21-22 base pair double-stranded RNA
molecule called a siRNA will bind to proteins in the cell to form a complex
called an RNA-induced silencing complex (RISC), causing the degradation
of one of the siRNA strands. RISC can bind to either mRNA or DNA that is
complementary to the remaining siRNA strand, preventing the translation of
the mRNA or the transcription of the gene, in both cases effectively prevent-
ing (silencing) expression of the gene. Gene silencing by siRNA molecules
is illustrated in Figure 2.1c. An alternative approach to achieve silencing is
the use of plasmid DNA vectors that code for siRNA strands [17]. This of-
fers the advantage of using existing already optimized transfection protocols
for plasmids, and the potential of a more sustained silencing (as each DNA
plasmid gives rise to multiple RNA strands).

Both of the above techniques to modify gene expression are hugely im-
portant for biological and medical research today, already having revealed
the function of numerous proteins and mechanisms in cells, the actions of in-
fections agents and complex diseases, as well as lending hope to gene-based
therapy in diseases such as HIV/AIDS, cancer or malaria (see e.g. [18, 19, 20]
for some recent examples of the use of transfection in research on these dis-
eases).

An alternative approach is the delivery of proteins into cells. This is a
more direct route to studying the effects of a specific protein, and can also
be used to induce specific, long-lasting changes into a cell [21]. This is the
case for e.g. stem cell research, where one wishes to induce de-differentiation



of differentiated cells without altering the genome. Although few of the
delivery systems available today are optimized for proteins, this will become
an increasingly important field within cell biology research.

Efficient delivery of bioactive molecules to different cell types without side
effects or cell toxicity represents a challenge in current molecular and cell bi-
ology [22]. There are several barriers that must be overcome until delivery is
successful. DNA plasmids must reach the transcription machinery in the cell
nucleus, while RNA and proteins much reach their target systems, typically
in the cytosol. In vivo the barriers to delivery are significant, and involve the
avoidance of natural defense systems such as the immune system, passage out
of the blood circulation and diffusion through the extracellular matrix before
even reaching the cell. In wvitro these barriers are significantly less than in
vivo, and only involve the barriers of the individual cell. This includes the
cell membrane, which has a hydrophobic interior, efficiently inhibiting the
passage of hydrophilic or charged molecules. However, the cell membrane
is highly dynamic, and uptake of molecules outside the cell is a continuous
process in regular cell function. The uptake occurs by several mechanisms,
but common for most all of these is that the internalized molecules do not
end up in the cell cytosol, but rather in separate vesicles called endosomes.
As endosomes are processed in the cells the molecules inside are efficiently
degraded by a lowering of pH, and the subsequent activity of multiple de-
grading enzymes. Thus, escaping the endosomes before degradation is a
major approach in current delivery systems, and has been shown to be very
important for delivery efficiency [23]. See e.g. [24] for a recent review of
endosomal escape mechanisms in the various delivery systems. In the case of
DNA transfection, reaching inside the nucleus is another major issue. The
nuclear membrane is degraded at each cell division, which allows plasmids to
enter the nucleus as the cells reform their nuclei after cell division. This is the
typical strategy for most transfection systems, but lowers overall efficiency
and limits transfection to relatively rapidly dividing cells.

In spite of these barriers, there are multiple systems which are able to
deliver effector molecules into cells. Here follows a brief overview of the most
common delivery systems together with a small discussion of advantages and
disadvantages of each.
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Figure 2.1: (a) The standard gene expression in a cell, including transcription of
DNA to mRNA and translation from mRNA to functional proteins. (b) A DNA
vector can be introduced into the cell and force the expression of specific proteins.
(c) siRNA can be introduced into the cell, causing the silencing or knock-down of
specific genes, either completely or partially depending on complementarity with
the target gene. Illustrations are produced based on information in [9].



2.2 Transfection methods

2.2.1 Viral transduction

Viruses are advanced nanoparticles built of proteins and lipids which contain
genetic material. They can only replicate through infection of a host cell,
using the cellular machinery for their own benefit. Thus, viruses are nature’s
own specialists at getting foreign DNA into cells, they have evolved and
survived using this strategy. Transduction is the term used to describe the
deliberate use of viruses to deliver genetic material into cells. Transduction
was the first [25] gene transfer method and is still widely used today. Viral
gene transfer is the most effective of all delivery techniques (typically > 90%
of exposed cells are transducted) [1, 26]. The most common viruses used are
retroviruses (of which the popular lentivirus is one form), adenoviruses and
adeno-associated viruses [27, 28]. The gene of interest and a reporter gene
is introduced into the viral genome by recombinant processing. The viruses
penetrate into the cells and the viral genes are expressed, either by being
incorporated into the host genome or by transient expression. Viruses have
mechanisms to avoid most of the cellular barriers. They show highly efficient
endosomal escape after uptake by using a variety of specialized proteins [24].
Fusing plasmid DNA to viral peptide sequences that promote active DNA
transport into the nucleus has also been shown to increase transfection effi-
ciencies [29]. The original viruses are stripped of genes necessary to replicate,
so they cannot destroy the target cell like a typical virus infection would. Al-
though viruses can only deliver genome-type DNA and RNA into cells, they
can be used for siRNA delivery and gene silencing experiments by utilizing
the fact that certain types of DNA sequences are transformed into siRNA
upon transcription [30].

Despite high transfection efficiency and ease of use once a protocol has
been established, there are certain challenges in using viruses for transfer of
genetic material. For in wvitro use one of the main issues is complexity. If a
new gene is to be studied, it must first be engineered into the virus. The virus
must also be tailored or chosen for specific cell types, further complicating
the procedure. However, commercial transduction protocols are appearing,
simplifying the process [22]. Another disadvantage is the strict biosafety
concerns when working with genetically modified viruses, leading researches
to hunt for alternatives which are less costly and easier to handle, such as
the chemical approaches in the next section.



2.2.2 Chemical transfection

Chemical gene transfer is a form of transfection in which the negatively
charged nucleic acids (i.e. different forms of DNA or RNA) are bound to
one or more positively charged molecules to form a complex [31]. The com-
plex is overall more suited to enter the cell than the nucleic acid alone.
Cell entry occurs by some cell-mediated transport such as endocytosis. The
first method to be developed as a non-viral form of gene transfer was (2-
diethylamino)ether (DEAE)-dextran, a cationic polymer [32]. This method
set the stage for many other cationic polymer systems, such as polyethyle-
namine, poly-L-lysin, chitosan and dendrimers [33, 34, 35, 36]. When the
polymers and the nucleic acids are mixed in solution, they form nanosized
complexes that may enter the cell through endocytosis. The polymers can
also help protect the nucleic acids from endosomal degradation, and facilitate
in endosomal escape [24]. Another widespread chemical transfection agent
is calcium phosphate [37]. Calcium phosphate is co-precipitated with DNA
to form nanoscale crystals, which are incubated with the cells for cellular
uptake and transfection.

Although continuously developed and used due to their low cost and
simplicity, both cationic polymers and calcium phosphate show cell toxicity
and often low and unstable transfection efficiency. Both methods rely mainly
on endocytosis to enter cells, which causes variations among different cell
types. A third chemical method is lipofection, where the nucleic acid is
packaged with synthetic cationic lipids for transfection [38, 39]. The lipids
can form compact complexes or vesicular liposomes, which may enter the cells
either by direct vesicle fusion, membrane integration, or via endocytosis. A
general issue is the difficulty of characterizing and controlling the lipid-DNA
complex, limiting the knowledge of how they function. However, reasonable
efficacy together with low cytotoxicity contribute to the popularity of lipid-
based techniques, and many commercial products, such as the widely used
Lipofectamine and related derivatives (Invitrogen) and DOTAP (Roche), are
available [33].

The above techniques have been around for 30-40 years, and continuous
improvements have been made. Modern developments include combining
polymers or lipids with other materials to make multifunctional nanoparti-
cles, allowing modalities such as targeting for specific cells and controlled
release [40, 41]. Examples of nanotechnology approaches are the usage of
carbon nanotubes [42, 43|, gold nanoparticles [44], silica nanoparticles [45]
or gold or nickel nanorods [46, 47], as well as using targeting proteins with
lysosomes to enhance uptake [35]. Another way multifunctionality can in-
crease chemical transfection efficiency is photo-chemical transfection, which
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enhances release of DNA from endocytotic vesicles using photosensitizers
[23]. Concentration of the nucleic acids at the delivery sites, such as by teth-
ering delivery vehicles at the cell culture substrate, has also shown promise
in increasing the delivery efficiency [48, 49].

However, attempts to avoid variability among cell types together with the
use of chemicals that can be toxic to cells or interfere with cellular function
gives rise to another main class of delivery, termed physical transfection.

2.2.3 Physical transfection

Physical transfection mechanisms avoid certain complications of viral and
chemical techniques by breaching the cell membrane directly and delivering
naked (non-packaged or non-complexed) nucleic acids into the cell. The most
obvious way to achieve this is by using a small syringe to inject the mate-
rial directly. This method is efficient, and is often used for gene transfer
to embryos, although cell damage is common [50]. Modern approaches using
nanoscale needles attached to AFM tips show less cellular damage [51]. How-
ever, these techniques are still extremely labor-intensive, limiting use outside
of studies on individual cells.

Electroporation is the most popular physical transfection method [52, 53].
It relies on the use of a transient electrical pulse which opens pores in the
cell membrane, allowing the nucleic acid in the solution to diffuse into the
cells. It is reasonably efficient, allows simultaneous transfection of large vol-
umes of cells, and is simple to perform. However, it can only be used for
cells in solution, and cell viability after electroporation is low, since mem-
brane poration can easily cause membrane rupture, lysing the cells. Thus
relatively large quantities of cells and reagents must be used, and due to dif-
ferent properties among cell types the protocol must be optimized for each
cell type. Modern developments are improving on these disadvantages, but
are not able to eliminate them completely [54]. Sonoporation is an alterna-
tive to electroporation in which transient membrane pores are induced by
ultrasound bubbles [55]. Sonoporation has slightly higher cell viability, but
lower transfection efficiency than electroporation [56], but the benefits and
challenges remain similar.

Biolistic particle delivery (often called a gene gun due to the popular
system from Helios) combines the directness of micro-injection with the
large scale approach of electroporation, by launching a large quantity of gold
nanoparticles that are conjugated with nucleic acids directly into cells. Al-
though efficient and reliable, it is mostly used for in vivo DNA immunization
and genetic modification of plants due to high equipment cost and a certain
degree of cell damage upon delivery. The large amount of non-biodegradable
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gold nanoparticles that are part of the system are also a cause of concern,
but modern approaches using biodegradable alternatives of gold are being
developed [57].

A combination of chemical and physical methods has led to some modern
developments, such as magnetofection [58], which relies on the use of surface-
functionalized magnetic nanoparticles [59, 60] or carbon nanotubes with em-
bedded magnetic particles [61] for gene transfection. These approaches apply
the chemical approach of complexing the nucleic acid with a cationic material,
but similar to the gene gun, use an external force to cause higher transfec-
tion efficiencies, in this case by applying a magnetic field. These particles
also offer the inherent benefit of being imagable using magnetic resonance
imaging, and are promising for both higher transfection efficiency and higher
cell viability in vitro and for gene delivery n vivo due to high transfection
efficiency, controllable transfection and low cytotoxicity.

2.2.4 High aspect-ratio nanostructures for transfection

The success of employing nanoscale materials for transfection has also prompted
the development of techniques which use vertical arrays of silicon nanowires
or carbon nanofibers to deliver biomolecules into cells in a process sometimes
termed impalefication [3, 62]. Biomolecules such as DNA, siRNA, proteins or
other effector molecules can be deposited on the nanowires prior to cell cultur-
ing, either by direct adsorption, electrostatic interactions or specific covalent
binding [63]. McKnight et.al. were the first to report delivery using such a
system. They actively impaled cells onto carbon nanofibers (tapered, about
200 nm in diameter at the tip) by centrifugation or mechanical pressing [3].
They showed decent transfection rates (about 5%) of impaled cells, and the
cells were seen to proliferate and divide up to 10 days after impalement while
expressing the delivered genes. Kim et.al. successfully used silicon nanowires
coated with polyethyleneimine for transfection, although transfection efficien-
cies were below 1% [62]. In a recent, comprehensive article by Shalek et.al. it
was shown that many types of biomolecules, including DNA plasmids, RNA
molecules, peptides, proteins and small molecules could be delivered into
cultured cells [64]. The cells were cultured on amino-silane modified silicon
nanowire arrays on which the fluorescently modified molecules had been pre-
adsorbed. Delivery of biomolecules was done at very high efficiency (close
to 100%), and transfection was demonstrated but not quantified, so actual
transfection efficiency is uncertain. In addition, they showed delivery to and
transfection of cell lines that are typically considered difficult to transfect,
such as neurons. This was attributed to the physical nature of nanowire
impalification, which can avoid cellular barriers to uptake. Nanowire arrays
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also offer the advantage of spatially localizing the biomolecule delivery sites
(as opposed to typical approaches which are solution-wide), which has shown
to increase transfection efficiency in other platforms due to effector molecule
concentration [48].

Since this work focuses on developing a system for transfection of cul-
tured, adherent cells, the biochemistry of culturing cells on surfaces is de-
scribed in the next sections. In addition, cells are cultured on substrates
with nanowire arrays for various reasons in addition to molecule delivery,
and how cells react to nanowire surfaces in general is also described. Fi-
nally, the methods used to study cultured cells are described, including flu-
orescence microscopy, reverse transfection arrays and scanning electron mi-
croscopy (SEM).

2.3 Culturing and studying adherent cells

2.3.1 General cellular reactions to material surfaces

It is often stated that adherent cells prefer certain types of surfaces and dislike
others. This is only true to a very limited extent. A more complete picture
includes serum proteins, which readily adsorb to most material surfaces [65].
It is mostly these proteins that cells sense and interact with when in contact
with a surface. The most important proteins for cell adhesion to surfaces are
attachment proteins, which include binding domains for cells, other proteins
and the extracellular matrix. Two common examples are fibronectin and
vitronectin, although many other proteins also play a role. In vivo these pro-
teins facilitate binding of cells to the extracellular matrix (ECM). However,
the ECM is typically not present in culture conditions (although sometimes
surfaces are coated with e.g. collagen or laminin to mimic the extracellu-
lar matrix). Instead, these proteins mediate the binding between cells and
material surfaces. Cell membranes contain proteins called integrins with ex-
tracellular motifs that can recognize and bind to the adsorbed attachment
proteins, specifically to ”cell attachment” motifs such as the RGD (Arg-Gly-
Asp) sequence [66]. For most adherent cell types prolonged periods without
this binding between integrins and cell attachment proteins can cause cell
death, both through caspase-mediated apoptosis and through another form
of apoptosis termed anoikis [67, 68]. However, not all surfaces with high
protein adsorption support cell growth, as non-cell attachment proteins such
as immunoglobulins or albumins may bind instead, or the cell attachment
proteins might be denatured upon interaction with the surface, hiding or
disrupting the necessary cell attachment motifs. Also, the link between cell
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death and cell attachment is not completely clear-cut [69].

There are some general aspects of protein adhesion and cell proliferation
on different types of surfaces [70, 71]. Proteins readily adsorb to hydropho-
bic surfaces due to hydrophobic interactions. However, adsorption to such
surfaces often induces conformal changes in the proteins, as they rearrange
to organize hydrophobic groups near to the surface and hydrophilic groups
towards the solution. Thus cell growth on hydrophobic surfaces is usually
limited, although not completely absent. This can also vary greatly de-
pending on the specific treatment of the surface before cell culturing. An
example of this is two articles in which nearly identical self-assembled octa-
and hexadecanethiol monolayers are produced on gold. In the case where
the functionalized surface was only exposed to serum during cell culturing
it was cytophobic (hindering cell attachment), while if the surface was pre-
treated with a fibronectin solution was cytophilic (promoting cell attachment)
[72, 73]. This difference could also stem from different cell types, or differ-
ent preperation procedures, but in general this illustrates how variable and
important surface treatment can be for cell growth (see section 2.4 below for
more details on surface modification methods).

Hydrophilic surfaces generally do not cause large conformal changes in
serum proteins, so here it is rather a question of how much protein adsorbs
to the surface. Certain proteins are also able to replace less tightly bound
proteins over time, a phenomenon called the Vroman effect [74]. On hy-
drophobic surfaces proteins tend to bind more irreversibly [70]. Charged
hydrophilic surfaces generally have significant protein adsorption and good
cell growth, with electrostatic attraction and counter-ion dissociation upon
protein adsorption as major driving forces. However, highly charged pro-
teins do not adsorb to like-charged surfaces, as electrostatic repulsion will
dominate here. Finally, uncharged hydrophilic surfaces can often resist pro-
tein adsorption, especially in the case of extended hydrophilic chains such as
poly(ethylene glycol) (PEG) [75]. This is thought to be due to a reduced hy-
drophobic interactions together with effects of chain compressibility resisting
adsorption of larger molecules. As cells do not attach and spread on sur-
faces without adsorbed attachment proteins, PEG is a widely used surface
modification to inhibit cell growth.

