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Abstract

One-dimensional high aspect ratio nanostructures grown from a copper
foil are considered for intracellular delivery of bioactive molecules, such as
drugs and genetic material. The cupric oxide (CuO) nanowires are coated
with silicon oxides (SiOx), and embedded in a transparent polymer mem-
brane consisting of the photoresist SU-8 and polydimethylsiloxane (PDMS).
Nanowires are envisaged as one way to deliver bioactive molecules to many
cells in parallel. It has previously been shown that both HeLa and AR42J
cells grow and spread on this nanowire surface. The overarching goal of the
current project is to test and optimize delivery of genetic material to cells
grown on nanowires.

It is first shown that nanowires are not able to induce knockdown of a
constitutively expressed protein by delivering siRNA, when cells are sedi-
menting on top of an array of nanowires by gravitation. It is then shown that
nanowire-mediated transfection of plasmids perform similar to flat surfaces,
which are chemically identical apart from the nanowires, when HeLa cells are
sedimenting down on a nanowire surface by gravitational pull. Increasing the
sedimenting force by centrifugation has no effect on transfection efficiency,
with relative centrifugal forces up to 88,500 × g tested. Tapping the nanowire
surface face-down on cells deposited at a high concentration, which is a well
documented method in published articles, also performs similar to flat sur-
faces, with transfection efficiencies of ∼1% commonly seen, and occasionally
higher (∼5%).

Fluorescently labeled plasmid is quite efficiently delivered to cells by both
flat surfaces and nanowire surfaces, with a trend towards more efficient de-
livery by nanowires. Delivered cargo is however confined to small sections of
cells. Cells are not transfected in experiments with identical setups, indicating
that delivered biomolecules are isolated from the internal machinery of a cell.

In conclusion, our transfection efficiency results are on par with most pub-
lished experiments. In published experiments control experiments with flat
surfaces are often lacking, and our results emphasize the importance for proper
controls when investigating nanowire-mediated transfection and delivery of
biomolecules.
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Sammendrag
I dette arbeidet undersøkes transfeksjon av celler ved hjelp av nanostaver

dannet fra en kobberfolie. Målet med transfeksjonseksperimentene er intra-
cellulær levering av bioaktive molekyler, som medisiner og genetisk materiale.
Nanostavene er en-dimensjonale strukturer av kobberoksid dekket med sili-
siumoksid og silisiumdioksid, og peker utover fra en gjennomsiktig membran
som best̊ar av polymerene SU-8 og dimetylpolysiloxan (PDMS). Nanostaver
vil kunne brukes til å levere bioaktive molekyler til mange celler parallelt.
Form̊alet med arbeidet som presenteres her er å teste og optimalisere levering
av genetisk materiale til celler som vokser p̊a en membran med nanostaver.

Det første forsøket som presenteres viser at nanostaver ikke kan levere
siRNA for å redusere genuttrykket av et stabilt uttrykt protein, n̊ar cellene
sedimenterer ned p̊a en plen av nanostaver ved hjelp av tyngdekraften. Det
neste forsøket viser at nanostaver og flate (men ellers kjemisk like) overflater
er omtrent like effektive i å levere plasmid til celler som sedimenterer ned
p̊a en plen av nanostaver. Sedimenteringshastigheten kan økes ved hjelp av
en sentrifuge, men transfeksjonseffektiviten øker ikke, selv ved sentrifuger-
ingshastigheter som tilsvarer en gravitasjon p̊a 88.500 × g. En velbeskrevet
metode for å transfektere celler ved hjelp av nanostaver baserer seg p̊a å de-
ponere et høyt antall celler p̊a en overflate, og s̊a legge nanostavoverflaten p̊a
toppen, med nanostavene pekende nedover, for s̊a å banke nanostavoverflaten
ned p̊a cellene. Denne metoden gir en høyere andel transfeksterte celler sam-
menlignet med sedimentering- og sentrifugeringsforsøk, vanligvis blir omtrent
1% av cellene transfekterte, og noen ganger en enda høyere andel (5%). Flate
overflater viser imidlertid tilsvarende effektivitet i ellers identiske forsøk.

Plasmider som er merket med et fluorescent molekyl leveres forholdsvis
effektivt til celler av b̊ade flate overflater og nanostavoverflater, med en anty-
det økt effektivitet for nanostavoverflater. Materialet som leveres er imidlertid
avgrenset til sm̊a omr̊ader av cellene. Celler blir ikke transfektert i tilsvarende
eksperimenter med funksjonelt plasmid, noe som tyder p̊a at levert materiale
er isolert fra det indre maskineriet til en celle.

Konklusjonen som trekkes er at transfeksjonseffektiviteten vi oppn̊ar er
tilsvarende den som oppn̊as av andre forskningsgrupper. Gode kontrollforsøk,
med flate overflater, er imidlertid ofte utelatt i publiserte arbeider innen
nanostavdrevet transfeksjon, og v̊are resultater viser at slike kontrollforsøk
er avgjørende for at nanostaver skal kunne tilskrives observert transfeksjon-
seffektivitet.
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1 Introduction

1.1 Background

We, humans, consist of approximately 1013 cells working together to form us; our
organs, our body, and our thoughts. Like us, our cells grow, reproduce and die.

Cells continuously regulate their constituents in order to function and prosper
in changing surroundings, and to respond to stimuli from the outside. These con-
stituents can be described at the nano-scale, but are not easy to measure. The core
of cell functioning stems from the nucleus, where the genes reside. The genes of a
cell holds the recipe for creating all the constituents of a cell, either directly (i.e. for
proteins) or indirectly (i.e. for metabolites, synthesized by proteins). The central
dogma of molecular biology explains how genes can be transcribed to transcripts,
which can be translated to proteins [1].