Most surfaces do not contain a single functionality, but rather a mix of
several functional groups. Here the relation between surface properties, pro-
tein adsorption and cell proliferation is more complicated [76]. In addition,
the (nano)topography of the surface also plays an important role in how
proteins adsorb and change conformation and subsequent cellular responses
[77]. These complications make designing surfaces for good cell adhesion and
growth challenging, but do indicate some general rules that are important
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to consider when modifying surface properties. For a recent, comprehensive
review of the current research on cell-biomaterial interactions, see [78].

On the intracellular side, integrins have binding sites for the cyteskeleton
(especially the actin microfilament) and many signaling molecules [9]. Once
the integrins bind to the attachment proteins, signaling cascades commence,
resulting in integrin clustering, rearrangement of the actin filament so the
cell spreads out, and the formation of focal adhesions, which are the primary
contacts between cells and the extracellular matrix (or culturing surface)
[79]. These are all factors necessary for the proliferation of adherent cells,
and thus a rough measure of proliferation in such cells is the extent of cell at-
tachment and spreading. In mobile cells, actin-containing protrusions called
lamellipodia and filopodia extend from the main cell body as protrusions,
and form new focal adhesions in the direction of cell movement. The cell
cytoskeleton is able to react very specifically to certain types of input from
the extracellular matrix or culturing surface [80]. This has been employed
to e.g. pattern single cells on surfaces, define areas favorable to cell growth
or specifically modify cell morphology, as shown in image Figure 2.2a. This
can allow well-defined cells for quantitative studies, but can also alter cell
behavior and growth in e.g. stem cell studies [72].

2.3.2 Cells on nanowire surfaces

As mentioned above, cells are not only sensitive to surface chemistry, but also
the topography of the surface. Recently, there has been an increasing amount
of research on producing well-defined nanotopographies to investigate how
cells react to such structures (see [81] for a review). In relevance to this
work, there have been some studies on how cells react to high aspect ratio
nanostructures, such as nanopillars or nanowires.

Héllstrom et.al. showed that neurons cultured on gallium phosphide
(GaP) nanowire surfaces showed similar viability and growth as cell on glass,
significantly better than on planar GaP [82]. The wires had a surface cov-
erage of ~ 1jum~2, a height of 2.5m and a diameter of ~ 45nm. The cells
grew completely on top of the wires, and it could be seen that the wires
penetrated into the cells to some extent. An image of a neuron cultured on
GaP nanowires is shown in Figure 2.2b. In a similar study Zhao et.al. found
the complete opposite. Using titanium carbide and titania nanowires of 70
nm in diameter, lengths of several micrometers and a density of ~ 1 pm™2,
they effectively repelled osteoblasts, with cells showing little attachment, low
proliferation and high degree of apoptosis on the nanowire substrates [83].
This is not linked to surface chemistry or protein adsorption issues. The
large difference between the results of Hallstrom et.al. and Zhao et.al. are
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not clear, but might be tied to the use of different cell types, which might
have different requirements for adhesion and proliferation, despite both be-
ing adherent cells. Lee et. al. also showed significant cell repellence using
a high-density (~ 126 um~2) array of ZnO nanowires that were ~ 50 nm in
diameter and ~ 500 nm long [84]. They attribute the reduced cell spreading
and proliferation to the fact that the cells on the nanowire array are not able
to produce focal adhesions, as they do on planar substrates. The same group
found similar results for SiO,-coated ZnO nanowires, indicating that it is not
a surface chemistry, but rather a topological effect that causes the reduced
spreading [85].

Berthing et.al. showed that human embryonic kidney cells (HEK293)
and rat embryonic dorsal root ganglion neurons (P11) had similar prolifer-
ation when penetrated by indium arsenide (InAs) nanowires and on planar
InAs surfaces and glass [86]. The nanowires were 1pm to 3pm in length,
100nm to 300nm in diameter, and the average density of the NW arrays
was 0.3 pm~2. In this study it appeared that the cells were mostly in contact
with the surface, with the nanowires penetrating into the cell interior. This is
different from the systems above with a higher nanowire density, which likely
makes a significant difference in cellular reactions to the surface. Berthing
et.al. also showed that membrane integrity, protein expression and cell mat-
uration occurred in a typical fashion despite being impaled by nanowires.
An image of a cell impaled in this way is shown in Figure 2.2c. Although
Berthing et.al. did not indicate any dependence between nanowire dimen-
sions and cell proliferation, a study by Kim et.al. on HEK293 and mouse
embryonic stem cells (mES) showed that for nanowires with a diameter of
400nm and a length of 3um to 6 pm with a similar density (2-3 per cell, i.e,
roughly 0.2ym™2 to 0.3 pm~2) cells did not attach and died after 1 day, but
on wires with a smaller diameter (90 and 30 nm) cell survival was reasonable
(~ 80%) [62].

With platinum, silicon (Si) and silica (SiO,) nanowires precisely defined
by focused ion beam (FIB) milling Xie et.al. showed that neurons were
effectively pinned to areas with nanowires, but that cell growth was otherwise
unperturbed for nanowires of diameters of 75nm to 400 nm and lengths of
0.7pm to 2um in height [87]. The effects were similar for all three types of
nanowires, so the pinning was assumed to be a geometrical effect and not a
material-specific effect, with a proposed explanation that the wires served as
focal adhesion points anchoring the cells more strongly than a flat surface.
Neurons pinned on such a nanowire surface are shown in Figure 2.2d. All
of the above articles and more (see section 2.2.4) state that the nanowires
interact closely with the cells, and demonstrate by using SEM and confocal
fluorescence imaging that it is likely that the wires penetrate inside the cells.
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A recent article by the same group as above (Xie et.al.) showed elegantly
that their silica nanowires were indeed in contact with the cytoplasm of
PC12M neural cells and COS-7 fibroblasts, as antibodies conjugated to the
nanowires were able to recruit and bind intracellular GFP [88]. In addition,
they showed that the cells preferentially had outgrowths towards and ending
at the nanopillars.

Apart from the article by McKnight et.al. [3], the cultured cells in the
cited articles were allowed to passively settle on the nanowires, but the sub-
sequent nanowire penetration mechanisms has not been described in detail.
Shalek et.al. showed that the cultured cells were resting on top of their silicon
nanowire array 15 minutes after plating, but the nanowires had penetrated
into the cells by 1 hour after plating [64]. Rough calculations give a gravita-
tional force of less than 1 pN for an average cell due to the density difference
between the cells and the medium, while even very small nanowires (30-40
nm in diameter) have been shown to need a force of 100-200 pN to penetrate
the cell membrane directly, although they can do so without perceivable
harm [51]. However, factors such as cell adherence to the underlying sub-
strate could significantly increase the downwards force of the cell, allowing
penetration [89]. There also seems to be some wire penetration on substrates
with a high wire density, but to what extent these actually penetrate into
the cell cytoplasm has not been fully elucidated. In light of the literature
above it seems likely that the nanowires to some extent directly penetrate
the membrane, avoiding typical uptake mechanisms of the cells, although this
needs to be studied in more detail. It is also likely that surface treatments,
nanowire dimensions and morphology will effect nanowire penetration and
cellular reactions to nanowires.

2.3.3 Methods to study cultured cells

The two main methods of directly imaging objects that are too small to
see with the naked eye are optical microscopy and electron microscopy. In
the case of in wvitro studies on cultured cells, the most used techniques are
(confocal) fluorescent microscopy and SEM. In the next sections, a brief
introduction to these techniques together with typical sample preparation
procedures and imaging possibilities are given. Examples of images of cells
imaged by the methods described here have already been shown in Figure 2.2
above. In addition, high-throughput methods are becoming more and more
important as both processing power and study complexity increases. High-
throughput cellular microarrays are presented as an increasingly important
method for qualitative cell studies.
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Figure 2.2: (a) Mesenchymal stem cells patterned by pre-adsorbing fibronectin
to a patterned hydrophobic monolayer on gold. The image is a typical confocal
fluorescence overlay, with the nucleus stained with DAPT (blue), the actin filament
with Alexa488-phalloidin (green) and vinculin (a focal adhesion-specific protein)
by an anti-vinculin antibody (red). Image from reference [72]. (b) Scanning
electron micrograph of adult mouse dorsal root ganglia neurons cultured on a
dense array of gallium phosphide nanowires. The cells adhere and spread, but
gain little contact with the surface. The bent wires indicate cell interaction with
the nanowires, but drying artifacts are difficult to rule out. Image from reference
[82]. (c) Confocal micrograph of HEK293 cells stained with calcein-AM (the ”live”
stain in a typical live/dead staining kit), with black dots showing the volume
excluded by penetrating InAs nanowires. Image from reference [86]. (d) Scanning
electron micrograph of embryonic cortical neurons cultured on well-defined silicon
nanowires used to pin individual neurons in place. Notice how the cell’s extensions
closely interact with the nanowires. This was shown to be largely independent of
surface chemistry, and is attributed to geometry alone. Image from reference [87].
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Confocal microscopy

Fluorescent microscopy is a light microscopy technique that relies on the use
of fluorescently active molecules, called fluorophores, to obtain information-
rich images of biological samples [90]. The microscope is typically set up
in a reflection system, in which the objective lens also functions as a con-
denser lens. High intensity lasers are focused onto the sample, exciting the
fluorophore to an electronically excited state. Upon relaxation, photons of
a longer wavelength than the incident ones are emitted, due to the Franck-
Condon and solvation effects. The light from the sample passes through an
emission filter, which can be set so that it blocks reflected laser light but
is transparent to the longer wavelength light emitted from the fluorophores.
A scanning confocal microscopy system is similar, but in addition a pin-
hole (confocal) aperture is placed in a conjugate image plane, which filters
out light that originates from fluorophores that are excited outside the focal
plane. As this limits the focus area to a small point (diffraction limited to
about half the wavelength of the light used), the laser needs to be raster-
scanned across the surface, and the image is assembled point-by-point on a
computer. This results in high contrast, high resolution images in both axial
(along the optical axis, perpendicular to the sample) and lateral (parallel
to the sample) directions. Small axial optical sections of some hundreds of
nanometers can be viewed independently of one another, or reconstructed
for a three dimensional rendering of the sample.

There exists a large variety commercial fluorophores, available with exci-
tation and emission wavelengths in the whole visible spectrum and slightly
outside. The standard fluorophores are small organic molecules with ex-
tended conjugated aromatic rings. These are provided with a number of
functional groups, allowing them to bind to e.g. proteins, polymers or DNA.
Quantum dots are a newer form of fluorophores, made of nanosized semi-
conductor crystals, with excellent excitation and emission properties [91].
Finally, fluorescent proteins such as GFP are in wide use as they are pro-
duced by the cells themselves.

Live cells can be imaged quite easily, although having environmental
chambers which maintain temperature, CO, concentrations and humidity
is an advantage for long-term studies. Membrane-binding or membrane-
permeable dyes can be used directly. A common assay is combining a
membrane-permeable dye that is rendered membrane-impermeable by intra-
cellular enzymes with an membrane-impermeable dye, which is a relatively
good assessment of whether a cell is dead or alive (the membrane of dead
cells is usually compromised) [92]. An example of this is the live/dead kit
with calcein-acetomethoxy (calcein-AM) and ethidium homodimer that is
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used in the current work. For many dyes, especially those conjugated to pro-
teins, antibodies or other larger molecules, the cell interior is not accessible
in live cells. Instead, the cells are first fixed, typically using an aldehyde
such as paraformaldehyde, which cross-links proteins in the cell. Then, the
membrane is permeabilized either by lipid extraction in an (ice-cold) organic
solvent or with a detergent/surfactant. Now the cell interior is accessible to
e.g. dyed antibodies, allowing many specific intracellular structures to be
visualized. The cells can also be maintained for a long time in this state, as
long as they do not dry out.

Scanning electron microscopy

Although powerful for visualizing specific intracellular structures and live
cells, the resolution of typical fluorescent microscopy systems is limited to
about half the wavelength of the light used, i.e. some hundreds of nanome-
ters. By using electrons instead of light for imaging, substantially better
resolution can be obtained, typically down to a few nanometers or less [93].
Briefly, in an electron microscope, electrons are generated from a source and
accelerated through vacuum by a strong electric field towards the sample. As
the electrons impede on the sample the energetic collisions cause scattering
of the incident electrons and generation of new, low-energy electrons and x-
rays. All of these can be detected for high resolution imaging with material
contrast and identification of elements. Similar to the scanning confocal sys-
tem above, the electrons are focused into a small point, although in this case
the point is limited by system design to a few nanometers or less. As the
beam is raster-scanned across the sample, a computer stores the data from
each point and assembles a complete image.

As the electron system needs to be in vacuum, biological samples must
first be fixed and dehydrated, otherwise the water contained in cells will
boil and evaporate, collapsing the cells and contaminating the microscope
[94]. An alternative to dehydration is freezing, but this requires special-
ized microscopes and is not widely used in routine investigations of cultured
cells. Fixation is similar to fixation for fluorescent microscopy, but usu-
ally glutaraldehyde is used in the place of paraformaldehyde, as it preserves
structure to a higher extent after dehydration, but due to its high autofluo-
rescence it is less used for fluorescent microscopy. Secondary fixation is often
performed using osmium tetraoxide, which stabilizes both proteins and the
lipid membrane, in addition to providing increased contrast since osmium is
a comparatively heavy element.

To dehydrate a biological sample the water must be gradually replaced
by an organic solvent such as ethanol or acetone, as water has such high

20



surface tension that direct evaporation of water will collapse the cell. The
sample can be air-dried from the organic solvents, but these still have quite
high surface tension, so fine cellular details will be lost. The most common
method of completing the drying is by critical point drying (CPD) [95]: The
organic solvent is replaced first by liquid CO, under high pressure, then the
CO, is brought past its critical point by raising the temperature. Finally, the
pressure is reduced, allowing the CO, to evaporate without having crossed
the liquid-vapor phase boundary, so no surface tension is induced. A simpler
alternative to critical point drying is hexamethyldisilizane (HMDS) drying:
After dehydrating the specimen with an organic solvent it is replaced with
HMDS, which is allowed to evaporate in air. HMDS has a favorable blend of
properties for such drying as it shows a low surface tension when interfaced
organic materials, can rapidly infiltrate samples and is quite volatile. HMDS
drying has been reported to provide similar structure preservation to CPD,
at least for animal cells [95].

Finally, since biological samples are non-conductive, they must typically
be coated with a thin layer of metal to avoid building up electronic charge,
which interferes with the imaging. Gold, platinum or palladium are most
used, since when sputter coated these give homogeneous thin films with small
grain sizes and high electron yields, which gives a good signal.

Reverse transfection microarrays

Microarrays are a method to increase the throughput in studies where several
effects or situations are to be studied simultaneously and automatically. In
some fields, such as DNA and protein analysis, high throughput microarray
approaches are commonplace, but microarrays for studying whole cells have
only been developed more recently, the first example being from 2001 [96].
The typical approach uses the concept of reverse transfection, which means
that the effector molecule is localized on a site before the cells are cultured.
This is typically realized by using robotic spotters, where each type of ef-
fector molecule is patterned in one or more sub-millimeter sized spots [97].
After the effector molecule solution has dried out, the cells are seeded, and
the effects of each effector molecule can be studied in an automated fashion
using specially developed microscope systems, as exemplified in Figure 2.3a.
This allows a highly quantitative analysis of transfection effects, easy com-
parison under identical conditions and high throughput. However, the cost
of the equipment can be high, which, together with the difficulty and cost
involved in assembling a library of multiple effector molecules, has limited
widespread adoption. When such a system first is available it can be used
very advantageously, which has been done locally at NTNU [98]. Single cells
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can also be defined and analyzed in such a high-throughput way, which fur-
ther reduces the variability typically seen when attempting to quantitatively
analyze cells [99)].

Transfection in microarrays is typically performed using chemical trans-
fection reagents, so the issues associated with chemical methods still apply.
Since chemical methods are dependent on cellular biology for uptake of the
DNA or RNA, this limits the types of cells that are possible to transfect,
and protocols have to be tailored for every cell type. Here the nanowire ar-
rays show a large potential as they, as surface-based transfection techniques,
should be easily converted to a microarray format. Indeed, in the already
described article by Shalek et. al. this was successfully performed by us-
ing a standard microarray printer on the silicon nanowire array, as shown in
Figure 2.3b [64].

This concludes the background for the cell-related methods in this work.
Another important aspect is the properties of the materials that are used,
and how these can be altered and studied. This is described in the next sec-
tions, starting with methods to specifically study and alter surface chemistry
and study surfaces, moving on through the copper oxide nanowire arrays
themselves, before finally describing properties, lithographic patterning and
structuring of the most important polymer materials that are used.

(a) (b)

Figure 2.3: (a) Two spots (~ 800 pm each) of HEK293 cells transfected with
DsRed (a red fluorescent protein analog of GFP) in a typical reverse transfection
microarray set-up. Image from reference [98]. (b) A cell microarray printed with
two kinds of siRNA (the two siRNAs are bound to each their fluorescent dye) on

a silicon nanowire array surface with cultured HeLa cells. Image from reference
[64].
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2.4 Surface modification and imaging

Being able to modify surface chemistry is a key aspect of device production
for biological applications, as this can drastically change how biomolecules
and cells react to a given surface [100]. Many useful, but bio-incompatible
materials can become more bio-compatible using relatively simple methods.
Two common methods in widespread use are plasma treatment and various
forms of self-assembled monolayers, and will be presented here.

2.4.1 Plasma treatment

Plasma is a another name for an ionized gas, in which the electrons are
continuously stripped from their molecules, forming reactive species and re-
leasing UV radiation upon recombination [101]. To create a gaseous plasma,
which is the most common form used for surface modification applications, a
cyclic electric field (typically at radio frequency (RF), 13.56 MHz) is applied
across a chamber filled with the gases to be ionized, often at reduced pressure.
These gases can be air, oxygen, argon or many others. As the molecules are
ionized, they form radicals which can react with molecules of the sample sur-
face. High energy UV radiation is generated when free electrons recombine
with ionized molecules, which can also introduce modifications in the sam-
ple by breaking bonds and forming radicals. Organic materials introduced
into the chamber will typically undergo many surface modifications through
these processes [101]. A common modification is plasma oxidation, where the
surfaces are exposed to an oxygen plasma and incorporate a range of oxygen-
rich organic functionalities including hydroxyl (-OH), carbonyl (-C=0) and
carboxyl (-COOH) groups. Anisotropic removal of material (as it reacts with
the plasma to form volatile species) typically increases the surface roughness,
although this can vary from material to material.

As protein adsorption from serum is typically more favorable on hy-
drophilic, mixed functionality surfaces (as described in section 2.3.1), oxygen
plasma modification is a very common method of making most polymeric
surfaces cell compatible, including the production of e.g. tissue culture
polystyrene [69]. In relevance to the current work, poly(dimethylsiloxane)
(PDMS) as well as poly(methyl-methacrylate) (PMMA) and SU-8 undergo
well studied changes in surface chemistry, increasing surface energy and cell
compatibility upon exposure to oxygen RF plasma [102, 103, 104].
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2.4.2 Self-assembled monolayers

Certain functional groups have high affinities for certain types of surfaces,
and molecules with these functionalities can form well-ordered and dense
films on the surfaces of materials to which they bind. Such self-assembled
monolayer chemistry is a very important method to modify surface proper-
ties, as it allows the simple introduction of arbitrary functional groups to
many types of surfaces by using bi-functional molecules [105]. The most
common bi-functional molecules for monolayer formation are organosilanes,
which bind to multiple surfaces, including silicon, glass and PDMS, and
organosulfurs, which bind to many metallic surfaces such as gold and cop-
per. These are described in further detail below. In addition there are many
other functional groups that can bind to surfaces and induce functionalities,
including phosphides, phosphates and phosphites, which bind to many oxides
and semi-conductors, carboxyl groups which bind to certain oxides and met-
als, and amines, which bind to some metals and oxides [106]. A schematic of
a generic self-assembled monolayer is shown in Figure 2.4b.

Silanes

Silanes are reactive compounds which have the general formula X—Si—Yj,
where X is a functional group and Y is a good leaving group, such as ethoxy
or methoxy ethers or chloride (in order of increasing reactivity) [105]. These
molecules react with surface silanol (Si—OH) groups, forming strong -Si-O-
Si- bonds to the surface of e.g. glass or plasma oxidized PDMS [107, 108].
It has also been shown that they react well with other -OH groups, such as
-C-OH groups present on many (plasma) oxidized polymeric surfaces, such as
SU-8 [109]. Figure 2.4e shows an example of a silane reaction with a hydrox-
ylated surface. The assembly of high quality monolayers can be challenging,
since the reaction is very sensitive to the amount of water present in the
solution, and the silane molecules easily inter-polymerize [110]. Many depo-
sition techniques exist, with most working to a certain degree, but requiring
optimization to obtain defect-free, high density monolayer films.

The main methods to produce silane monolayers are [111]: Concentrated
vapor phase, dilute vapor phase, organic liquid phase and aqueous phase
deposition. Vapor phase deposition can be done either by heating in a closed
chamber or in a vacuum desiccator, in both cases introducing the silane
into the vapor phase where it will react with the surface. In liquid phase
deposition the sample is immersed directly in the silane solution, and allowed
to react. Typical incubation times to produce well-ordered films are 18-24
hours, although much shorter incubation times are also used [112]. Many
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functionalities can be introduced through the silane molecule, and the type of
functionality determines the reactivity of the surface towards molecules. This
includes proteins and other biomolecules, which greatly effect the way cells
react to a surface, as described above [113]. One typical use of silanes is to
modify a negatively charged surface containing hydroxyl groups (this includes
most plasma oxidized surfaces) with positive charges, allowing binding of
negatively charged biomolecules. Examples are immobilzation of DNA on
amino-silanized mica for AFM imaging [114] or binding of proteins to SU-8
[115].

Organosulfides

Silanes can generally not be used on metals, whereas molecules with sul-
fide functionalities (typically -SH, S-S or similar) have been shown to have
a high affinity to many noble metals, including Au, Ag, Pt and Cu [106].
The most common are thiols (R-SH), which form well-ordered monolay-
ers on the metal surface, and are simpler and more reliable than silanes
as they hardly inter-react. The standard method of preparing monolayers
on surfaces is by incubating the surface in a ~ 1 mM solution of the thiol
in ethanol for 18-24 hours. However, if lower quality monolayers are ac-
ceptable incubation times can be reduced significantly, as monolayers of 70-
80% of full coverage are formed upon the first few minutes of immersion
[116]. As with silanes, most organic functionalities are available, although
for most applications the standard functionalities of alkyl (-CH3), hydroxyl
(-OH), carboxyl (-COOH) and amine (-NH2) are used. These cover the
standard surface states of hydrophobic, uncharged but hydrophilic, nega-
tively charged and positively charged (in solution), respectively. In addition,
these groups allow many coupling reactions, such as the very common 1-
ethyl-3-[3-dimethylaminopropyl|carbodiimide hydrochloride (EDC) and N-
hydroxysulfosuccinimide (NHS) coupling reaction that allows the covalent
binding of amine groups to carboxyl groups, often used for immobilizing pro-
teins to surfaces. Other common functional groups include fluorosubstituted
alkanes, which have a higher hydrophobicity than regular alkanes, and PEG,
which is highly resistant to protein adsorption and cell adhesion. Another
common strategy is to functionalize biomolecules with thiols so they can be
directly immobilized on the metallic surface [117].

2.4.3 Studying material surfaces

Although the surface of a material is a very important feature, studying
the surface exclusively is challenging, as the surface usually constitutes only
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a minor fraction of the total material. This is especially the case for e.g.
self-assembled monolayers and potentially attached biomolecules. In the bio-
logical sciences, fluorescent imaging is the major method of closely studying
samples. On some commonly used surfaces, such as glass, this is not an is-
sue. However, if e.g. thiol chemistry is used to bind molecules on metallic
surfaces, this becomes more challenging due to the electrical activity of such
surfaces. If fluorescent molecules are in close proximity to metallic surfaces,
the fluorescence is typically quenched, reducing the observable signal signif-
icantly [118]. This is especially true for thin metallic films, as illustrated
in Figure 2.4a. Depending on the situation, the mechanisms that usually
lead to quenching can also increase the fluorescence of molecules, which is
widely studied in well-defined systems such as with gold nanoparticles [119].
However, as the situations that lead to enhancement are often more specific
and need to be more precisely controlled, quenching near metallic films is
the norm. Scanning electron microscopy is not a well-suited technique ei-
ther, as it lacks both the resolution and contrast to be able to specifically
analyze surface species. However, many other techniques are available that
are much better suited to study surface chemistry and molecules, including
scanning probe systems such as atomic force microscopy (AFM) and scanning
tunneling microscopy (STM), and spectroscopy systems such as X-ray pho-
toelectron spectroscopy (XPS), auger electron spectroscopy and ellipsometry
[93]. Only AFM will be described, as this is the only surface characterization
technique used in this work.

AFM

Scanning probe systems work by raster-scanning a small tip across a surface
and detecting a signal as a function of the position [93]. In an AFM the tip
is attached to a cantilever which is oscillating near its resonance frequency.
A laser is reflected off the cantilever, and the position of the laser is precisely
detected using a quadrant (4 squares) photodiode detector. Near or on the
surface the tip starts interacting with the surface, which causes a physical
deflection and a change in the oscillating frequency of the cantilever, both
of which can be detected with the laser. The system is extremely sensitive
to such interactions, allowing height mapping in the sub-nm range, although
the lateral resolution is limited by the tip size and scanning equipment to a
few nm. Other measurements are possible, such as detecting forces between
the tip and the surface or the hardness of the surface, and imaging can be
performed both in air and in liquid. AFM has been widely used to study
self-assembled monolayers, DNA, proteins, cells and combinations of these
[106].
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Figure 2.4: (a) Theoretical model of the influence of the thickness of a thin
gold film on the fluorescent intensity of a fluorescent molecule near the surface,
specifically 5-25 nm in 5 nm steps for curves from bottom to top. The excitation
light in this case is at 633 nm. Image from reference [118]. (b) Schematic of a
generic self-assembled monolayer film. Image released to public domain through
Wikimedia Commons. (c) AFM image of plasmid (circular) DNA immobilized
on a mica surface functionalized with an aminosilane. Scan size is 1pm, im-
age from reference [120]. (d) AFM image of DNA immobilized onto an ultraflat
gold surface prepared by annealing and functionalized with cysteamine (gives a
positive surface charge). The concentration of DNA is relatively high compared
to (c), so the number of adsorbed molecules is much higher. Image from ref-
erence [121]. (e) An example of a silane reaction with a surface, in this case
(3-aminopropyl)trimethoxysilane (APTMS).
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One aspect of AFM imaging is that unless the surface is homogeneous
and flat, distinguishing surface-bound molecules such as DNA or monolayers
from intrinsic surface structure can be very challenging. Therefore, the most
common substrate for imaging biomolecules with AFM is mica, a group of
silicate minerals. Large sheets of mica can be easily cleaved off along atomic
basal planes, leading to atomically flat substrates. The surface of mica is
negatively charged and contains hydroxyl groups, so both electrostatic bind-
ing and silane functionalization is possible. The two most common methods
of immobilizing e.g. DNA to mica are by using divalent cations, which form
a bridge between the the anionic DNA and mica, and silanizing mica with
an aminosilane to get a surface containing cationic amino groups [120]. An
example of DNA molecules bound to mica is shown in Figure 2.4c. Other
substrates common for AFM imaging include glass, which is flat enough for
larger molecules and cells, but not DNA and small proteins, and silicon,
which can be flat enough also for DNA [122]. Due to the widespread use of
thiol functionalities, gold surfaces are also studied frequently in AFM, but
more advanced techniques must be used to prepare gold surfaces that are
flat enough. Typically, thin gold films are evaporated onto a flat substrate
such as silicon or mica. Then, the gold film can either be annealed at high
temperature [123], or glued to another substrate and stripped from the ini-
tial substrate, leading to flat gold by using the initial substrate as a template
[124]. An example of DNA immobilized on a thiolated flat gold surface is
shown in Figure 2.4d.

2.5 Material properties

2.5.1 CuO Nanowires: Growth and properties

High aspect ratio nanostructures are emerging as one of the main fields
of nanotechnology [125]. The structural materials include metals, semi-
conductors and insulators, and the growth methods range from filling porous
templates to epitaxial growth. One of the simplest and most scalable tech-
niques for nanowire growth is the direct thermal oxidation of a metallic film,
resulting in the growth of nanowires perpendicular to the interface due to
high surface strain between the metal and the metal oxide. This is the case
for several metals such as iron [126], zinc [127], gallium [128] and tin [129],
but the most common is perhaps the growth of CuO nanowires from metallic
copper [130].

As metallic copper is heated in air, cuprous oxide (Cu,O) is formed by
the following reaction: [130]
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4Cu+ 0, — 2Cu,0 (2.1)

However, as the thickness of the cuprous oxide layer increases, the avail-
ability of copper decreases, and oxidation occurs according to:

2Cu,O + 0y — 4Cu0 (2.2)

If the oxidation process occurs on copper substrates under favorable con-
ditions, dense arrays of CuO nanowires can be formed in a three-layer struc-
ture as shown in Figure 2.5a [131].

Vapor-solid [130] and stress relaxation [132] growth mechanisms have
been proposed, as these are typical for formation of metal oxide nanowires
by thermal oxidation, but the current consensus is leaning towards a grain-
boundary diffusion model [133], illustrated in Figure 2.5b.

Several factors can effect the growth of the nanowires. Depending on the
temperature, the diffusion path of the copper can vary between grain bound-
ary diffusion, dislocation diffusion and lattice diffusion. Nanowire growth
only occurs in the temperature range where grain boundary and disloca-
tion diffusion dominate, between about 400°C and 700°C [134]. Under these
conditions the length of the nanowires follows a parabolic relation with time
and increases with temperature [135]. The average diameter of the nanowires
also increases with increasing temperature but the the areal density (number
of nanowires per surface area) decreases with increasing temperature, since
higher temperature will anneal the grains in the cuprous oxide. Regulating
the availability of oxygen can also affect both the diameter, length and den-
sity of the nanowires [136]. Since the growth appears to be related to a local
electric field, an external electric field can also effect growth parameters such
as length and diameter [137]. Thermally grown nanowires are polydisperse
with regards to length and diameter, but are typically between 50 and 300
nm in diameter and from one to tens of microns in length. Surface coverage
can range from essentially zero up to around 10 pm~2.

Stress appears to be an important factor if high quality arrays are to be
produced, with higher surface tension leading to denser arrays of wires [5].
The large surface mismatch between cuprous oxide and copper can easily
cause flaking of pieces of the copper oxide, making it hard to produce large,
continuous arrays. However, this can be mitigated by using thin (~ 25um)
copper foils, under the hypothesis that a thin sheet copper is more compliant
and thus some interfacial stress can be released through bending of the foil
[5]. Such a large non-flaking sheet with a dense array of nanowires is shown
in Figure 2.5c.
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Current research on the applications of CuO nanowires involve sensors
[131], photovoltaics [138] field emission [139, 140] and as electro-optical com-
ponents [141], but so far little research has been done on interfacing CuO
nanowires with biological systems. Although copper is essential as a cofactor
to many enzymes, larger amounts of copper ions are reported to be toxic
[142]. The primary mechanism involves catalyzing the formation of reactive
oxygen species, which leads to widespread cell damage and toxicity. However,
copper oxides are not soluble in water, which limits toxicity, although they
readily form complexes with several ions [143]. Such factors are important
to be aware of when interfacing inorganic and biological systems.

2.5.2 SU-8 series photoresist

Photoresists have typically been used in the semiconductor manufacturing
industry to allow high resolution patterning of multiple layers of semicon-
ductors and metals [144]. Photoresists are monomer solutions which can be
selectively polymerized (negative resists) or dissolved (positive resists) by ex-
posing them to high intensity UV light. Patterning is done by projecting the
light through a mask, which allows the selective exposure of certain areas.
More recently, photoresists have also been associated with microfluidic and
lab-on-a-chip applications, although their primary use in this field are as tem-
porary molds for PDMS systems (see below) [145]. However, one photoresist,
SU-8, is also used as a structural component in many applications.

SU-8 series negative tone photoresist was developed by IBM to yield well
defined high-aspect ratio structures [146]. SU-8 is an epoxy-based resin dis-
solved in a solvent, gamma-butyrolactone (GBL) for SU-8 standard series,
and cyclopentanone for SU-8 2000 series. SU-8 comes in many concentra-
tions, which means different viscosities and thus different film thicknesses
upon spin casting. A higher number indicates increased viscosity, e.g. SU-8
5 is more viscous than SU-8 2. To the SU-8 solvent mixture a triaryl sulfo-
nium antimony salt is added as a photosensitizer. When exposed to UV-light,
preferably with a wavelength of 365 nm (the i-line of a mercury lamp) the
photosensitizer releases a proton, which initiates an acid-catalyzed crosslink-
ing between the epoxy groups of the SU-8 resin, causing the formation of a
highly stable bisphenol polymer. The chemical structure of unreacted SU-8
is shown in Figure 2.6a. Each SU-8 molecule contains 8 free epoxy groups,
any of which may react with other SU-8 molecules during the crosslinking
reaction. Unexposed SU-8 can be removed in many organic solvents, the
most common being propylene glycol monomethyl ether acetate (PGMEA).