Understanding the internal machinery of cells is a unifying goal in the field of
molecular cell biology and complementary areas of research. Numerous techniques
exist to probe the state of the cell. To understand the internal machinery of a
cell, and how a given stimulus gives a certain response, one could try to interfere
with the machinery itself. This can be done by introducing variations of genes
that encode individual components of the machinery, and the change in response to
known stimuli can elucidate the function of the altered component. The knowledge
gained from such experiments can then be used to make idealized models of the
internal machinery. Then one must consider how these components of the machinery
interact as a whole. With systems biology, utilizing computer modeling of complex
intracellular signal transduction networks become more and more important. High
throughput (HTP) hypothesis testing is mandatory in this field of research, and
being able to interfere with many cells’ transcriptional and translational machinery
in parallel is a necessity to do HTP hypothesis testing [2, 3, 4].

One technique used in HTP hypothesis testing is reverse transfection, where
genetic material is first deposited on an array, whereafter cells are cultured on this
array. The term ’reverse’ is added to distinguish it from transfection where the
genetic material is added to an already growing cell culture [5]. Reverse transfected
cell arrays (TCA) are proposed as an important step towards analyzing the intricate
signaling networks inside cells [3].

When it comes to introducing foreign genetic material, one challenge is the intro-
duction of the genetic material itself, as cells have many barriers to protect it from
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foreign genetic material. These protective mechanisms are located extracellularly
and intracellularly. The cellular membrane is an integral part of the protective mea-
sures of a cell, and defines the border between the extracellular and the intracellular
compartment. The cellular membrane can be overcome by different techniques, i.e.
using viral vectors, carrier proteins, or simply by injection of genetic material using
micro-needles. Arrays of nanowires can, through impalement of cells, offer a quick
way to access the interior of cells, exposing the regulatory machinery governing
the state of the cell. Whereas other transfection techniques rely on cellular uptake
mechanisms, nanowires are envisaged to bypass all these by simply being pushed
through the cellular membrane, and if successful this technique could therefore offer
a universal approach for delivery of biomolecules to arrays of cells.
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1.2 Project background

CuO nanowires have been studied for several years at NTNU1. The synthesis of
CuO nanowires has been standardized, and the resulting nanowire array is repro-
ducible from experiment to experiment - albeit with minor variations concerning
areal nanowire density and length, partly due to the inherently random process
of nanowire growth. The nanowires are embedded in a transparent polymer mem-
brane, allowing for microscopy of live cells using inverted confocal laser scanning mi-
croscopy. The nanowires and nanowire-based devices have been well characterized
by transmission and scanning electron microscopy (TEM and SEM respectively),
also with HeLa cells grown on the nanowires [6, 7]. HeLa cells are cells derived from
human cervical cancer, and has been an important cell line for basic medical research
since it was isolated in 1951 [8]. AR42J, a cell line derived from rat pancreatic tumor
cells, has also been grown on nanowire surfaces [9].

The interaction between cells and nanowires has been characterized using high-
resolution TEM imaging. Even though structures as small as the cellular membrane,
with a thickness on the order of 4-6 nm [10], are well resolved using TEM imaging,
no complete proof has been given that the cell is actually penetrated by a CuO
nanowire when the cells are allowed to sediment on a nanowire surface. A TEM
image of a HeLa cell impaled by a CuO nanowire can be seen in figure 1.

The fluorescent DNA intercalator YOYO-1 can be used to confirm successful
cellular delivery of DNA [11]. YOYO-labeled DNA can be seen taken up by HeLa
cells, possibly in vacuoles, as seen in figure 2. However, it is still unknown whether
the internalized cargo ever reaches the cytoplasm, or if the cargo is degraded.

To test whether the nanowires can actually deliver molecules to the cell’s interior,
transfection experiments have been conducted using DNA plasmids encoding green
fluorescent proteins (GFP). If the experiment is successful the cell should become
fluorescent. This has been shown to happen at a very low transfection efficiency
(<1%) when cells are sedimenting onto the nanowires. Figure 3 shows cells success-
fully transfected with a GFP-encoding plasmid, but as can be seen from figure 4
only very few cells take up and express this plasmid.

After finding low transfection efficiencies it was hypothesized that perhaps only
1The project was initiated by professor Pawel Sikorski and then ph.d-student Florian Mumm,

who continued his work on this project as a post.doc. Kai Müller Beckwith joined the project
autumn 2010 for writing his nanotechnology master thesis, and is still working on the project,
now as a ph.d-student. Jonathan Torstensen also joined the project autumn 2012 as part of his
specialization project in the nanotechnology master program at NTNU.
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Figure 1: A HeLa cell (green) growing on a polymer surface (blue), impaled by a CuO
nanowire (black). Around the portion of the nanowire that is inside the cytoplasm (green)
a darker zone can be seen around the nanowire, and this may represent the cellular mem-
brane, but it could also have other origins (i.e. artifacts, adsorbed proteins, cytoskeletal
elements etc). Image provided by Kai M. Beckwith.

Figure 2: A HeLa cell growing on a CuO nanowire surface has taken up fluorescently
YOYO-labeled DNA. Whether this fluorescently labeled DNA is subsequently released
from these smaller compartments to the cell interior can not be assessed. Image provided
by Kai M. Beckwith.
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Figure 3: HeLa cells transfected with a GFP-encoding plasmid after adsorbing the plasmid
to the CuO nanowire surface, and growing cells on the same surface. Image provided by
Kai M. Beckwith.

Figure 4: The same area as figure 3, but with lower magnification, reveals that only a few
cells are successfully transfected. The four transfected cells in the image probably come
from the same mother cell that was initially transfected, which explains why transfection
apparently was effective in just a confined area of the sample. Image provided by Kai M.
Beckwith.
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the cellular membrane was penetrated, but that the nuclear membrane remained
intact, effectively blocking transfection, since a plasmid must reach the nucleus to
be expressed. To test this hypothesis experiments were done with AR42J cells
constitutively expressing EGFP. RNA interference, whose integral parts are located
in the cytoplasm of cells, was then targeted by the use of siRNAs. The delivery
of siEGFP, an siRNA silencing the expression of EGFP, was attempted using silica
coated nanowires [9]. Results were somewhat ambiguous, with no clear proof that
cellular membranes were indeed penetrated.