Cured SU-8 is in principal transparent at visible wavelengths (above 360
nm), but shows some autofluorescence at high light intensities in the green
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Figure 2.5: (a) Overview of copper oxide structure that is formed upon ther-
mal oxidation of a copper substrate, with a thicker layer of cuprous oxide with
long, narrow grains, a thin, highly defective cupric oxide layer and CuO nanowires
protruding on the top. Image from reference [131]. (b) Schematic of the process
of grain boundary diffusion in the formation of CuO nanowires. Oxygen atoms
adsorb and ionize at the air-solid interface, creating an electric field that drives
the diffusion of copper ions along the grain boundaries in the Cu,O layer. Copper
ions and oxygen combines at the bottom of the CuO layer, and crystallize to form
a CuO nanowire. Illustration from reference [133]. (c) Digital photograph of a
large, non-flaked array of copper oxide produced by thermal oxidation. A scanning
electron micrograph of the nanowires on such a surface is inset. Images adapted
from reference [5].
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(a) (b)

Figure 2.6: (a) The SU-8 monomer contains 8 free epoxy groups which may
react with other SU-8 monomers during the photo-induced crosslinking reaction.
(b) PDMS repeating unit consists of a siloxane backbone with methyl groups
protruding from each silicon atom and is usually thermally cured using a catalyst.
Images released to public domain through Wikimedia Commons.

(~ 500nm) range [147]. Cured SU-8 shows good chemical stability, bio-
compatibility and gives the possibility of high aspect ratio structures, and has
therefore seen increased use in bio-MEMS applications [7]. However, cured
SU-8 is moderately hydrophobic due to the presence of aromatic, methyl and
epoxy groups on the surface, with a contact angle of about 90°. For bio-
logical and microfluidic applications a hydrophilic interface is often required.
The most common approach to achieve this is by activating the surface using
an oxygen plasma treatment. This treatment causes the partial oxidation of
the SU-8 surface, introducing carboxyl and aldehyde groups, and reducing
the contact angle of water from 90° to under 10°, showing only moderate
hydrophobic recovery over several months [148]. Oxygen plasma treatment
also increases the surface roughness and concentrates antimony from the pho-
tosensitizer on the surface, probably due to preferential removal of carbon-
containing species. Oxygen plasma treatment of SU-8 has also been shown
to have a positive effect on cell proliferation [149]. This is associated with
the chemical changes on the surface, and not the increased surface roughness.
The increased antimony concentration on the surface could not be seen to
have a detrimental effect, despite antimony being a known toxin, probably
due to it easily being washed away during rinsing steps before cell culturing.

Two other techniques have been used to render the SU-8 surface hy-
drophilic: by grafting it with a hydrophilic co-polymer [150] or modifying the
surface in a two-step process with cerium ammonium nitrate (CAN), nitric
acid and ethanolamine [151]. It is well known that amines react with epoxy
groups [152], which was initially assumed to be the reason the ethanolamine
treatment caused a more hydrophilic surface. However, later investigations
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showed that the ethanolamine treatment did not work unless the surface was
pre-activated with CAN and nitric acid, although the ethanolamine does re-
duce the contact angle significantly more than CAN and nitric acid does
alone [153, 154]. The proposed model is that ethanolamine binds to nitric
acid groups incorporated into the surface after CAN and nitric acid treat-
ment, although the actual mechanisms remain unclear.

2.5.3 PDMS

PDMS is a versatile and widely used silicon-based polymer, especially in
lab-on-a~chip and other biomaterial systems [145]. This is mainly due to
PDMS being impermeable to aqueous liquids but permeable to gases, trans-
parent and bio-compatible. PDMS structures are produced by combining
vinyl-terminated dimethylsiloxane oligomers with a curing agent consisting
of more reactive siloxane hydride molecules and a platinum-based catalyst,
after which the cross-linking reaction will commence. The repeating unit of
PDMS is shown in Figure 2.6b. A wide variety of different PDMS types are
available, but the most common completely cross-link in about 24 hours in
room temperature. The cross-linking rate increases with temperature, down
to about 10 minutes at 120°C. PDMS is quite flexible and shows highly vis-
coelastic properties, easily molding itself to surfaces over time. Fabrication of
PDMS structures usually occurs by cast molding and curing on a template,
which often is made by photo patterning a material such as SU-8. PDMS
easily flows into nanoscale features, making it very useful for reproducing a
wide variety of surface features. However, due to a low Young’s modulus
(around 1-3 MPa depending on monomer to crosslinking agent ratio, curing
temperature and geometry [155]), it does not have the mechanical strength
to form high-aspect ratio features.

Native PDMS is hydrophobic due to the methyl functionalities, with a
static contact angle of about 100° [156]. Mild oxygen plasma treatment
replaces methyl groups with oxygen-rich groups such as hydroxyls (-OH),
rendering the surface hydrophilic. When brought into contact with another
plasma activated PDMS surface or glass and cured at elevated temperatures,
a condensation reaction between the hydroxyl groups on each surface occurs,
covalently binding the two surfaces through strong -Si-O-Si- linkages. More
extensive oxygen plasma treatment forms a (SiO, )-rich surface layer of up
to 150 nm [157]. This layer is similar to silica glass, is somewhat brittle
and typically contains cracks. It is also highly hydrophilic, like glass, as
opposed to native PDMS. The hydrophobic character of PDMS typically
recovers quickly due to diffusion of un-cross-linked monomers to the surface,
reforming a methylated surface. This can be alleviated using a variety of
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techniques, including storage in water [158] or thermal aging [159], however
a rapid plasma treatment before device use is usually sufficient. Hydrophobic
recovery typically takes a few hours, while bonding activity disappears within
about 30 minutes [157].

Due to the hydrophobic nature of PDMS, cell adhesion to native PDMS
can be quite low, but this depends on cell type, culture conditions, possible
pre-adsorption of protein to the surface, etc [160]. Plasma activated PDMS
surfaces typically show good cell compatibility.
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Chapter 3

Experimental procedures

An overview of the processing steps from a freshly made nanowire surface to
a finished device is given in Figure 3.1.

Initial surface after wire growth
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Figure 3.1: A schematic overview of the process steps leading to a finished device.

Nanowire growth

Copper foil (251m, 99,98% purity, Sigma Aldrich) was ultrasonicated for 1
minute in 2M HCI (Merck Chemicals, Germany), rinsed in water and ultra-
sonicated in acetone and ethanol (96%) or isopropanol for 1 minute each.
The foil was then dried using a Kimtech wipe and stretched around a glass
slide to obtain a flat surface with some tension, and smoothed with a rumpled
tissue. The glass slide with the foil was put in a high temperature laboratory
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oven (Carbolite CWF1200) at 500°C for 120 minutes. The samples were
removed from the oven and allowed to cool to room temperature.

Polymer structuring and processing

An overview of the polymer materials that are used and approximate thick-
nesses is presented in Table 3.1.

Table 3.1: The polymers that are used in device fabrication and associated prop-
erties. Given by order of application in the fabrication process.

Polymer | Approximate thickness | Structure
PMMA 1pm Planar
PDMS 1pm Planar,  thin layer around
nanowires
SU-8 2 2pm Planar
SU-8 2100 50 pm Patterned with 500 pm wells
down to the SU-8 2/nanowire
layer

A sacrificial layer of poly(methyl-methacrylate) (PMMA) (PMMA-A9,
MicroChem) was spun on the sample in a spin coater at 4000 rpm for 90
s, and baked on a hot plate at 180°C for 5 minutes. An intermediate layer
of poly(dimethylsiloxane) (PDMS) was then applied. PDMS (Sylgaard 184,
Dow Corning) was prepared by mixing 9 parts of the monomer with 1 part of
the catalyst solution, mixing thoroughly and dessicating under vacuum for
15 minutes. The PDMS was then diluted to 10% in hexane or tert-butanol
and applied to the sample by spin coating at 6000 rpm for 90 s. The sample
with PDMS was then cured at 80°C for 20 minutes. On some samples a 4
nm gold layer was applied to the PDMS in a Cressington 208 HR sputter
coating system.

Before further processing, a 50W, 12 s plasma treatment was then per-
formed in an oxygen atmosphere of 0.4 mbar in a Diener Electronics Femto
13.56 MHz plasma system to increase the PDMS surface energy.

SU-8 2 (MicroChem) was then dispensed with a pipette on the sample
until the entire sample was covered. The sample was spun in a spin coater
at 6000 rpm for 90 s. All baking procedures were performed on contact
hotplates. The sample was soft baked at 65 °C for 1 minute and at 95°C for
3 minutes. The sample was flood exposed without a mask with an exposure
dose of 300mJ/cm? in a Karl Suss MJB3 mask aligner with an i-line (365 nm)
mercury source. The sample was post-exposure baked at 65°C for 1 minute
and at 95 °C for 1 minute, before being allowed to cool to room temperature.
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At this point some samples (i.e. non-transparent samples with an intact
back side) either were used directly, or more commonly glued to a 15x15
mm cover glass slide by applying a thin layer of Norland Optical Adhesive
63 (NOAG63), then exposing to 4J of UV-light in a Karl Suss MJB3 mask
aligner.

Other samples were further processed without gluing by applying SU-8
2100 (MicroChem) using a plastic stick due to very high viscosity. This was
done to ensure a layer covering the entire surface. Alternatively, structures
were made using SU-8 2100 thinned 4:1 in SU-8 thinner (cyclopentanone)
for simpler processing, parameters for thinned SU-8 are in parenthesis. The
sample was spun at 3000 (1000) rpm for 90 s. A soft-bake was performed at
65 °C for 5 (3) minutes and 95°C for 25 (12) minutes. The sample was then
moved back to the 65°C hot plate, and the mask (see below) was pressed
onto the SU-8 photoresist. The sample was then exposed at 300(150) mJ/cm?
through the adhered mask and post-exposure baked for 5 (3) minutes at 65 °C
and 12 (7) minutes at 95°C. The sample was then immersed in acetone,
which partly dissolves the PMMA and swells the PDMS, which allows the
copper oxide substrate to be seperated from the SU-8 structure using mild
agitation. In some cases the substrate could be seperated without acetone
immersion, either directly or by the use of Scotch tape to gently pull off the
substrate.

Finally, the sample was developed in mr-Dev 600 (propylene glycol monomethyl
ether acetate (PGMEA), Micro Resist Technology GmbH) for 10 (5) min-
utes with light agitation, rinsed in isopropanol and dried under a nitrogen
gas flow.

A series of experiments was designed to test and verify the applicability
and toxicity of the different materials and structures that were used (see
section 4.4 for an overview). In these cases fabrication methods identical
to those above were used, except the substrates were 15x15 mm cover-glass
slides instead of oxidized copper foils, and in many cases only one or two
layers of the device were made (e.g. only PDMS and SU-8 2). It was not
possible to detach the glass slides from the rest of the structure as with the
copper foil, so these samples simply underwent the same solvent treatment
without substrate removal.

Fabrication of flexible masks

Masks for patterning SU-8 were designed in CleWin 4 (PhoeniX Software)
and were made using two methods, as standard chrome masks on glass
were too stiff to allow patterning of the somewhat uneven samples. For
lower resolution masks, typically containing a lattice of squares with sides
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of 300 pm to 700 pm, the masks were printed on a transparency foil using a
standard laser printer (HP Laserjet 2200) at 1200 dpi. For higher resolution
masks, PDMS slabs (about 2x2 c¢cm, 1 mm thick) were prepared similar to
the PDMS above. After curing, the slabs were plasma treated (100W, 10
minutes, 0.8 mbar oxygen atmosphere) to increase the surface energy, and
placed on a glass slide for mechanical stability during further processing.

The positive photoresist S1813 (Shipley) was applied by spin coating at
3000 rpm for 30 s, baked at 115°C for 1 minute, exposed through a com-
mercial high resolution chrome mask on borosilicate glass at 150 mJ/cm?
and developed in MF-26 developer (MicroChem) for 1 minute. An 80 nm
layer of chrome was applied using a Cressington 308R, DC-magnetron sputter
coater, as measured by a quartz crystal thickness monitor. Finally, lift-off
was performed by sonicating the sample for 5 minutes in Remover PG (50-
100% N-methyl-2-pyrrolidone (NMP), MicroChem). To protect the chrome
features from detachment when the mask was applied to samples, a thin pro-
tective (~ 500nm) PDMS layer was added by briefly plasma activating the
mask surface (50 W, 12 s, 0.4 mbar oxygen atmosphere), spinning on 10%
PDMS with crosslinking agent in tert-butanol at 3000 rpm for 60 s, before
leaving to cure at room temperature over night.

Sample surface treatment and functionalization

Prior to further functionalization and cell culturing all samples were exposed
to an oxygen plasma, typically 100W, 10 minutes, 0.8 mbar oxygen atmo-
sphere, but in some cases a milder treatment of 50W, 5 minutes at 0.6 mbar
of oxygen was used.

Standard sample

If gold had been sputter coated onto the PDMS layer, the sample was in-
cubated in 1 mMm cysteamine (SHCH;CH;NH,) in ethanol for 30 minutes to
produce amine groups on the surface.

If no gold was sputter coated, an amino-silane monolayer was applied
instead by one of two methods:

Vapor phase deposition: The sample was placed in a vacuum dessica-
tor together with 50 pL of (3-aminopropyl)trimethoxysilane (APTMS) (Sigma-
Aldrich) on a glass slide for 1 hour, then rinsed well in ethanol and MQ-water
(milli-Q water, 18 M2 ecm ™!, sterile filtered) and blow dried with nitrogen.

Aqeous phase deposition: The sample was immersed for 1 to 5 minutes
in 1% APTMS in MQ-water, rinsed thoroughly in MQ-water and blow-dried
with nitrogen.
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Simplifiied, model samples

Test patterns of gold on glass were made by a standard lift-off process.
Briefly, a layer of S1813 photoresist was patterned as when producing PDMS-
masks. 10 nm of gold was then applied in a Cressington 208R sputter coating
system, before finally lifting off the photoresist in Remover PG, leaving a gold
pattern on the glass surface. If small features (e.g. 25pm wells) were pro-
duced, the final lift-off was performed for 10 minutes in a sonicator. The
gold patterns were then functionalized as above.

To validate the surface functionalization and discover optimal deposi-
tion parameters, fluorescent quantum dots or DNA were deposited. For
quantum dot deposition experiments a 10 nM solution of carboxylated Qdot
605 ITK quantum dots (Invitrogen) in a 10 mMm borate buffer (pH=8) was
used. For DNA deposition experiments a solution of 50 pgmL~! salmon
testes DNA (Sigma-Aldrich) in a buffer made of 10 mM tris(hydroxymethyl)
aminomethane (TRIS), 2mM ethylenediaminetetraacetic acid (EDTA) and
10mM NaCl at pH=8 was used. If fluorescent DNA was needed 50 pg mL~!
of propidium iodide (PI) (Sigma-Aldrich) was added to the DNA solution.
A drop (~ 20yl to 50 pl) of DNA solution was applied to the sample, incu-
bated for 20-30 minutes and rinsed off in MQ-water. The sample was dried
in nitrogen before imaging.

Fluorescent imaging was performed using an Olympus CX21HAL flu-
orescence microscope with the appropriate filter sets (typically FITC or
TRITC). AFM imaging of deposited species was also attempted using a
Veeco Nanoscope II AFM with a silicon nitride tip in tapping mode at a
scan rate of 1 Hz and a resolution of 512x512 pixels.

Ultra-flat gold surfaces were made to facilitate AFM imaging. The first
method was by annealing. Briefly, freshly cleaved muscovite mica was in-
serted into a Pfeiffer Vacuum Classic 500 e-beam evaporator, warmed to
300°C and left at 10 x 10~ " mbar for 1 hour. Then, 150 nm of Au was evap-
orated at a rate of 0.5As™'. The sample was moved to a rapid thermal
processing unit (Jipilec JetFirst 200) and annealed at 600°C in an N, at-
mosphere for 5 minutes, then allowed to cool to room temperature. The
second method of producing flat gold surfaces was template stripping. An
identical evaporation procedure as above was performed either on silicon or
mica. Then, a small piece of a glass microscopy slide was attached to the
gold surface using a two-component epoxy glue and allowed to dry overnight.
Stripping was performed by using a razor blade at the edge of the piece of
glass until it loosened and could be lifted off together with the gold film. De-
position of monolayers and DNA was done as on the sputtered gold samples.

As there were difficulties involved in validating and investigating deposi-
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tion of quantum dots and DNA on gold surfaces, silane-based surface chem-
istry was investigated instead. For fluorescent imaging tests, native cover
glass slides or cover glass slides with a PDMS or SU-8 2 layer applied on top
were fabricated using the same methods as when producing the standard de-
vice. 500 pm square patterns of S1813 photoresist were made on the samples,
and silanization was performed using either aqeous or vapor phase silaniza-
tion with APTMS, as above. Then quantum dots or DNA were deposited
and imaged fluorescently in the same way as on the gold samples. For AFM
imaging freshly cleaved muscovite mica was silanized by a 1 minute aque-
ous phase APTMS deposition before immersion in DNA solutions consisting
of salmon testes DNA or eGFP plasmids (10 pgmL™" to 50 pg mL™") for 20
minutes, rinsing and drying under nitrogen.