1.3 The current project

The goal of this master thesis is to further test and optimize transfection of cells
grown on nanowire surfaces. An experiment was first done as a conclusion to the
siRNA experiments performed in the specialization project [9]. This final siRNA
experiment shows no convincing siRNA transfection, indicating that the cellular
membrane is not penetrated by simply allowing cells to sediment on a surface with
nanowires protruding out of it.

Optimization techniques were then attempted to increase the efficiency of pene-
tration. It is hypothesized that penetrating the cellular membrane will be sufficient
for plasmid transfection, similar to other non-viral transfection techniques (and thus
in contrast to the rationale for doing siRNA experiments). The approaches used to
achieve a higher probability of membrane penetration can be divided into two cat-
egories: Increasing the pressure, and reducing the force barrier, i.e. increasing the
force by which the nanowire indents the cellular membrane, and decreasing the force
barrier by reducing the force barrier potency of the cellular membrane. In this re-
port, mainly methods of increasing the pressure are sought. Two methods that are
based on already published methods of increasing the pressure are used (tapping
and sedimentation), and a third method is also extensively tested (centrifugation).
Some experiments also include efforts to reduce the force barrier, namely by osmot-
ically swelling cells before centrifugation. Results presented here are also contrasted
with results published by other scientists.
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2 Theory

2.1 Molecular cell biology

’The central dogma’ of cell biology describes how information flows in a cell between
DNA, RNA and protein, and states that information in general flows from DNA to
RNA to protein [1]. During DNA replication information flows from DNA to DNA,
and in some special circumstances information can flow from RNA to RNA or RNA
to DNA (e.g. during viral infections). The cellular regulation of interactions between
DNA, RNA and proteins define the state of the cell, and the understanding of how
this process is regulated has increased substantially since it was first formulated in
1958 [12]. The process is shown in some more detail in figure 5.

Double-stranded DNA holds all the genetic information needed to direct the
embryonic development of an organism, and to sustain life in changing conditions
after development is completed. This information is encoded in a sequence of four
nucleotides: adenine (A), cytosine (C), guanine (G), and thymine (T). During tran-
scription mRNA strands are synthesized from DNA, and hold the complementary
set of bases to the gene that served as a template, and with the base thymine ex-
changed for uracil (U). The first RNA strand formed during transcription is termed
pre-mRNA, and is further processed in several steps before being exported as mRNA
to the cytoplasm. These processing steps include:

• 5’-cap addition, where modified guanine nucleotide is added to the part of the
RNA-strand first transcribed (the 5’-end),

• splicing, where non-coding parts of the RNA strand (introns) are removed to
join the protein-encoding sequences (exons), either by joining all exons, or by
joining only a subset of exons in a process termed ’alternative splicing’, and

• polyadenylation, where a chain of adenylyl residues are added to the 3’-end of
the RNA strand.

The process of alternative splicing allows one gene to encode several different mRNA
transcripts.

From the mRNA strand, triplets of the four nucleotides A, C, G and U are
translated into corresponding amino acids in the protein by ribosomes located in the
cytoplasm. Ribosomes are complex molecular machines composed of both RNA and
protein, and can be either membrane-bound in the endoplasmic reticulum, or freely
moving around in the cytoplasm.
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Figure 5: The central dogma states that information, in general, flows from DNA to
RNA to protein. In the image the process is shown, where 1) transcription factors bind
the regulatory regions of their target genes, 2) followed by the assembly of a multi-protein
initiation complex bound to DNA. RNA polymerase, a part of this complex, then begins
transcription of the target gene, and the polymerase moves along the DNA linking nu-
cleotides into a single-stranded pre-mRNA transcript using one of the DNA strands as a
template. 3) The transcript is processed inside the nucleus, removing non-coding regions
and thus forming messenger RNA (mRNA), which subsequently is transported from the
nucleus to the cytoplasm. 4) In the cytoplasm ribosomes bind mRNA, and the nucleotide
sequence directs the assembly of amino acids in a process where triplets of nucleotides
correspond to specific amino acids. Image is taken from reference [13].

All organisms have several ways to control when and in which amounts their genes
should be transcribed, or expressed. This control is adamant to orchestrating the
development of an organism, and to enable the organism to adapt to ever changing
environments. Transcription factors provide one layer of gene expression regulation,
and function in binding DNA and then activating or repressing transcription of
target genes. Typically transcription factors recognize short DNA sequences about
6-12 base pairs long, and with four possible bases at each position this means that a
DNA strand of 10 base pairs can have 410 possible sequences (slightly over 1 million).
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Transcription factors work in concert as part of multi-protein complexes, where
some are responsible for recognizing a particular gene, and others are responsible
for initiating or blocking transcription.

More details on the molecular basis of cell biology, including transcription, trans-
lation and gene regulation, can be found in reference [13].

2.2 Transfected cell arrays and high-throughput cell pertur-
bation

The understanding of biology at the molecular level is advancing rapidly, partly as a
consequence of the fact that the number of newly discovered proteins has increased
rapidly over the last decades. However, the function of many genes and proteins is
still unknown, and the understanding of how these genes and proteins participate
in signal transduction and in gene regulatory networks is in its infancy. One way
to elucidate how gene regulatory networks are constructed is by removing a gene
one by one: Based on total genome analysis after each perturbation experiment, hy-
potheses about how the gene regulatory network is wired can be made. siRNAs and
shRNAs are central molecules to these gene knockdown/knockout experiments [14],
and based on such experiments gene regulatory networks can be reconstructed. One
example is the reconstruction of a transcriptional network that provides dendritic
cells (an integral part of the immune system) with the ability to distinguish between
different classes of pathogens, i.e. viruses, bacteria, fungi and parasites [2]. Under-
standing cells and diseases from a networks perspective is however still in its infancy
[15]. Reverse transfected cell arrays, using RNAi perturbation in an array format,
allows many cell phenotypes to be investigated in parallel [5, 16], thus probing many
hypotheses about the wiring of intracellular regulatory networks in a single experi-
ment. RNAi microarray analysis is one type of high-throughput functional genomics
studies. The use of reporter plasmids with fluorescence intensity as output data is
one way to study the perturbation of many cells in parallel [17, 18, 19].