For experiments involving cell patterning patterned gold samples were
produced as above. They were rendered hydrophobic by incubating the sam-
ples for 1-24 hours in a 1 mM solution of octadecanethiol (Sigma-Aldrich)
in ethanol. For successful cell patterning the gold surface was blocked by
incubating the sample for 1 hour in 1% bovine serum albumin (BSA) in
MQ-water, rinsed in ethanol for sterilization and allowed to dry before cell
culturing. Other rinsing procedures were also attempted, including rinsing in
MQ-water, rinsing in phosphate-buffered saline (PBS) or directly placing the
sample in serum. PDMS samples with an APTMS pattern were produced as
above and also used in an attempt to pattern cells. The patterned samples
were incubated in 1% BSA for 1 hour, rinsed with ethanol and dried before
cell culturing.

Cell culturing

HeLa cells were cultured in 25 cm? culture dishes in growth medium (Dulbecco’s
modified Eagle’s medium (DMEM) with 4.5 g L~ D-glucose, 10% fetal bovine
serum, 1% minimum essential medium non-essential amino acids and 0.5%
L-glutamate). At 70-90% confluence they were removed from the culture
dish by incubation in a trypsin/EDTA (0.25%/0.02%) solution for 3 minutes.
Trypsination was halted by adding DMEM, and the cell suspension was cen-
trifuged at 1500 rpm for 5 minutes. The supernatant was removed and the
cells were resuspended in DMEM to a density of 50 000 cells/mL. The samples
were sterilized by incubating for at least 15 minutes in ethanol, then allowed
to dry in a laminar flow hood, or alternatively directly rinsed in MQ-water
and PBS. 1 to 1.5 mL of the cell suspension was then added to a 12-well tis-
sue culture plate containing the samples, typically giving ~ 13 000 cells/cm?
(50 000 cells per well), although other seeding densities were also sometimes
used. The cells were incubated at 37°C at 5% CO, for typically 2-3 days, but
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also up to 9 days before imaging. In attempts to deliver cargo into the cells,
the negatively charged species (PI (50 pgmL~! in MQ-water), quantum dots
(10nM in borate buffer) or plasmid DNA (eGFP, 50 pgmL~! in PBS) were
incubated for 30 minutes on the samples, which were either dried before use,
rinsed in MQ-water and dried, or used directly without rinsing or drying.

Imaging of samples and cells

Electron microscopy

A Hitachi S-5500 field emission gun (FEG) SEM was used for all electron mi-
croscopy imaging at acceleration voltages of 10-20 kV. The secondary electron
detector was used for all images. For non-processed nanowires and samples no
preparation was done before imaging. For samples which had undergone SU-
8 processing steps the sample was sputter-coated with 8 nm of Au or 8 nm of
Pt/Pd before imaging to reduce charge buildup. When cells were imaged the
samples were rinsed in PBS and fixated in 4% glutaraldehyde in PBS either
over night at 4°C or for 2 hours at room temperature. After fixation they
were rinsed in PBS and dehydrated in a graduated series of ethanol (30%-
50%-70%-90%-96%-100%-100%, 5 minutes each) and either dried in a critical
point drying system or transferred to 100% hexamethyldisilizane (HMDS)
(two incubations) then removed and allowed to dry in a fume hood. Notice:
HMDS is corrosive and harmful if inhaled, so all work with HMDS must be
performed in a fume hood. Before imaging the samples were sputter coated
with ~ 8 nm of Au or Pt/Pd.

Fluorescent microscopy of cells

Several fluorescent labels were used to study the cells: CellTracker Red (Invit-
rogen), live/dead kit with calcein-acetomethoxy (calcein-AM) and ethidium
homodimer (Invitrogen), fluorescein isothiocyanate (FITC)-dextran (Invit-
rogen), fluorescein (free acid, Sigma-Aldrich), Alexa Fluor 488/Phalloidin
(Invitrogen) and propidium iodide (PI). All were prepared according to
the manufacturers protocols. Briefly, the following staining procedures were
used:

CellTracker: The cells were rinsed in PBS and incubated in a 10 pm
solution of CellTracker in DMEM for 30 minutes at 37 °C, before incubation
in growth medium for 30 minutes.

Live/dead kit: The cells were rinsed with PBS, then incubated in a
solution of 2uM calcein-AM and 4 pM ethidium homodimer in serum-free
DMEM for 45 minutes, then rinsed again in PBS.
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Exclusion staining: 100puM stock solutions of fluorescein or FITC-
dextran was added to the cell medium until a concentration of 10 pM was
reached.

Actin staining: The cells were rinsed in PBS, fixed in 4% para-formaldehyde
in PBS, permeabilized in Triton X-100 (0.1%) in PBS, and incubated with
6.6 uM of Alexad488-Phalloidin in PBS for 15 minutes. Finally, the samples
were rinsed in PBS and transferred to fresh PBS for imaging.

Propidium iodide: 25 pgmL~! PI was added either directly to the cell
medium during cell incubation or used together with actin staining.

eGFP transfection: Hel.a cells were seeded in a 8-well Labtek confocal
well plate at a density of 20000 cells per well (~ 30000 cells/cm?) and cul-
tured for 24 hours. eGFP plasmids were diluted to 20 pgmL~! in PBS and
Metafectene Pro (cationic lipid based transfection agent, Biontex Laboraties
GmbH) was diluted 1:10 in PBS, both after being brought to room temper-
ature. The Metafectene solution was carefully added to the plasmid solution
and incubated for 15 minutes at room temperature, giving a final plasmid
concentration of 10 pgmL~! and a lipid:plasmid ratio of about 6:1. Finally,
3.3 1L of the transfection solution was added to each of the wells, and the
cells were cultured for 2 days before rinsing in prewarmed PBS and imaging.

For fluorescent imaging of the cells and nanowires a Leica TCS SP5 11
confocal microscope was used. This microscope has acousto-optic tunable
filters (AOTF) that give band-pass filter characteristics in a user-selected
interval. For each fluorophore, appropriate lasers and filter settings were
determined from excitation and emission spectra given by the manufac-
turer. Typical settings were excitation at 488 nm and emission at 500-
550 nm for "green dyes”, and excitation at 543 nm and emission at 580-
630 nm for "red dyes”. For live (i.e. non-fixed) imaging the cells were
transferred to pre-warmed 37°C DMEM with 25 mM 4-(2-hydroxyethyl)-1-
piperazineethanesulfonic acid (HEPES) to maintain appropriate pH at at-
mospheric CO, concentrations. Fixed cells were imaged in PBS.
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Chapter 4

Results

This work has focused on several sub-topics which are not intrinsically con-
nected, but form important parts of reaching the overall goal of producing a
nanowire-based delivery platform. For clarity, a brief summary of this section
is in order:

This section starts out by presenting methods that have been tested
to study cells through fluorescence microscopy and scanning electron mi-
croscopy (SEM) on various substrates. Although these can be considered
standard methods, the large number of methods available for such studies
lends value to finding optimized methods appropriate for our system. Fur-
ther, new progress in device fabrication is presented (see chapter 5 below for
how this compares to device fabrication during my specialization project).
It was found that some aspects of the new device fabrication process led
to severe cell toxicity, and attempts to pin-point the source of the toxic-
ity and how to avoid it are described. Then, investigations to find optimal
surface functionalization strategies for molecule deposition and delivery are
presented, together with ways surface functionalization can be used to con-
trol cell behavior. This was done on model systems that could be studied
more simply than the final device. Using the methods and knowledge gained
in these attempts, cells were cultured on nanowire devices and studied using
fluorescence microscopy and SEM. The effects of surface functionalization
and nanowire length and density are described together with a general anal-
ysis of cell-nanowire interactions. Finally, delivery of fluorescent molecules
and DNA plasmids is presented.
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4.1 Imaging cells

Although the procedures are mostly routine, there are very many differ-
ent ways to image and investigate cells. To find the best suited procedures
different fluorscent labels and methods were tested, including a live/dead
kit with calcein-acetomethoxy (calcein-AM) and ethidium homodimer, Cell-
Tracker Red, propidium iodide (PI), Alexa 488-WGA, Alexa 488-phalloidin
and fluorescein isothiocyanate (FITC)-dextran.

A common method of investigating cell viability is through the use of a
live/dead stain, described in section 2.3.3. Using HeLa cells grown on glass
the live/dead kit was tested with good results, as shown in Figure 4.1a. High
selectivity was observed, with mutual exclusion between the live (green) and
dead (red) cells in live cell samples. Staining by calcein-AM was homoge-
neous throughout the cell, with no apparent preference for organelles, while
ethidium homodimer clearly shows the structure of the condensed DNA in
the nucleus. Similar to calcein-AM, CellTracker Red is also dependent on
active intracellular esterases for retainment. However, it was shown that
CellTracker was not a reliable marker of live cells, as it also stained cells that
were dead according to the live/dead kit, as shown in Figure 4.1b. Although
both CellTracker Red and ethidium homodimer have fluorescence emission
maxima around 605 nm, they could be separated by their different excitation
spectra, by exciting with laser lines at either 488 nm (ethidium homodimer)
or 543 (CellTracker). Despite not being useful for identifying live cells, Cell-
Tracker was still a good dye for brightly and simply labeling cells for general
visualization of cells and cell morphology.

PI was investigated as an alternative to ethidium homodimer for labeling
dead cells in a non-fixed cell sample, and gave similar results. As these dyes
are cell membrane impermeable, they are effectively excluded from live cells.
Thus these dyes could also be added to the cell growth medium without
apparent harm to the cells, allowing quick identification dead cells in an
otherwise unstained cell sample.

Wheat germ agglutinin (WGA) is a lectin with high affinity for carbohy-
drates, specifically sialic acid and N-acetylglucosamine sugar residues which
are present on the plasma membrane. This should allow membrane-specific
labeling of cells. A fluorescent conjugate of WGA and Alexa488 was in-
vestigated, and upon initial incubation it showed good membrane labeling
properties, but it was quickly internalized into live cells, where it could be
seen in vesicles in the cytoplasm, as shown in Figure 4.1c. For fixed but not
permeabilized cells, membrane labeling properties were also good.

For cell structure investigations Alexa488-phalloidin, which binds strongly
to actin filaments in the cell, could be used to provide insights into cell mor-
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phology, allowing e.g. lamellipodia, filopodia and stress fibers to be visualized
in detail. Cells had to be fixed and permeabilized to use this staining. This
also allowed the advantageous use of PI as an additional stain for simple
identification of individual cells, as it stains the nucleus and partly the cyto-
plasm (due to mRNA) of all permeabilized cells. Such labeling of HeLa cells
is shown in Figure 4.1d.

Another method to investigate cells by confocal microscopy was exclu-
sion staining. The solution was stained with a cell-impermeable molecule,
which allowed visualization of the cell by negative contrast. Exclusion stain-
ing was investigated using PI, fluorescein (free acid) and FITC-dextran (70
kDa molecules). It was not possible to visualize PI in solution (fluorescence
of PI increases strongly when bound to DNA), while fluorescein was seen
to permeate cells to a certain extent, differing somewhat from cell to cell.
However, dextran was excluded by the cells, allowing efficient visualization
of cells by exclusion, as shown in Figure 4.1e.

Transfection of Hela cells was performed using a cationic lipid based
transfection reagent (Metafectene) and an enchanced green fluorescent pro-
tein (eGFP)-encoding plasmid. 2 days after adding the transfection reagent
to the cultured cells, eGFP expression was visible in some cells as indicated
by green fluorescence, although the transfection efficiency was only about 1%
(this is a rough estimate and was not precisely quantified). eGFP-transfected
cells were usually present in small clusters, which is likely due to that if the
plasmid first reaches the cytoplasm, the cells need to divide for the plasmid
to access the nucleus. When the cells divide the plasmid will be available
in both nuclei, and thus expression is seen in several neighboring cells (that
originally stemmed from the same cell). Another explanation is that the
eGFP protein is transferred to daughter cells after cell division, the reality
might be a combination of these. Expression levels also varied somewhat
between the eGFP-expressing cells. An example of an eGFP-expressing cell
cluster is shown in Figure 4.2.

The most commonly used methods to prepare biological samples for SEM
were presented in section 2.3.3. Drying via hexamethyldisilizane (HMDS) is
a simple alternative to the standard method of critical point drying (CPD).
Although not thoroughly investigated, initial comparisons between HMDS-
drying and CPD showed that cell shrinkage was not significantly different,
and small structural details such as filopodia were clearly visible, as shown
in Figure 4.3. In comparison with drying from 100% ethanol (as performed
in previous work [6]) the improvements in cell preservation using HMDS are
large.
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(a) ()

(c) (d) (e)

Figure 4.1: (a) Live cells are stained green with calcein-AM, while the dead cell
shows no green signal but is labeled red by ethidium homodimer. (b) Live cells
are stained green and orange (combined signal of green and red) by calcein-AM
and CellTracker. However, dead cells were stained by CellTracker, but not by
calcein-AM, indicating that CellTracker is not a reliable indicator for cell viability.
(c) WGA (green) shows high affinity for the cell membrane. Cells are also stained
red with CellTracker. (d) Maximum intensity projection of fixed and permeabal-
ized HeLa cells cultured on glass, where the actin filament has been stained with
Alexa488-phalloidin (green) and the RNA (cytoplasm) and DNA (nucleus) had
been stained with propodium iodide (red). (e) Solution stained by 10 pgml~! 70
kDa FITC-dextran, which is not directly internalized by the cells.
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Figure 4.2: Confocal fluorescence (left), DIC (center) and overlay (right) images
of Hela cells expressing eGFP 2 days after transfection using Metafectene Pro.
Note the clustering of the eGFP-expressing cells, and the varying expression level.

S$-5500 10.0kV x1.30k SE 5/10/2011

Figure 4.3: SEM micrograph of HeLa cells on SU-8, fixed and dryed using the
HMDS drying procedure. Inset: Closer view of some filopodia extending from the
HeLa cells, indicating good structural preservation. Cells are false-colored blue for
clarity in this micrograph.
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Figure 4.4: (a) SEM micrograph of nanowires protruding from the surface of
the standard device, i.e. a three layer structure of PMMA, PDMS and SU-8 2,
showing a satisfactory wire density and height. (b) A nanowire surface with only
an SU-8 2 layer applied, which gives a much less homogeneous surface than if the
PMMA layer is applied in addition. (c) Magnification of a single nanowire on the
standard device showing a polymeric layer surrounding the nanowire. (d) Further
magnification of a single wire where gold grains can be visualized on the surface
of the wire. This indicates that the wire is covered in a thin layer of PDMS (as
opposed to SU-8), since the gold was sputter coated after applying PDMS but
before applying SU-8. This sample was imaged after plasma oxidation.
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4.2 Progress in device fabrication

As a transparent device which is compatible with inverted fluorescent mi-
croscopy systems is desired, the copper oxide substrate needs to be removed
while leaving the wires protruding from a transparent material, such as SU-8.
In previous work [6], this was done by first peeling off the un-oxidized copper
foil from the device (which could easily be separated from the cuprous oxide
layer), then etching the remaining cuprous and cupric oxide in hydrochloric
acid. However, this treatment was prone to remove the nanowires themselves
at the same time, unless carefully controlled, so a new method to separate
the nanowires from the oxidized copper substrate was developed.

The current device fabrication process is described in section 3 and illus-
trated in Figure 3.1. Briefly, a four-layer polymer structure was made on top
of the nanowire array, consisting of PMMA, PDMS and SU-8 (a thin, cover-
ing layer, and a thick, patterned layer). By exploiting the fact that PMMA
dissolves and PDMS swells in acetone, a softer layer with low adhesion is
formed between the copper oxide and the SU-8 structure upon exposure to
acetone. This allowed the copper oxide substrate to be removed quite easily,
with the nanowires remaining firmly bound in the SU-8 structure. In many
samples this could also be done without acetone treatment, as the adhe-
sion between the layers was quite low even before acetone treatment. SEM
investigations revealed that after this treatment a satisfactory wire surface
coverage and protrusion height was preserved (see Figure 4.4a). However,
this depended on the initial wire density and the thickness of the PMMA
and PDMS layers. Thicker layers allowed simpler removal of the oxidized
copper substrate, at the cost of decreased wire density. It also appeared
that the four-layer structure, in particular the PMMA-layer, beneficially in-
teracts with the wires, effectively burying longer, more flexible wires, while
leaving straight, intact wires protruding. In contrast, SU-8 alone less effec-
tively buried such wires, leading to a rougher, less homogeneous surface with
multiple semi-buried, lying wires and other structures that could potentially
harm cells (see Figure 4.4b).