Introducing genetic material to a cell in order to change its genome or expression
profile is termed transfection. Reverse transfected cell arrays were first described by
Ziauddin and Sabatini, and are based on first printing genetic material on confined
areas of a slide, followed by growing cells on the slide [5]. Cells will only take up
the genetic material directly under it, and these cell arrays can be used to create
spots of cells transfected with a specific nucleic acid sequence within a lawn of non-
transfected cells, as seen in figure 6.
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Figure 6: Reverse transfected cell microarrays use a) a robotic printer or a handheld
printing device to transfer small amounts of genetic material to defined spots, b) then
transfection reagents and cells are added, and c) only cells grown on the printed spots will
be transfected with the nucleic acid it is grown on top of. Image is taken from reference
[20].

2.3 Transfection

Many techniques have been employed in transfecting cells, i.e. the process of delib-
erately introducing foreign genetic material in a cell in order to change the genome
or gene expression profile. All these techniques have to overcome the same set of
barriers:

• The cellular membrane: The cellular membrane is a protective lipid bilayer
surrounding the cell, protecting the interior from the exterior. Since the cell

22



has to communicate with the exterior, and gain nutrients from the outside
world, several mechanisms to transport both larger and smaller molecules exist.
Receptor-mediated endocytosis is one transport mechanism often targeted.

• Intracellular trafficking: After uptake through endocytosis, endolysosomal es-
cape is important to avoid degradation of nucleic acids. Genetic material and
other bioactive molecules escaping the endolysosomal system must then avoid
degradation in the cytoplasm. Plasmids containing DNA must successfully be
transported to the nucleus, cross the nuclear membrane, and interact with the
transcriptional machinery, whereas siRNA molecules targeting mRNA tran-
scripts only need to reach the cytoplasm to affect gene regulation, through
RNA interference.

2.3.1 RNA interference

RNA interference (RNAi) is a quite newly discovered layer of gene expression reg-
ulation [21, 22], previously also known by the descriptive term post-transcriptional
gene silencing (PTGS) [23]. RNA interference utilizes partial or complete base pair-
ing between a shorter RNA molecule, and its target RNA that is degraded. These
shorter RNA molecules can have both endogenous and exogenous origins, and the
most common types of RNAs include siRNAs (short interfering RNAs), micro RNAs
(miRNAs) and shRNAs (short hairpin RNAs). Several variations over RNA inter-
ference exist, and the one unifying theme between all RNAi-related pathways is the
involvement of the Argonaute protein, which executes cleavage of a target mRNA in
the cytoplasm of the cell, thus reducing the level of mRNA available for translation,
and in effect reducing the level of a specific protein [24]. The specificity of RNAi
is obtained through the complementary base pairing between siRNA and mRNA.
The mRNA targeted for silencing is degraded, explaining the potency of RNAi. The
relationship between siRNAs and miRNAs is illustrated in figure 7.

RNAi was originally believed to be an evolutionary ancient mechanism of defense
against foreign genetic material, especially viruses, but today it is becoming evident
that RNAi is part of the regulation of gene expression through the regulation of
miRNA-levels and levels of target RNA molecules [26, 27, 28].

Introducing double-stranded siRNA precursors is one way to use RNAi for gene
silencing in an experimental setting. Double-stranded RNA (dsRNA) molecules are
artificially produced with a sequence based on the mRNA of the target gene. One
of the two strands will have the same nucleotide sequence as a portion of the target
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Figure 7: siRNA and miRNA follow similar processing pathways. 1) siRNA is introduced
as a dsRNA, whereas miRNA is transcribed from a gene located in the nucleus. Both are
cleaved by Dicer, 2-3) loaded in the RISC complex, and 4) bind target RNA molecules
through complementary base pairing that is then 5) degraded through cleavage by the
Argonaute protein. Image is taken from reference [25].

mRNA, and the other strand will have the complementary nucleotide sequence.
dsRNAs are processed to shorter nucleotide strands of 21-25 nucleotides in length
by the enzyme RNase III Dicer. Single-stranded siRNAs are then incorporated in the
RNA-induced silencing complex (RISC). Argonaute is a core component of RISC,
and directed by the siRNA molecule it will execute cleavage of target mRNAs in the
cytoplasm of cells [29, 30].

Another common technique for silencing specific gene products is through the use
of plasmid transfection of short hairpin RNAs (shRNAs) that are then constitutively
expressed by the cell. These shRNAs are processed into shorter RNA strands that
utilize RNAi, in order to silence target mRNAs [31, 32, 33, 34]. siRNA molecules
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are reported to be rapidly degraded, with less than 1% of the introduced duplex
remaining in the cell after 48h, whereas shRNAs are continuously expressed by
stably transfected host cells [34].

Single miRNAs or siRNAs are known to be able to silence several targets, and
in varying degrees, depending on the extent of base-pairing with its target RNA
[32]. Also targeting one of the RNAi pathways, i.e. the siRNA-targeted or the
miRNA-targeted pathway, can result in changed activity in another pathway, as a
competition between the pathways does exist [24].

2.3.2 Viral transduction

Using viruses to deliver foreign genetic material to cells has been studied for decades,
and historically viral delivery systems represent the bulk of effort in DNA delivery
systems [35]. Viruses are composed of proteins, lipids, and genetic material, and are
highly efficient in high-jacking the transcriptional and translational machinery in a
cell for producing replicates of itself. The most common types of viruses used are
adenovirus, adeno-associated virus (AAV), herpes simplex and retrovirus (including
lentivirus). Of these, all classes but retroviruses carry the genetic material as DNA,
which can be incorporated in the host’s genome. Retroviruses represent a class
of viruses that carry their genetic information in a single-stranded RNA molecule,
which is transcribed into DNA using the enzyme reverse transcriptase before being
integrated in the host’s genome.

Viruses can be exploited to insert specific genes by modifying or exchanging the
DNA/RNA they carry, and this is the basis of viral transduction. Viruses come with
a full set of features to facilitate cellular uptake, avoid degradation and to be trans-
ported to the nucleus. Viral transduction of genetic material has been sought as a
cure for many diseases, including cystic fibrosis, severe combined immunodeficiency,
HIV/AIDS, cancer and malaria, but adverse reactions in clinical trials, including
death, has reduced the enthusiasm that once surrounded this area of research [36].
Due to these severe reactions to viral transduction, non-viral transfection techniques
are being researched for clinical use.

2.3.3 Chemical transfection

Chemical transfection uses complexes of genetic material with chemicals such as
lipids, polymers, peptides, or combinations of these. The main advantage over viral
transduction is low immunogenicity, low toxicity, and applicability to large-scale pro-
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cessing. Negatively charged nucleic acids (DNA or RNA) are electrostatically bound
to positively charged carrier molecules. Some of these complexes reuse mechanisms
learnt from viral transduction, and could for instance include viral proteins that en-
hance passing the cargo over the cellular membrane. However, chemical transfection
techniques display a lower efficiency than viral transduction [36].

2.3.4 Physical transfection

Physical transfection is based on the delivery of genetic material to a cell, without
using viruses or chemicals to facilitate transfection. Naked DNA is an expression
used for the delivery of naked, or free, DNA, and has been shown to be useful in gene
transfer to skeletal muscle, liver and heart muscle, albeit with low transfection effi-
ciency [35]. Microinjection is based on a simple mechanism, where genetic material
is injected in a cell using a nanoneedle/nanosyringe or nanowire. Thus, microin-
jection efficiently bypasses the cellular membrane - and possibly also the nuclear
membrane can be penetrated. Other common physical transfection techniques in-
clude electroporation, biolistic particle delivery, laser-irradiation, sonoporation and
magnetic nanoparticles [37].

Methods, techniques and molecular components of viral, chemical and physical
transfection techniques can also be combined and integrated in the process of finding
new ways to transfect cells.

2.3.5 Synthesis of one-dimensional high aspect-ratio nanostructures for
transfection

Nanowires can be used in physical transfection techniques. Nanowires are nanos-
tructures where two dimensions are on a length scale less than 100 nm, as in round
cylinders with a diameter of less than 100 nm, and are often referred to as one-
dimensional (1-D) structures. The aspect ratio is the length to width ratio, and can
be over 1000:1. Nanowires can be used in a similar way as microinjection, but in
contrast to microinjection, using arrays of nanowires one can deliver genetic mate-
rial to many cells in parallel. Nanowire-mediated transfection through impalement
has been termed impalefection [38]. Nanostructures can generally be synthesized by
either a top-down or a bottom-up approach. Some examples from the literature are
provided in figure 11, in chapter 3.

Bottom-up approach: Catalyst-grown nanowires
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There are several catalyst-grown one-dimensional nanostructures being studied with
respect to impalefection. Two of the most established catalyst-grown nanowires
in this respect are vertically aligned carbon nanofibers, and catalyst-grown silicon
nanowires. Indium-arsenide nanowires and gallium-phosphide nanowires will also
be briefly presented.

Vertically aligned carbon nanofibers (VACNFs) was the first method of reverse
transfection using nanosized structures to be published [39, 38]. VACNFs are grown
in parallel on a flat substrate, and are linked to genetic fragments, e.g. plasmids,
either trough adsorption or through covalent bonding. Covalently bound plasmids
can interact with the cells genetic machinery as long as the cells are grown on the
transfection array, and genetic elements are not inherited to progeny cells, whereas
adsorbed genetic material can be inherited. Adsorbed material will interact with
the cell until the genetic material is broken down, while covalently linked plasmids
are protected from degradation [39].

VACNFs can be synthesized in a variety of ways. In the works by McKnight et al.
nickel particles with a diameter of 500 nm are used as catalysts. The nickel particles
are spatially organized, using photolithography to define spots for nickel deposition
using physical vapor deposition (PVD). The VACNFs are grown on n-doped silicon
wafers, and the growth is achieved using plasma-enhanced chemical vapor deposition
(PECVD) from a mix of acetylene and ammonia. The dimensions of the fibers
are somewhat heterogeneous, and fibers are 6-10 µm in length with tip diameters
of 20-50 nm and base diameters of approximately 1 µm [39]. Catalytic plasma-
enhanced CVD (PECVD) allows precise control over location, alignment, size, shape
and structure of each individual nanofiber during synthesis, using lithographically
patterned catalysts [40].

The dimensional properties of the VACNFs can to some extent be controlled
by the experimental setup, and Cassell et al. obtained VACNFs with a uniform
diameter in the range 30-100 nm, depending on the PECVD conditions, and lengths
of ∼700 nm, controlled by growth time [41, 42]. VACNFs are inferior in electrical
and mechanical properties compared to the regularly structured multi-walled car-
bon nanotubes (MWCNTs) [42], but MWCNTs have proven difficult to be grown
vertically and spatially controlled on a substrate using CVD, even with patterned
catalyst features with strictly controlled spot sizes.

Transfection efficiency, i.e. the ratio of the number of expressing cells over the
total number of cells on the chip, was variable, and efficiency for fibers with a
diameter of 200 nm was less than 5% [38].
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Silicon nanowires (SiNW) are more recently characterized with respect to im-
palefection and reverse transfection [43, 44]. SiNW can be grown from silicon wafers
using CVD with gold nanoparticles as a catalyst [45], and as discussed later they
can also be formed through etching of silicon wafers [46].