Closer investigation revealed that the nanowires were covered in a low-
density polymeric both before and after oxygen plasma treatment, as indi-
cated by the reduced, but not absent electron signal (Figure 4.4c). The layer
was likely PDMS, as it was not visible after only PMMA application. This is
also supported by the gold grains that were visible on the surface of this layer
(Figure 4.4d). This gold was sputter coated onto the PDMS before SU-8 was
applied, although a very thin layer of SU-8 covering this again would not be
visible and can thus not be ruled out. It must be noted that for the close-up
investigation of the wires in the two last images the oxidized copper substrate
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was not removed, as this would have broken electrical contact between the
wires and ground, making high resolution imaging impossible without sput-
ter coating, which would hide the features under investigation. However, it
can reasonably be assumed that the removal of the oxidized copper substrate
is unlikely to change the surface of the wires.

4.3 Surface functionalization

To optimize conditions for biomolecule attachment and delivery using nanowires,
the surface chemistry of the nanowires must be controlled. The initial ap-
proach used a sputter coated gold layer on the wires for thiol-based surface
functionalization (such surface functionalization is described in section 2.4.2).
As verifying monolayer presence on the nanowires themselves was challeng-
ing, monolayers consisting of cysteamine were produced on test samples with
a thin (~ 10nm) layer of gold sputter coated on glass. Using contact an-
gle measurements the monolayers appeared to form easily (data not shown).
However, further investigations trying to visualize negatively charged, im-
mobilized fluorescent quantum dots or DNA did not succeed, as little or no
signal was observed, likely due to the strong surface quenching effects of thin
gold films. As an alternative, atomic force microscopy (AFM) imaging was
used to image sputter coated gold-cysteamine surfaces with deposited DNA
molecules. Unfortunately, due to the roughness of sputter coated gold, the
possibly immobilized molecules were obscured. Thus, attempts were made to
produce ultra-flat gold films, which could facilitate the AFM imaging of de-
posited molecules. Several such approaches were attempted, with the results
outlined in Figure 4.5. Briefly, evaporated gold films (which are generally less
rough than sputter coated gold films) were either annealed at high tempera-
ture or template stripped from silicon or mica. Despite large improvements
over sputter coated gold, none of the methods gave flat enough surfaces to
visualize the self-assembled monolayers or potentially bound quantum dots
or DNA.

Due to the issues with gold coating, which in addition to the difficulties
mentioned above also rendered the entire sample less transparent (even a few
nm of gold reduced transmitted light intensity by 50% or more), alternatives
to gold/thiol-based surface functionalization were investigated. By using
silane monolayers a variety of functional groups can be formed on any surface
containing hydroxyl (-OH) functionalities (see section 2.4.2). Such groups are
natively present on glass and PDMS after plasma oxidation. Using standard
photoresist patterning, a 500 pm square grid pattern was produced on glass.
The surface was silanized with (3-aminopropyl)trimethoxysilane (APTMS)
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(a) (b)

(c) (d)

Figure 4.5: 3D renderings of AFM micrographs of gold thin films on glass,
produced by (a) sputter coating, (b) evaporation, (c) evaporation followed by
annealing at 600 °C for 5 minutes and (d) template stripping by gold evaporation
onto a silicon wafer, followed by attachment of a glass piece via epoxy gluing and
finally detachment. All scans are 1 pum X 1 pm, and the z-ranges are 5 nm, 10 nm,
2 nm and 2 nm for (a) to (d) respectively.
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using either a concentrated vapor phase deposition or a dilute aqueous phase
deposition, after which the remaining photoresist was removed in a solvent.
Since APTMS contains amino groups the surface should contain positive
charges in solutions at pH< 10 (pKa of propylamine groups is about 10.7
[161]). Solutions of carboxylated quantum dots and DNA bound to PI, both
of which are negatively charged and fluorescent, were incubated on the sam-
ples, rinsed and imaged in a fluorescent microscope. The square grid pattern
with defined APTMS areas is clearly visible due to the immobilized fluo-
rescent molecules in both cases, although the quantum dots gave a brighter
signal, as shown in Figure 4.6. No square grid pattern was visible in a
similar sample without DNA or quantum dots, indicating little or no aut-
ofluorescence from the silane itself. Both silane deposition methods were also
attempted on planar PDMS and SU-8 substrates. Similar results were ob-
tained, but both PDMS and SU-8 had to be activated with oxygen plasma
before silanization could occur, and longer plasma treatment (increased from
12 seconds to 5 minutes at 50W) gave significantly better quantum dot im-
mobilization results.

(a) (b)

Figure 4.6: Vapor phase deposited (3-aminopropyl)trimethoxysilane (APTMS)
patterned in a square grid pattern on glass by photolithography. Samples were
incubated with (a) a 10nM solution of carboxyl-modified quantum dots or (b)
50 pg ml~! DNA solution with 50 pg ml~! PI. In both cases the aminosilane pattern
is clearly visualized by binding of the fluorescent molecules, although the signal
from the quantum dots is significantly stronger. The DNA background signal is
partly noise from the camera, so how much the DNA binds to the unmodified glass
is unknown. The squares are 500 pym x 500 pm.

Another substrate for investigating silane modification is mica, which
has surface hydroxyl groups and a layered structure that is easily cleaved
to produce large, atomically flat surfaces. Figure 4.7a shows an unmodified
mica surface, while Figure 4.7b shows some DNA strands adhered to an un-
modified mica substrate. To investigate the effect of a positively charged
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surface group, the mica was silanized by incubating in a 1% aqeous APTMS
solution for 1 minute. This somewhat increased the surface roughness, as
shown in Figure 4.7c. Longer (up to 5 minutes) APTMS incubation times
lead to much rougher substrates, likely indicating the formation of multilayer
films on the mica surface (not shown). Finally, DNA was deposited on the
APTMS-modified surface. AFM micrographs showed drastically increased
amount of bound DNA compared to the unmodified surface (Figure 4.7d).
Concentrations of 50 pgmL~! salmon testes DNA (highly polymerized, i.e.
long strands) were used in Figure 4.7d. Tests were also performed with con-
centrations down to 10pg mL~! and with incubation times of 10 minutes of
both salmon testes and eGFP plasmid DNA. These showed similar results,
indicating that high surface coverage is achieved quickly at these concentra-
tions on APTMS modified surfaces.

The above investigations into surface functionalization are related to the
"delivery” part of the device, investigating necessary surface modifications
and biomolecule concentrations, rinsing procedures and incubation times.
However, surface functionalization could also be used to control cell growth
and spreading. Gold was patterned on glass using a standard photolithog-
raphy lift-off process, and rendered hydrophobic using an octadecanethiol
monolayer as hydrophobic surfaces often show reduced cell attachment (de-
scribed in section 2.3.1). The contact angle with water was greatly increased
after monolayer deposition, and due to the surface stresses induced in con-
tact with water delamination of the gold could occur, especially at longer
monolayer incubation times (24 hours). Upon culturing cells on the sam-
ples, the hydrophobic surface alone supported similar cell attachment as the
glass surface. To increase cell repellence on the hydrophobic surfaces, the
sample was blocked using 1% bovine serum albumin (BSA), which should
bind irreversably to the hydrophobic areas. Indeed, this prevented cell at-
tachment on the areas of hydrophobic gold, but not on the areas with glass.
The patterning was in many cases not absolute. It was found that rinsing
the samples with ethanol then drying before use gave the best results. Cell
seeding density also played a role, where higher cell seeding density reduced
patterning efficacy. This method was used to define both large scale-areas
which prevented cell attachment (as shown in Figure 4.8a), but it could also
be used to localize cells to well-defined spots on the sample, as shown in
Figure 4.8b. In addition to patterning cell positions, small features such as
this could control cell morphology, with most cells becoming square to match
the pattern, limiting cell spreading area (e.g. compared to cells on unpat-
terned glass, above). As HeLa cells divide rapidly, many of the squares in
the pattern contained more than one cell, although in such cases the cells
still conformed to the pattern, as shown in the inset in Figure 4.8b.
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A similar approach was used on planar PDMS on a glass slide, with the cy-
tophobic regions represented by hydrophobic, aged PDMS blocked with BSA
and cytophilic regions represented by APTMS-modified PDMS. This pattern-
ing worked to some extent, with increased cell growth in the APTMS modified
areas, although specificity was lower than on the gold-patterns above.
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Figure 4.7: (a) Native mica, atomically flat, measured rms-roughness 0.0428 nm.
(b) DNA deposited on native mica. (c¢) APTMS-modified mica showing increased
rms-roughness of 0.147 nm compared to native mica, but this is still very flat.
(d) DNA deposited on APTMS-mica, showing a large increase in binding affinity
compared to DNA on native mica. For APTMS modification the samples were
incubated for 1 minute in a 1% solution of APTMS in MQ-water. The DNA
used was 50 1g mL~! salmon testes DNA in a pH=8 TRIS-buffer. (a) and (c) are
Ipm x 1pm scans with a 1 nm height scale, while (b) and (d) are 5pm x 5pm
scans with a 1.4 nm height scale.

35



@ (b)

Figure 4.8: HeLa cells growing on (a) glass with a 500 pm square gold pattern
and (b) 25pm glass square pattern surrounded by gold. The gold is rendered
hydrophobic and blocked with BSA, effectively hindering cell attachment. Cells in
(b) can be seen to largely adopt their morphology to the pattern, as shown clearly
for the cells in the inset (the position of the inset image is indicated by the white
square in (b)). The line in the lower left of (b) is a scratch in the gold layer, which
the cells can be seen to tightly fill. The images are confocal overlays visualizing
the gold patterns (darker gray, brightfield), cellular actin filaments (green) and the
cell nuclei (red).
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4.4 Sample toxicity and cells on model sub-
strates

The fabrication method described in section 4.2 using a sacrificial PMMA
layer and PDMS together with an SU-8 structure provides a well-controlled
way to produce a transparent device with protruding nanowires. Unfortu-
nately, HeLa cells showed significantly reduced surface spreading and prolif-
eration on and near (i.e. on the glass surface in the vicinity of the device,
up to about 1 mm away from the device) these samples, as shown in Fig-
ure 4.9a. If such reduced cell spreading was observed, there was no difference
inside and outside the SU-8 wells. Cells which showed reduced spreading
were labeled with calcein-AM and ethidium homodimer, and it was seen
that despite most of the cells being rounded and not spread out, they were
still alive. After 9 days of culturing on such samples the cells could be seen
to proliferate somewhat, as shown in Figure 4.9b. In contrast, after only 3-4
days a confluent layer of cells was formed on a typical non-toxic or control
sample (e.g. samples where the old fabrication method of acid etching was
used).

As described later this was not linked to the nanowires themselves. There-
fore, more detailed investigations were done into which materials and process-
ing steps could cause the cellular toxicity. A number of different test-samples
were produced on 15x15 mm cover glass slides in order to easily grow and
investigate cells. An overview of the most representative samples that were
tested are shown in Table 4.1.

At first it was suspected that either SU-8 formulation (i.e. SU-8 2, SU-5
or SU-8 2100, which are essentially the same except for casting solvent type
and concentration) or surface treatment might play a role. However, this
did not seem to be the case, as cells were shown to grow well on planar
SU-8 substrates and SU-8 substrates with SU-8 well patterns on top, for
surface treatments from 0-10 minutes of oxygen plasma and ethanolamine
and cysteamine incubation (ethanolamine might react with surface epoxy
groups on the SU-8, while cysteamine was used for gold functionalization,
and could also react with surface epoxy groups). A typical example of cell
growth after 2 days of culturing on such an SU-8-only sample with wells is
shown in Figure 4.9c. Investigations on cell morphology using actin staining
together with PI showed no significant differences between cells on SU-8
samples and glass controls, as shown in Figure 4.9d and Figure 4.9e. The
electron micrograph in Figure 4.3 shows two HMDS-dryed HelLa cells inside a
well on such an SU-8-only sample, similarly indicating typically spread HelLa
cell morphology.
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Table 4.1: An overview of the most representative test-samples that were used
to pin-point the source of cell toxicity that arose as part of the new fabrication
scheme. Sample material is given in order of fabrication (from a clean glass sur-
face). Cell attachment was investigated by inspection in an optical microscope,
and is a qualitative assessment divided into three categories: ”No attachment”
indicates a large majority of rounded cells and very few spread out cells, ”"reduced
attachment” indicates some cell attachment and growth, but lower than glass con-
trols, while ”good attachment” indicates spreading and growth similar to glass

controls.
. Cell at-
Sample material tachment Comment
SU-8 Good SU-8 2, 5 and 2100, planar, unmodified
SU-8 2, 5 and 2100, planar, oxidized 50W, 3 minutes,
SU-8 Good 7W, 5 minutes and 100W, 10 minutes
SU-8 5, 2100 and thinned 2100 in 500 pm well pat-
SU-8 Good terns (developed in propylene glycol monomethyl
ether acetate (PGMEA))
PDMS No/reduced | Native, increased attachment over time (1-4 days)
Native and exposed to solvents (acetone and/or
PDMS Good PGMEA for 5 minutes each). Plasma oxidized (12 s
- 10 minutes, 50-100W)
Native and exposed to solvents (acetone and/or
PMMA Good PGMEA for 2 minutes each). Plasma oxidized (5
minutes, 50W).
Exposed to solvents (acetone and/or PGMEA for 5
PMMA + PDMS Good minutes each). Plasma oxidized (5 minutes, 50W).
Native and exposed to solvents (acetone and/or
PMMA + PDMS + Good PGMEA for 5 minutes each). Plasma oxidized (5
SU-8 2 .
minutes, 50W).
g[[]) 1;;/[21_508[{;1? 23?_ Reduced Exposed to acetone and/or PGMEA for 5 minutes
terr_l Well pat- " each. Plasma oxidized (5 minutes, 50W).
PMMA + PDMS + Exposed to acetone and/or PGMEA for 5 minutes
SU-8 2 + SU-8 2100 | No/reduced 1 .
each. Plasma oxidized (5 minutes, 50W).
well pattern
183[1}/{ 1;/[? -|—+SIIDJ]-)8N£O—~(; Noj/reduced Solvent exposure, then incubated for 2 hours in
ethanol. Plasma oxidized (5 minutes, 50W).
well pattern
gll\J/{ 16\5/[2A _:—S%]_)Sl\gsl 0—8 Reduced Solvent exposure, then incubated for 1 hour in 95°C
MW-water. Plasma oxidized (5 minutes, 50W).
well pattern
PMMA + PDMS + o
SU-8 2 + SU-82100 | Good Solvent exposure, then baked for 2 hours at 120 °C.

well pattern

Plasma oxidized (5 minutes, 50W).
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Figure 4.9: (a) HeLa cells in a single 500 pm well produced using a layer of
PDMS together with the thin and thick SU-8 structures and developed in acetone,
showing significantly inhibited cell growth. The cells were stained with calcein-AM
(live cells, green) and ethidium homodimer (dead cells, red), showing that despite
being rounded, the cells are mostly alive. (b) DIC micrograph of a sample pro-
duced using the standard procedure after 9 days of cell culturing, showing a certain
amount of proliferation, although less than in (c): a typical sample which con-
tains only SU-8 after 2 days of cell culturing. (d) Morphological investigations of
cultured cells on glass using actin filament staining (green) and PI staining (red).
(e) Same as (d), but the substrate is planar SU-8 instead of glass, showing no sig-
nificant difference in cell morphology between the two substrates. (f) Live (green)
/ dead (red) stained cells growing on a planar substrate glued onto a glass slide,
i.e. no thick, patterned SU-8 layer. Cell proliferation is high on such substrates,
similar to planar glass and SU-8.
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Thus it appeared that one of the other materials which recently had been
implemented into the process was to blame, i.e. either PDMS or PMMA.
However, planar (i.e. no well structures, only thin polymer layers on glass)
samples containing PDMS, PMMA, SU-8 or combinations of these showed
similar cell proliferation as glass controls as long as they had undergone a
brief oxygen plasma activation. As none of the polymer materials themselves
seemed to negatively effect the cells, it was suspected that one of the solvents
in the process could play a role, which included acetone for detachment of
the oxidized copper substrate, PGMEA for development of SU-8, isopropanol
for rinsing or ethanol for sample sterilization before cell culturing. However,
regardless of solvent treatment the planar samples showed similar cell prolif-
eration as glass controls. The exception was samples which were not sterilized
in ethanol, these were severely contaminated by bacteria during culturing.

Thus, cell toxicity must have been caused by something specific for the
entire device processing procedure. Indeed, once the thick SU-8 structure was
introduced together with an underlying planar SU-8 and PDMS layer, sam-
ples again showed significantly reduced cell proliferation after solvent treat-
ment with acetone (which also functions as an SU-8 developer), PGMEA
or both. Thus, it appeared the issue was a solvent retainment effect in
the PDMS layer which occurred as the solvent was ”trapped” beneath the
thick SU-8 well structure, although the precise mechanism is uncertain. Pos-
sible solutions to this issue were investigated, including 1 hour incubation
in ethanol or in 95°C water for solvent extraction, or baking at 120°C for
2 hours. Ethanol incubation showed little effect, incubation in hot water
showed somewhat better proliferation, while baking at 120°C for 2 hours
appeared to improve cell spreading in many cases. Unfortunately, in regular
nanowire samples that underwent this treatment, some cell toxicity was still
observed on certain samples, so the issue remains partially unresolved.