Hochbaum et al. used gold nanoparticles for nanowire synthesis by the vapor-
liquid-solid (VLS) growth mechanism, using SiCl4 as the precursor gas in a CVD
system. Precise growth and epitaxial alignment of the SiNWs has only been achieved
using lithographically defined regions of SiNW growth by thin film evaporation, and
these methods employ expensive processing techniques with limited control over
nanowire size and areal density [45, 47]. VLS growth by chemical vapor deposi-
tion can produce epitaxially aligned, single-crystalline silicon wires from thin gold
films. Metal thin film does however not allow for good diameter control of the re-
sulting wires due to the randomness of the film breakup at reaction temperatures
[45]. Hochbaum et al. used a thin polyelectrolyte layer to attract and immobilize
gold colloids on the substrate, which then act as seeds for silicon nanowires grown
using the VLS-CVD method. The position of the SiNW is random, due to the
random deposition of the gold colloids. Spatial control of grouped SiNW growth
can be achieved by patterning regions of seed particles, using a PDMS stamp for
microcontact printing, while the position of each individual SiNW is still random
within the region of seed particles [45].

To obtain a true spatial control of the SiNWs the location and size of the gold
catalysts can be defined using lithography [44]. From a (111) Si wafer the SiNW will
be grown as a single crystal in the 〈111〉 direction. Hochbaum et al. used SiCl4 as
the precursor molecule for SiNW growth in the CVD system, using a temperature
between 800 and 850°C [45]. The diameter of the colloids controls the nanowire
diameter, and colloid solution concentration controls the areal density of growth.
The thinnest vertically grown nanowires had an average diameter of 39 nm ± 3.7
nm, grown with 20 ± 2.1 nm diameter gold colloids, and the size distribution of the
nanowires is attributed to the size distribution of the seed particles. Hochbaum et
al. obtained an areal density of ∼0.1-1.8 µm-2. Kim et al. made silicon nanowires
on a similar setup and obtained nanowires with a diameter of 90 nm and a length
of 6 µm [43]. When adjusting the areal density so that each cell was pierced by 2-3
nanowires, they showed that cell viability increases with decreasing diameter of the
nanowires, and this is thought to be a general phenomenon for impaled cells [48].

Indium-arsenide (InAs) nanowires and gallium-phosphide nanowires have been
studied by Berthing et al., in order to probe electrical properties of neurons [48].
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These nanowires were created with the semiconducting capabilities of InAs in mind,
and not to deliver drugs. They are mentioned here because they were fabricated with
another bottom-up technique, using gold particles as catalyst. The InAs nanowires
were created using molecular beam epitaxy (MBE) growth, where the InAs wafer was
exposed to gold atom bombardment. The gold atoms condense and aggregate into
nanosized particles on the surface, and the gold particles then serve as a catalyst
to grow InAs nanowires when the substrate is continuously exposed to molecular
beams of In and As2 at a temperature of 430-440°C. A similar setup was used by
Hällström et al. [49], for creating gallium phosphide nanowires, using deposited gold
particles as catalysts for a VLS-based synthesis of nanowires, and they could show
better survival of neurons grown on nanowires than neurons grown on a flat glass
substrate.

Top-down approach: Etching and focused ion beam milling
Etching: Ovchinnikov et al. used self-organizing gold-chromium nanodots as an
etching mask [46, 50] to control spatial distribution of the SiNWs. Etching is gener-
ally considered a top-down approach, but the self-organizing mask can be regarded
as a bottom-up approach. As with other types of etching there is a limit to how steep
the structures can be (i.e. high aspect ratios are difficult to obtain). Ovchinnikov et
al. used sequential depositions of gold and chromium films on a (100) p-type silicon
substrate, followed by annealing, using electron-beam evaporation under high vac-
uum at room temperature, and then heating to 900°C for 5 s in nitrogen, to form a
self-organized mask by coalescence of gold-chromium layers. A reactive-ion etching
(RIE) reactor was then used for anisotropically etching the silicon wafer, directed
by the self-assembled mask. The nanowires created are spatially disordered. By
varying the thickness of the layers the particle diameter can be adjusted between 55
and 80 nm, and the height between 7 and 12 nm. Thinner films give bigger islands,
probably due to the anticoagulant influence of chromium, which decreases with de-
creasing thickness of the chromium layer. Three different pillar shapes are created:
straight sidewalls, conical and overcutting. Big mask erosion takes place during the
RIE process, so a thick mask layer is needed for deep etching, and after optimizing
the rf-power and pressure Ovchinnikov et al. were able to obtain a maximum pillar
height of 600 nm with a mean pillar diameter of 60 nm.

Focused ion beam milling: Xie et al. used focused ion beam (FIB) milling to
create nanowires of platinum [51] and then cultured neurons on these nanowires.
Platinum was chosen because of the possibility to directly measure the electrical
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activities of attached neurons, and they did not investigate if these wires could be
used for transfection. FIB gives a precise control over the spatial arrangement of the
nanowires, and is based on bombardment with ions, resulting in physical sputtering
of the sample material (milling). Xie et al. tested nanowires with a diameter of
75-400 nm, and a height of 700 nm to 2 µm and, in contrast with Kim et al. [43],
found that cell survival was not correlated to the size of the pillars in the tested
range.

The main obstacle to the currently researched methods of nanowire fabrication
is the time-consuming process, with relatively expensive materials and expensive
setups required, thus rendering these approaches less suitable to high-throughput
experiments, where cost per experiment should be as low as possible.

Certain materials can be used to create one-dimensional nanostructures in air,
through thermal oxidation of a metal film, without the need for catalyst particles.
This is already shown for materials such as copper[52], iron [53] and zinc [54].

Thermal oxidation
Jiang et al. have shown that CuO nanowires can be grown by a simple procedure
where a copper surface is cleaned, dried and then heated in air to 400-700°C for 4
hours, at ambient pressure [52]. Jiang et al. were able to grow nanowires with a
diameter of 30-100 nm, and a length of 15 µm, the height being controlled by growth
time (growth rate of ∼3 µm/hour). Because of the relatively simple steps needed for
synthesis, CuO nanowires can thus be used in high-throughput nanowire-mediated
transfection experiments.