The reason the thick SU-8 structure is needed is for mechanical support,
as the thin layers of PMMA, PDMS and SU-8 were not rigid enough to
support the device alone. Alternative methods were found to work around
this. The simplest alternative to SU-8 structuring is simply not removing
the oxidized copper substrate, at the cost of device transparency. However,
on such samples culturing cells did not succeed, as a blue coloring of the
growth medium indicated dissolved copper (see Figure 4.10). Cell prolifer-
ation was significantly reduced in such blue-colored growth medium. This
was resolved by protecting both sides of the sample: The top side by the
standard PMMA+PDMS+thin SU-8 processing (i.e. no thick SU-8 or sol-
vent treatment), and the back side by gluing the samples to a cover glass
using Norland Optical Adhesive 63 (NOAG3), a solvent free, biocompatible,
inert, transparent UV-curable adhesive. On such samples, with protruding
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nanowires, cell growth and spreading was good, similar to glass controls, as
shown in Figure 4.9f. These samples could be used for SEM investigations of
cells on nanowire substrates and preliminary delivery experiments (presented
below). Inverted confocal fluorescent microscopy of such samples could be
performed by turning them upside-down inside a confocal imaging dish with
a thin glass bottom.

Figure 4.10: Side view of a 12-well plate showing the effect of samples with
exposed copper oxide surfaces. The right-most well contains standard growth
medium and no samples, while the three wells on the left contain samples with a
thin SU-8 layer on one side and unmodified oxidized copper on the other side. The
blue color is a typical sign of Cu?" ions present in solution.
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4.5 Cells on nanowire substrates

Using either the method of baking a sample at 120 °C for 2 hours or gluing
samples with an intact backside to a cover glass slide, cells could usually be
successfully cultured without apparent toxic effects. In well samples which
were baked out cell proliferation was quite good, as shown in Figure 4.11a,
although this varied from well to well. Similar variations were seen across
planar samples, and was most likely caused by inhomogenous seeding of cells.
As shown in previous work and used in the literature [6, 86, 62], wire pene-
tration can be visualized by "negative staining”, i.e. by exploiting the fact
that the non-fluorescent volume of the wires, and possible quenching effects,
give a local drop in signal compared to the surroundings inside a cell, thus
allowing visualization of the wires. Closer inspection of the cells inside the
wells of Figure 4.11a, which were fixed and stained with Alexa488-phalloidin
(actin filament, green) and propidium iodide (nucleus and cytoplasm, red),
showed that the cells were penetrated by wires, as indicated by the black,
elongated areas in the orthogonal section view in Figure 4.11b. No partic-
ular actin structures were associated with the penetrating nanowires. Cells
on nanowire substrates were also investigated using the live/dead stain. An
overview of Hela cells cultured on a planar sample with protruding, APTMS
modified nanowires was already presented in Figure 4.9f, showing high cell
proliferation. Closer investigation of such cells is shown in Figure 4.11c, were
numerous black dots in each cell indicate the penetration of nanowires. As
the cells are only stained with calcein-AM (green) and not with ethidium
homodimer (red), this indicates that cells are viable and have intact mem-
branes despite the penetration by nanowires. Hela cells were cultured up to
5 days on such nanowire surfaces and produced confluent layers, indicating
continued cell viability.
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(c)

Figure 4.11: HeLa cells cultured for 2 days on a transparent nanowire sample
and imaged in a confocal microscope. The sample has PDMS-covered wires, but
without the gold layer. The cells are fixed, permeabalized and stained by Alexa488-
phalloidin (green) and PI (red). (a) An overview of the HeLa cells in a moderately
populated well showing good spreading and growth. (b) A slice from a stack
of images of a closer view of some cells in the well. Side-views of the stack are
presented below and to the right of the image, showing how the two wires indicated
at the start of the arrows penetrate through the cell. (c) HeLa cells stained with
live/dead kit, showing only live cells with intact membranes (green) despite being
penetrated by multiple nanowires (black dots).
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Scanning electron microscopy was used to investigate the interactions be-
tween the cultured HeLa cells and the nanowires. It was shown that HeLa
cells spread out on nanowire-decorated surfaces as shown in Figure 4.12. The
investigations showed that the cells were indeed penetrated by the nanowires,
which in some cases could be seen directly by long wires penetrating through
the entire cell (Figure 4.12a). It must be noted that as some cell shrinkage
occurs during dehydration, drying artifacts may be present, although this is
probably not significant for the results (see discussion below). Penetration
by nanowires also occured in cell areas which were not originally in contact
with the nanowires, such as the lamellar extension shown in Figure 4.12b,
which grows out after the cell adheres to the surface. Direct nanowire in-
teraction was also observed, where filopodial extensions actively bound to
the nanowires, as shown in Figure 4.12c. In some cases such attachments
were seen to bend the wires, but it is not clear if this occured while the cell
was alive or due to shrinkage during drying. Filopodial extensions could also
engulf wires as they extended from the cell, as shown in Figure 4.12d.

On most nanowire surfaces the cells spread out to a large extent, although
not as much on planar substrates such as glass or SU-8. To investigate
critical parameters for wire surface density and length on cell spreading,
different non-standard substrates were produced. Figure 4.13a shows cells
on a wire surface covered in only SU-8 2. This left long, protruding wires
together with many bent, broken or otherwise misshaped wires. Cells on this
sample were seen to be mostly rounded with a low degree of spreading. Many
cells were also apoptotic, as identified by apoptotic blebs in the membrane
(clumpy structure, see inset in Figure 4.13a). The rounded cells could be
seen to be resting mostly on top of the wires, with little or no contact with
the substrate. In addition, a PMMA surface with protruding nanowires was
made. PMMA interacted differently than SU-8 with the nanowires, burying
the longer and bent wires, leaving a relatively uniform surface of shorter,
protruding wires (as shown above in section 4.2). The final wire density was
similar or somewhat lower than that produced by the SU-8 2 layer above,
and the cells could be seen to spread to a much larger extent, as shown in
Figure 4.13b. The cells here were in much more contact with the substrate,
instead of resting on top of the wires. Finally, a typical sample with the
standard three-layer (PMMA, PDMS and SU-8) structure which had a lower
wire density and length was investigated. Here the cells spread out to an
even larger extent than on the PMMA substrate, similar to cells on planar
substrates (see Figure 4.13c).
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Figure 4.12: HeLa cells were cultured for 2 days on SU-8-covered substrates
with protruding nanowires, either coated in gold (b and d) or plasma activated
PDMS (a and c). Cells were fixed in glutaraldehyde and dehydrated by critical
point drying (b and d) or HMDS drying (a and c¢). (a) A cell spread on a surface
showing typical spread morphology, but being pierced all the way through by
several wires, as shown in the inset. Notice how the wire appears to be covered in
a material that is continuous with the cell membrane. (b) Large cellular extension
being penetrated by multiple nanowires. (c) Filopodial extension from cell binding
tightly to a single nanowire, with a thickening close to the nanowire, which could
be due to protein clustering at the adhesion point. (d) Small extension from the
cell moving along the surface and completely engulfing an encountered nanowire
(indicated by an arrow).
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Figure 4.13: (a) Cells grown on an SU-8 2-covered substrates with a high density
of protruding, longer nanowires. Only a few cells are spread, most are rounded.
The inset shows a close-up of two cells, one apoptotic (lower left). Notice how
both cells are impaled on nanowires and in fact appear to be resting on top of the
wires. (b) Cells on a PMMA substrate with a similar wire density to (a), but with
shorter, more uniform wires, spreading out to a larger extent. (c¢) Cells cultured
on a PMMA, PDMS and SU-8 substrate with a lower wire density, showing similar
morphology as when cultured on flat SU-8 (see Figure 4.3).
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4.6 Nanowire-based delivery

As the nanowires clearly penetrated into the cultured cells, it should be
possible to use the nanowires to deliver attached cargo into cultured cells.
Three types of cargo were used: PI, which is a negatively charged, cell im-
permeant small molecule, negatively charged fluorescent quantum dots, and
plasmid DNA encoding eGFP. These molecules were predeposited on the
nanowires using the same methods that were seen to be successful on the
model, APTMS-modified mica, glass, PDMS and SU-8 surfaces. After de-
positing the cargo, HeLa cells were cultured on the samples for 2 days and
then imaged using fluorescence microscopy to detect molecules inside the
cells, or expression of eGFP. As PI fluorescence increases 20-fold upon bind-
ing of DNA or RNA, but is generally not cell permeant, if PI was delivered
successfully then live cells (as labeled with calcein-AM from the live/dead kit)
should also contain red nuclei (usually this is mutually exclusive, as shown
in section 4.1). No such double-labeled cells were seen, indicating either that
no such delivery took place, or that PI interferes to such an extent with DNA
transcription in the cell that cells with PI died and were thus not labeled with
calcein-AM. No particular increase in cell fluorescence was observed as cells
were cultured on nanowires with deposited quantum dots either. However,
in many cases a significant background signal was observed, which made it
challenging to distinguish a certain amount of intra-cellular fluorescence due
to possibly delivered quantum dots from quantum dots immobilized on the
surface.

Finally, eGFP-encoding plasmids were deposited on the nanowires and
HeLa cells were cultured on the samples. After 2 days a few cells were
seen to clearly express eGFP as indicated by their bright green fluorescence.
Close investigation of eGFP-expressing cells showed that they were clearly
penetrated by nanowires, as shown in Figure 4.14. However, transfection
efficiency was very low, only a few cells of several thousand (this was not
precisely quantified) showed eGFP expression.
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Figure 4.14: Confocal micrograph of two HeLa cells, the one to the left appearing
apoptotic, expressing eGFP after culturing on nanowires with pre-deposited eGFP
plasmids. The cells are penetrated by nanowires, as shown in the orthogonal views
at the areas indicated by arrows.
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Chapter 5

Discussion

To reach the overall goal of developing a versatile, biocompatible device
in which a range of biomolecules can be effectively delivered into cells via
nanowire penetration, several sub-goals have to be reached. Thus this work
has focused on improving several aspects of the device, including optimized
methods to study the cells using confocal microscopy and scanning electron
microscopy, device fabrication, manipulation of surface chemistry both for
optimized biomolecule delivery and cell manipulation, studies of cells on the
nanowire devices and delivery via the nanowires. More specifically, the fol-
lowing are the different criteria that must be met, which form the basis for
the discussion below:

e The devices must be made in a low-cost and up-scalable way so fab-
rication is not a major limitation for actual device use. In addition
it must be possible to use standard methods to study the cells on the
devices without significantly changing established procedures.

e The cargo must adhere to the nanowires through some form of deposi-
tion technique and surface interaction.

e The device must be biocompatible and not interfere significantly with
cell behavior and proliferation, apart from the desired perturbation
caused by the cargo delivered through the nanowires.

e The nanowires must penetrate into the cells and make the cargo acces-
sible for the interior of the cell.
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5.1 Device fabrication and surface function-
alization

In the literature involving cell growth on nanowires (described in section
2.3.2), nanowire fabrication techniques are significantly more complex than
ours, but they have the advantage of having better control over nanowire
parameters such as length, diameter and density. The thermal oxidation
method to produce wires is simple, low-cost and rapid, but suffers from
sensitivity to contamination and growth conditions. Samples could also be
somewhat inhomogeneous. Most of these issues are being resolved as better
understanding and subsequent control over growth conditions emerges, and
using e.g. patterns of electro-deposited nickel to produce more reliable and
homogeneous samples is currently being investigated with promising results
[5].

The new methods of device fabrication, which employ intermediate layers
of PMMA and PDMS, offer numerous advantages over the previous method
which only used SU-8 structuring and acid etching. Despite the growth of the
nanowires being difficult to control, the polymer processing gave relatively
homogeneous nanowire arrays where nanowire density and average length
could be controlled by tuning the thickness of the polymer layers. Thicker
PMMA and PDMS layers made it simpler to remove the oxidized copper
substrate, but at a cost of lower wire density. In most cases satisfactory
density was reached in any case (the preliminary goal is to have at least
several wires penetrating each cell), as long as wire growth proceeded without
issue.

A layer of a light-weight material could be seen to cover the nanowires.
This was most likely PDMS, as no such layer was visible after only PMMA
application, while oxygen plasma is reported to remove SU-8, although at a
low rate (around 250 nmmin~! at equivalent settings as those used in this
work [162]). As the layer that was observed was still present even after 10
minutes of oxygen plasma treatment, it was likely not SU-8. PDMS is not
removed by oxygen plasma, but rather oxidized to form a silica-like struc-
ture [157]. The PDMS layer around the nanowires is likely highly oxidized,
as thicker (30 nm) layers have been shown to be mostly oxidized at much
milder air plasma treatment [156]. Thus the surface chemistry is likely to be
similar to that of glass. Such a layer has many advantages. It isolates the
nanowires from the cells, likely eliminating the toxicity issues that are associ-
ated with copper ions and possible nanowire dissolution, although it has not
been investigated in detail if the layer is porous or contains cracks. By sub-
jecting the samples to hydrochloric acid, unprotected nanowires should be
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rapidly removed, this could be use to verify the properties of this surround-
ing layer in future experiments. PDMS-covered wires also give the option for
two main methods of surface functionalization that were investigated in this
work: thiol-based and silane-based, which allow functionalization of gold and
hydroxyl-rich surfaces, respectively.

Thiol-based gold chemistry is considered more reliable than silanization
due to the low inter-reaction between the monolayer species [105]. By gold-
coating the PDMS layer prior to SU-8 processing a layer of gold could be
formed on the nanowire surface. In theory, this should allow the introduction
of surface chemistry optimized for attachment and delivery of biomolecules,
while the SU-8 surface could be modified independently for cell attachment
and spreading.

However, in practice the introduction of gold into the system had some
disadvantages, at least during device development and testing. In addition to
reducing overall device transparency, the gold layer was observed to severely
quench the fluorescence of nearby fluorophores, making it challenging to test
different biomolecule deposition strategies. This is an expected result [119],
although reports within the nanowire-based delivery field sometimes do re-
port fluorescent labeling of gold structures [64, 46]. However, it is possible
that this is due to the different sizes and morphologies of the gold structures,
as this is also reported to be a great import [119]. AFM imaging of molecules
deposited on gold was also very challenging, due to the inherent roughness of
most gold films. This is a well-known issue, and many methods, usually quite
complex, are described to produce ultra-flat gold films [124, 163, 164]. Two
of these (annealing and template stripping) were attempted, but sufficient
flatness was not obtained as AFM imaging of e.g. deposited DNA was not
successful. Despite these issues with studying molecule deposition on gold
surfaces, this does not mean molecule deposition does not work. Thus, for
future applications gold functionalization remains a viable approach, but for
current device development incorporating multiple, uncertain steps within
gold functionalization and subsequent molecule deposition is not beneficial.

Directly using the PDMS-coating on the nanowires for silane functional-
ization was investigated as a promising alternative. Deposition of molecules
onto silanized surfaces could be studied more simply, as shown both by AFM
imaging of DNA deposited on silanized mica and fluorescence images of quan-
tum dots and DNA deposited on silanized glass, SU-8 and PDMS. Using
silanes to immobilize biomolecules on all these surfaces is well reported in
the literature [115, 165, 166]. The investigations in this work indicate that
deposition of an aminosilane such as APTMS, performed by both concen-
trated vapor phase and dilute aqueous phase deposition, seems to function
rather well, binding both DNA and negatively charged quantum dots. This
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allowed some investigations of optimal deposition conditions (i.e. buffers,
molecule concentrations, rinsing steps, etc.), which likely are transferable to
similarly silanized PDMS /silica nanowires.

A disadvantage of silanization is that the difference in surface chemistry
between SU-8 and PDMS is not as large as between SU-8 and gold (both
contain hydroxyl groups after oxygen plasma treatment), so silanization will
likely alter the surface chemistry of SU-8 in a similar manner to PDMS [167].
Chemically, non-plasma oxidized SU-8 does not have hydroxyl groups (SU-
8 should consist of ether and aromatic functionalities [148]), so if PDMS is
plasma activated prior to SU-8 application, silanization of only the hydroxyl-
rich oxidized PDMS might still be possible. However, to increase wettability
and cell compatibility it is desirable to plasma oxidize the SU-8 surface, but
this would simultaneously remove the silane on the PDMS. These factors
reduce selectivity and control over the system when using silanes, but in
practice this is not of a large concern at the current device state, as amino-
silane modified surfaces are in general reported to be highly cell compatible
(e.g. [113]).

Covalent immobilization of DNA to nanowires has been investigated as
an alternative to electrostatic adsorption for delivery purposes, using e.g. the
reducing environment in the cell cytoplasm to trigger release [63]. The major
disadvantage is that this reduces device versatility, as all molecules that
are to be delivered must first be modified with covalent linking groups (e.g.
amine groups or thiol groups), thus such approaches should be avoided unless
necessary, but might be beneficial for increasing general delivery efficiency.

A common issue in standard cell biology investigations is the variability
between different cells, making automated analysis difficult [99]. Pattern-
ing cells in microarrays of cell clusters or even single cells is proposed as
a promising approach [96, 99]. This was achieved by functionalizing gold
patterns with a hydrophobic monolayer and subsequently blocking these ar-
eas with BSA allowing patterning of cells both in larger areas and defining
single cells. This is a common approach in literature (see e.g. [73]), and
offers the possibility of precisely defining cell position and morphology. The
observed results are similar to that of the literature, although there is room
for optimization [168]. Applying a thin adhesive layer of e.g. chrome or
titanium between the gold and the glass should avoid delamination of the
gold layer [169]. Reducing cell density and applying a rinsing step to remove
non-adhered cells after allowing attachment for a few hours should improve
patterning specificity [73]. Patterning of silanes was also done directly on the
SU-8 surface, so it could be possible to adapt approaches on glass to SU-8 for
direct cell patterning on our devices [170]. This was briefly investigated on
PDMS with APTMS patterns as a model substrate, and some selectivity was
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observed. This would have to be combined with a more reliable approach to
avoid cell attachment on the native PDMS (or SU-8) regions of a real sam-
ple, because although these regions showed reduced cell growth, cell growth
is not absent, as shown both in this report and described in the literature
[149, 160]. Higher specificity and better patterning on both the gold-patterns
and on SU-8/PDMS might be obtained by using a PEG-like modification to
resist protein adsorption, as this is a very common approach to avoid cell
attachment in certain areas [171]. Combined with a nanowire-based versa-
tile biomolecule delivery system this is a powerful approach to quantitatively
study cells under standardized conditions.

5.2 Device biocompatibility

Some issues were encountered with device biocompatibility using the new
fabrication procedures, despite that PMMA, PDMS and SU-8 are reported
to be biocompatible in themselves [149, 69]. Studies on multiple model sur-
faces were performed, and it was concluded that exposing a device which
included at least a PDMS layer with a thick SU-8 well structure to either
acetone, the SU-8 developer (PGMEA) or both induced the toxicity. The
precise mechanism is not known, although an important clue is that it was
seen that cells both on and near the device were affected, indicating some-
thing occurring in solution and not only on the SU-8 surface. This could be
leakage of the solvent itself, but it could also be leakage of uncured PDMS
monomers or oligomers, facilitated by PDMS-swelling due to the solvents.
Such leakage is reported to be common, even into aqueous solutions, and can
be toxic to cells [172]. A possible explanation for why this does not occur on
planar substrates is that here the area for solvent/monomer escape is much
larger (i.e. not buried under a thick patterned SU-8 layer), and thus escape
occurs naturally during the fabrication procedure. Extended heat treatment
seemed to alleviate the issue, which could be due to solvent removal or further
cross-linking in the PDMS-layer. These issues are likely completely fixable if
investigated further, but alternative approaches could also be beneficial.

If non-transparent devices are acceptable, no solvent processing is needed,
and such samples indeed had no toxicity issues. However, transparent de-
vices are beneficial due to ease of investigation and better compatibility with
analysis systems. Avoiding organic solvent use could also be possible on
transparent devices. Acetone can be avoided by ensuring thick enough layers
of PMMA and PDMS together with homogeneous samples, as the oxidized
copper substrate can be removed directly in this case. SU-8 development
can be avoided by some larger alterations in the device fabrication: Instead
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of having a self-supported structure with a thick layer of SU-8 with wells
for mechanical strength, the sample can be glued directly to a glass slide
after removal of the oxidized copper substrate, providing an entire surface
of only nanowires. This can also have several other advantages, e.g allowing
patterning of wire functionality (as opposed to patterning of wire presence in
the case of wells) to control cell growth in a similar way as that done on glass
and gold above, or direct integration into a typical microarray spotter system
without potential alignment issues. The only challenge is that another strong
support layer must temporarily be in place so the oxidized copper substrate
can be removed and the sample can be glued to glass, as the PMMA, PDMS
and thin SU-8 layer are not mechanically rigid enough to support the device
by themselves. This is currently being investigated through the use of heat
curable, water soluble glues.

For the investigations of cell proliferation on various surfaces only quali-
tative optical inspections were performed. Not considering the toxicity issues
above, the results roughly coincide with the literature, showing cell prolif-
eration similar to glass on plasma treated PDMS and PMMA [69]. One
exception is that plasma oxidation of the SU-8 surface could not be seen to
have a particular effect on cell proliferation as opposed to literature reports
[149], but this could also be due to the qualitative nature of our investigations
or the differences between the cell lines that were used (HeLa cells are consid-
ered a robust cell line with reduced sensitivity to many factors [173]). There
are several methods available to quantify cell proliferation, including count-
ing cells after live/dead staining, a colorimetric MTT assay [174] or through
flow cytometry analysis. For the current system this was not necessary, as
the difference between non-toxic and toxic samples was easily visible, but can
be of interest for future investigations into e.g. different surface chemistries
or a quantative analysis of nanowire influence on cells (see below).

5.3 Cells on nanowire arrays

Nanowire arrays with a PMMA layer were shown to be more homogeneous
and planar than nanowires with an SU-8 2 layer, probably due to differences
in the viscous properties of the polymer solutions. These differences were
seen to impact cell proliferation and spreading, and are attributed to two
alternate modes of cell-substrate interaction: At high wire density and with
longer wires, i.e. with an SU-8 2 layer, the cells landed on the wires, but
were only to a small degree able to form focal adhesions and spread out,
mostly remaining balled up and often entering apoptosis (or anoikis) [68]. If
the wires on average were shorter, and/or had a lower surface density (with
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the PMMA layer or PMMA, PDMS and SU-8 2 layers), the cells are able to
interact both with the nanowires and the surface, forming much more focal
adhesions, and spreading out to a higher degree. Indeed, at low wire densities
it was observed that cells spread in a manner similar to planar substrates.

A direct comparison with the literature is challenging, as other studies
have used different cell lines, different materials and different wire fabrication
methods. However, the general trends appear to be the same, with most
studies showing cell attachment and spreading on the surface while being
penetrated by the wires [62, 64, 86, 87, 88]. In cases where cells grew on
top of the wires, articles mostly (the one exception is Héllstrom et.al. [82]
the reason is not known for the discrepancy) report reduced cell spreading
and apoptosis, similar to what was observed in this work [83, 84]. In the
studies reporting cell spreading while the cells were penetrated by wires, the
wire density was typically below 1pm~2, while in those reporting reduced
cell spreading, higher wire densities were used, indicating the existence of a
critical wire density for if cells were able to spread or not. Due to sample
variability and inhomogeneities, a good estimate for our final wire density
is difficult to make, although it is usually considerably below 1pm=2. It
would seem that when using only SU-8 2 as a coating on samples which also
have a high initial wire density, the critical value is exceeded. This could
also be due to wire length, as the protruding wires in this case are longer
than those protruding from the PMMA layer, up to several microns. For
the complete device fabrication process, which also includes the beneficial
PMMA flattening and homogenizing of the wires, the critical value does not
seem to be reached, indicating a good wire density and length for minimally
invasive delivery of biomolecules. In earlier work during my specialization
project, a coating of only SU-8 5 (~ 5 pm) was used, which gives somewhat
thicker layers than SU-8 2 (~ 21m). Such layers showed good cell spreading
and growth while the cells were being penetrated by the nanowires, so this
can be regulated in several ways.

Cells were also shown to closely and actively interact with the nanowires,
which is in agreement with reported literature [87]. Filopodia seemed to
have a preference for nanowire binding as opposed to binding to nearby flat
surfaces, and filopodia were also seen to engulf nanowires. Nanowires could
be seen penetrating into cells, both into cell bodies and cellular extensions
formed after the cells settled on the surface. This together with the flu-
orescent and viability investigations of cells growing on nanowires indicate
that the penetration by nanowires is not itself harmful for the cells. Spread-
ing rates are reported to be somewhat perturbed when cells are cultured on
nanowires [64], but this was not investigated.

The exact nanowire penetration mechanism still remains uncertain. Ob-
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servation of the way the nanowires penetrate the cells in the SEM micro-
graphs makes it seem unlikely that the outer cellular membrane is engulfing
the entire nanowire inside the cell. It could be possible that the nanowires
are maintained in a vesicle-like structure, although such a structure would be
very different from typical vesicles, so this seems unlikely. Cell shrinkage and
other drying artifacts may play a role in these observations, as cell shrink-
age of around 30% is reported for both HMDS and CPD dried cells [175].
This could at least be the cause for the observed bending of filopodia-bound
nanowires, but also wires significantly protruding through the cells and out
the other side. However, the drying would likely not cause the wires to pen-
etrate into the cells in the first place. Other articles investigating cell growth
on nanowires conclude that the wires penetrate through the outer membrane
and into the cell cytoplasm (e.g. [62, 64, 86, 87, 88]). This is also supported
by the investigations of direct penetration of single nanowires or other nanos-
tructures into cells by applying an external force (e.g. a nanowire attached to
an AFM tip) [51, 61, 176]. In these studies the membrane bulges to a certain
extent, and typically indentation depth is significantly less than a micron
before membrane penetration (e.g. 0.6 pm for 200 nm silicon nanowires, or
0.1 pm for 40 nm carbon nanotubes). Based on the SEM and confocal pene-
tration investigations, drying artifacts notwithstanding, it seems likely that
the nanowires in this work similarly penetrate into the cell cytoplasm.

Closer investigations on the interaction between nanowires and cells could
be done by optimizing methods to visualize single wires, e.g. by quantum dot
conjugation, together with immunostaining methods to visualize focal adhe-
sions and actin filaments [79]. Optimally, the use of a pure polymer-based
device (as opposed to the semi-conductor devices used in literature) could
allow sample embedding and subsequent slicing of the sample to prepare sec-
tions for transmission electron microscopy (TEM), which would likely provide
clear insights into how the wires penetrate into the cells, as cell membranes
and organelles can be visualized at high resolution in TEM [9].

Three types of molecules were used for delivery experiments: propidium
iodide (PI), quantum dots and plasmid DNA encoding for eGFP. Initial re-
sults seem promising, but naturally leave a large room for optimization. The
results for PI and the quantum dots are not very surprising. Even though
PI is a negatively charged molecule, it is unlikely to significantly bind to
the positively charged nanowires, as entropy works against such association.
Thus it is unlikely that significant amounts of PI could be delivered into the
cell via the nanowires, and the PI delivery experiments mostly indicate that
live cells penetrated by wires have largely intact membranes, similar to the
live/dead assays. For quantum dots the background signal originating from
surface-bound quantum dots is the main issue, as the amount of quantum
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dots inside a given cell cannot be significantly higher than that on the sur-
face in general, as the entire surface is expected to have approximately the
same positive charge after silanization. The solution to this would be to
attempt something similar to Shalek et.al., who showed delivery of fluores-
cent molecules by first culturing the cells on nanowire arrays, then re-plating
the cells on glass after trypsin treatment for observation [64]. The observed
background signal from non-delivered molecules is likely a major reason they
performed such re-plating of the cells. This is assuming that re-plating in fact
is possible and that the cells are not interacting so closely with our nanowires
that trypsination fails to release them.

The delivery of plasmid DNA and subsequent expression of eGFP ob-
served in some cells is very promising. Such delivery is relatively simple
to verify directly on the device, as concerns about background fluorescence
(as is the case with direct delivery of fluorescent molecules such as quantum
dots) are absent. Unfortunately, transfection efficiency was low, with only
a few cells being transfected of several thousand on each sample. Naked
plasmids are reported to induce a small amount of transfection [46], so this
can not be ruled out as the transfection mechanism in this case. However,
even transfection with Metafectene Pro, a commercial transfection agent, is
reported to have quite low (about 6%) transfection efficiencies in HeLa cells
[177], and transfection efficiencies observed with Metafectene Pro in the cur-
rent work were even lower. In addition, bright transfection occurs in even
fewer cells than those defined as "transfected” in the literature, many cells
are only weakly fluorescent and flow cytometry analysis must be performed
to actually quantify this. Thus these preliminary observations of transfec-
tion are in fact quite promising, as they have not been subject to any specific
optimization so far. An important point is that it was demonstrated that
transfection, regardless of plasmid delivery route, is possible while the cells
are penetrated by nanowires, and that typical cellular functions are thus in-
tact, which is also the main point of a recent article on this field by Berthing
et.al. [86]. In further studies plasmid DNA could be added into solution af-
ter cell seeding to serve as control experiments, and naturally attempts must
be made to generally increase delivery efficiency to at least rival that of the
current, commercial techniques.
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Chapter 6

Conclusion and future
prospects

A system for delivery of exogenous molecules into cultured HeLa cells based
on arrays of vertical CuO nanowires grown by thermal oxidation was further
developed and investigated. Methods to observe HeLa cells using fluorescent
and electron microscopy were investigated, and several procedures and flu-
orescent labels were found suitable for obtaining useful and complementary
information. Polymeric spin-casting and photolithography of PMMA, PDMS
and SU-8 was used to create a transparent surface with protruding, PDMS-
or gold-covered nanowires in a thicker SU-8 structure with wells down to
the nanowire surfaces. Toxic effects were observed on cells on these devices,
which was finally linked to retainment or influence of organic solvents used
during processing. However, planar substrates without SU-8 wells, even if
they underwent solvent treatment, did not show cell toxicity, indicating some
mechanism related to the thick SU-8 structure. Toxicity could be significantly
reduced by baking the samples at elevated temperatures. Alternatively, non-
transparent samples with protruding PDMS-covered nanowires and an intact
oxidized copper substrate could be glued to a glass slide and used for cell
culturing, as such samples did not show any cell toxicity.

Surface modification strategies for optimal biomolecule deposition were
investigated. Although thiol-based self-assembled monolayers on gold are
usually considered reliable, it was challenging to study these, as gold strongly
quenched the fluorescence of nearby molecules, and gold films were typically
too rough for AFM imaging of deposited molecules. Silane-based surface
modification was investigated as an alternative, and it was shown that nega-
tively charged fluorescent DNA and quantum dots could be selectively bound
to an aminosilane monolayer. Both vapor-phase and aqueous phase silaniza-
tion methods were shown to be suitable. The silane could be patterned using
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photolithography processing, and patterns of quantum dots bound to the
silane could be visualized on glass, PDMS and SU-8. Deposited DNA could
also be visualized using AFM by modifying mica with the same aminosilane.
Hydrophobic surface modification of gold patterns on glass was used to pat-
tern cells, both defining areas with and without cell growth and defining the
morphology of single cells.

HeLa cells were cultured on samples with protruding wires, and in general
showed good proliferation and spreading. However, reduced spreading was
observed at higher nanowire surface densities and longer nanowire lengths.
On standard nanowire samples the nanowires appeared to penetrate into
the cells as shown by both confocal fluorescent and scanning electron mi-
croscopy. The cells could also be seen to interact with the nanowires, with
cellular protrusions binding to and engulfing the nanowires. Finally, prelim-
inary delivery of plasmid DNA coding for eGFP and subsequent expression
of eGFP in HeLa cells penetrated by nanowires was demonstrated, although
delivery efficiency was low.

A major goal for further work on this system is proving its suitability
as a delivery system. This could be investigated through delivery of fluo-
rescent molecules in addition to further experiments with reporter plasmids.
If difficulties with cell toxicity on transparent-type samples and background
fluorescence still are present, detachment and re-plating of cells on glass after
culturing on nanowires is a possible alternative. However, fabrication avoid-
ing the toxicity-related process steps should also be pursued, as a transparent
device would enable more rapid and direct cell visualization and simpler in-
tegration into current imaging systems. Cell-wire interactions should also be
further investigated as insights into this are both of a fundamental interest
and important to understand the nanowire delivery mechanisms. Cell via-
bility and behavior on the nanowire arrays should also be compared more
thoroughly with standard substrates, as actual device usage will depend on
minimal wire invasiveness.

As one of the main foreseen application areas for this device is for high-
throughput analysis, attempts should be made to use standard microarray
techniques to spatially define delivery sites on nanowire arrays. This could be
combined with the early attempts of cell patterning to provide well-defined
systems for quantitative cell analysis. As a physical transfection system with
direct access to the cell cytoplasm, and possibly cell nucleus, nanowire-based
delivery should allow transfection of non-dividing cells and other cells that
are typically hard to transfect. Thus once delivery is shown to be reliable
for common immortal cell lines such hard-to-transfect cell lines should be
investigated on the nanowire arrays.
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