2.3.6 The cellular and nuclear membrane barriers

The cellular membrane
Chemical transfection reagents (i.e. cationic complexes/lipofection) are thought to
enter cells by endocytosis [55, 56, 57, 58, 59]. Nanowire-mediated transfection seeks
to bypass endocytosis and other cellular uptake mechanisms by simply pushing the
genetic material through the cellular membrane.

Experiments where nanowire tips on AFM probes are inserted into cells provide
an indication of the force barrier that has to be overcome in order to penetrate
the cellular membrane. In one experiment it was shown that cylindrical silicon
nanoneedles with a diameter of 200 nm penetrates a cell when a force of 0.65 ± 0.28
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nN was applied (92% insertion probability), with an indentation depth of 610 ± 270
nm before penetration. For cylindrical nanowires with a diameter of 800 nm the
force required was similar (0.67 ± 0.37 nN), but with a higher indentation depth of
1900 ± 810 nm [60]. This system has also been used to transfect single cells, with
a transfection efficiency of 74% [61].

The nuclear membrane
The nuclear membrane is the barrier separating the DNA replicating and transcrib-
ing machinery from genetic fragments introduced to the cytoplasm. The process of
nuclear entry of plasmid DNA is only scarcely known, and increased understanding
of this barrier is considered important to non-viral gene delivery [62]. It is however
probably not mandatory to reach the nucleus by physically pushing the plasmid into
the nucleus, as reports on microinjection show that DNA complexed with cationic
lipids directly injected to the nucleus are expressed at a lower level than DNA com-
plexed with cationic lipids injected to the cytoplasm [58]. Other reports have shown
a higher transfection of DNA-cationic lipid complexes injected to the nucleus than
the cytoplasm [63].

It is thought that the nuclear barrier is passed in dividing cells during mitosis,
since the nuclear membrane is degraded in this process [62, 64], but also non-dividing
cells can be transfected, albeit at lower transfection efficiencies [65, 66]. Based on
these considerations, DNA that reaches the cytoplasm of dividing cells, and which
can desorb from the nanowire, should be expressed by the impaled cell. Successfully
transfected cells would thus be rendered fluorescent, if a plasmid encoding a fluo-
rescent protein is delivered. Fluorescent reporter proteins can then be observed by
scanning confocal microscopy, as well as other techniques (e.g. flow cytometry and
fluorescence microscopy).

2.4 Scanning confocal microscopy

Scanning confocal microscopy is a fluorescent light microscopy technique, where a
confocal aperture (such as a pinhole) is inserted in the path of the image forming
beam to reject all light collected from out of focus planes, giving an image of a
thin plane only [67]. Fluorescent light is used to image the focal plane, and due
to the Stoke’s shift the emitted light has a higher wavelength than the excitation
light, allowing for separation of source light and fluorescence light based on inserting
filters in the optical pathway. Stoke’s shift is the difference in wavelength/frequency
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between maximum absorption and emission of the same electronic transition. Stoke’s
shift occurs because the excited molecule loses a small amount of the absorbed energy
as thermal energy/vibrational relaxation before releasing the rest of the energy as
a photon with higher wavelength, termed fluorescence. The sample is scanned in a
raster pattern. The schematics of a confocal microscope is shown in figure 8.

Figure 8: The figure shows a confocal microscope with a laser for excitation of fluo-
rophores, a confocal aperture to remove light collected from out of focus planes, and a
photo-multiplier tube (PMT) for detecting light and to convert the amount of light to an
electrical signal. In this figure the microscope is set up in a reflection system, and the
objective lens therefore also functions as a condenser lens. Image is taken from reference
[67].

The most important settings that need consideration when using confocal laser-
scanning microscopy can be summarized as:

• Excitation wavelength: The excitation wavelength is determined by the laser
used, and should be chosen to match the absorbance wavelength range for the
fluorophore used.

• Detector range: The fluorophore will emit light with a longer wavelength than
the excitation wavelength (due to the Stoke’s shift), and the range should
be chosen so that as much of the light emitted is collected, while avoiding
cross-talk with the emission spectra of other fluorophores and the excitation
wavelength.
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• Detector gain: Changing detector gain determines the sensitivity of the de-
tector by setting the maximum intensity limit. This should be set so that
the brightest spots sampled will have a maximum digital intensity (a numeric
value of 255 for an 8-bit sensor).

• Amplifier offset: Changing the amplifier offset determines the minimum inten-
sity limit recorded by the detector. The amplifier offset should be set so that
the spots of interest with lowest intensity are just detected (a numeric value
close to zero).

• Pinhole: Changing the size of the pinhole will affect the height of the scanned
volume. A larger pinhole will allow light from a larger depth range to enter
the detector, thus decreasing resolution in the z-direction. A smaller pinhole
will allow less light to pass, and the choice is usually set to 1 Airy unit to give
an optimal compromise between depth discrimination and efficiency (1 Airy
unit is the diameter of the first intensity minima circle in an Airy disc).

Several types of fluorophores are available. Some endogenous fluorophores, like
NADPH and flavin are autofluorescent, and can be used to image cells. Exogenous
fluorophores are usually small organic molecules with conjugated aromatic cyclic
structures, and these can be functionalized to only bind specific targets (e.g. pro-
teins, DNA). Detection of fluorescence should be optimized and controlled so that
fluorescence from exogenous fluorophores exceeds autofluorescence.

A common problem encountered in fluorescence microscopy is photobleaching.
Photobleaching generally refers to chemical degradation of a fluorophore, leading to
reduced excitability and reduction of fluorescence.

A commonly used fluorophore in biology is the green fluorescent protein and its
variants.

2.5 Fluorescent reporters

2.5.1 Green fluorescent protein (GFP)

Green fluorescent protein was first discovered and characterized from the jellyfish
Aequorea victoria [68, 69]. GFP is a green fluorescent fluorophore encoded by the
primary amino acid sequence of the GFP gene, and it forms spontaneously without
the requirement of cofactors or external enzymes, other than molecular oxygen,
through a self-catalyzed protein folding mechanism [70]. In 1996 the crystal structure
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of GFP was determined [71], revealing that the cyclic tripeptide fluorophore is buried
in the center of a cylinder formed by a tightly interwoven eleven-stranded ”β-barrel”
structure, as seen in figure 9.

Figure 9: The protein structure of GFP, showing the ”β-barrel” surrounding the fluo-
rophore. Image is taken from reference [72].

Many variations of GFP has been made, with different colors [73], pH insen-
sitivity, enhanced photostability, and fluorescence intensity [74]. Wild-type GFP
has an intracellular half-life of approximately 26 hours in cultured mouse cells (LA-
9) [75]. Destabilized versions of EGFP exist, one being encoded by the plasmid
pEGFP-d2-N3 (Clontech) with a defined protein half-life of 2 hours [16].

The absorbance and emittance spectra of GFP is illustrated in figure 10. EGFP,
which is the most commonly used variant of GFP, has an excitation peak at 488
nm, and a red-shifted emittance with a peak at about 509 nm.

2.5.2 The fluorescent dye YOYO-1

Oxazole yellow homodimer YOYO-1 is a fluorescent dye that is used to stain DNA,
and binds DNA by reversibly intercalating between base-pairs [76, 77, 78]. It binds
DNA with a high association constant, and exhibits a strong fluorescence enhance-
ment when interacting with double-stranded DNA, and thus provides a high signal-
to-noise ratio. Also YOYO-1 is quite resilient to photobleaching, which makes
YOYO suitable for long-time imaging [79]. YOYO-1 has an excitation peak of
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Figure 10: EGFP and wild-type GFP absorbance and emittance spectra. The red-
shifted variants, like EGFP, have a single excitation peak centered at about 488 nm,
with an emission peak wavelength of 509 nm. The wild type like variants have their
primary excitation peak centered on 395 nm, with an emission peak at 509 nm. The im-
age is taken from the BioTek website (http://www.biotek.com/resources/articles/green-
fluorescent-proteins.html).

491 nm, and emission peak of 509 nm [79].

2.6 Image analysis using ImageJ

ImageJ is a multi-platform Java-based software application commonly used in image
analysis in the scientific community [80]. The first version was released in 1997,
and since then many extensions (i.e. plugins, filters, macros etc) have been added
to address specific needs of scientists investigating a particular area of research.
Among the huge amount of possibilities offered by ImageJ, only a few are used for
the work described in this report. ImageJ allows measuring fluorescence intensities
for a whole image or subsections of it, as well as offering simple and sophisticated
tools to remove background signal/noise.

ImageJ allows 3D stacks to be built from sets of images, each image spanning
an area in the xy-plane, and representing a given focal plane in the z direction. A
three-dimensional stack then allows reconstructions of xz- and yz-planes, and this
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can be used to investigate protrusions from a surface extending to the inside of a
cell.

2.7 Fluorescence spectroscopy

Fluorescence spectroscopy, like scanning confocal microscopy, uses a light source to
excite a fluorophore. A detector is placed at a 90°angle to the axis of the incoming
light, and the fluorescent spectrum emitted by the fluorophore can be analyzed.
By measuring the fluorescence intensity of a few reference samples, the unknown
concentration of a fluorophore in a fluid can be determined.

The Beer-Lambert law for light absorbance shows how the intensity of the de-
tected light I is related to the intensity of the incoming light, I0, the thickness of
the the specimen x, and the concentration of the light absorbing molecules c:

dI

dx
= −Iσc (1)

where σ is known as the molar extinction coefficient. For x = 0 no light is absorbed,
i.e. I = I0:

ln
I0

I
= σcd (2)

where d is the thickness of the sample. The same general relationship holds for
fluorescence emission, since light must be absorbed to generate fluorescence. The
intensity of the detected light thus has a logarithmic relationship to the concen-
tration, and for low concentrations the relationship is almost linear. For further
discussion of fluorescence spectroscopy see reference [81].

2.8 Centrifugation

A centrifuge will be used to in order to increase the sedimentation rate of cells, and
thus increase the force applied to the interface between nanowire tips and cellular
membranes, to increase the probability of perforation. The basic theory of cen-
trifuges will be presented here, for a further discussion of centrifuges see reference
[82].

A centrifuge is based on inertia mimicking a gravitational field, where the mo-
ment of inertia (and thus the fictional gravitational constant) can be controlled by
adjusting the rotating speed of the centrifuge. The relative centrifugal force (RCF)
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is traditionally used to indicate the acceleration relative to earth’s gravitational con-
stant. RCF is calculated from the angular speed ω, the radius of rotation r, and the
gravitational field constant g:

RCF = ω2r

g
(3)

As can be seen from equation 3 RCF is a dimensionless quantity. It is common to
indicate the acceleration in terms of multiples of ’g’, or ’× g’, and that tradition
is followed in this work, i.e. the RCF that we experience when walking around in
earth’s gravitational field is 1 × g. Centrifuge speeds are commonly measured in
rotations per minutes (rpm), which can be converted to angular speed measured in
radians per second:

ω = rpm× 2π
60 (4)

Two forces will govern the movement of a sphere in a centrifuge: The grav-
itational or centrifugal force, and the buoyant force. The buoyant force can be
combined with the gravitational or centrifugal force by using the effective mass of a
spherical particle:

m = V × (ρP − ρ) (5)

where m is the mass of a spherical particle, V is the volume of the particle, ρP is
the density of the particle, and ρ is the density of the surrounding medium.

The effective centrifugal force FC on the spherical particle with effective mass m
and diameter DP is:

FC = ma = V (ρP − ρ)× a = π

6D
3
P (ρP − ρ)rω2 (6)

The viscous drag force FD is the frictional force that a particle will experience when
moving in a fluid, and has the opposite direction of FC . The viscous drag force is
dependent on the viscosity η of the surrounding fluid and the radial speed dr

dt
of the

moving spherical particle:

FD = 3πDPη
dr

dt
(7)

When the centrifugal, buoyant and viscous drag force balance each other, the
particle will move with constant radial velocity dr

dt
known as the terminal velocity:
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FC = FD (8)

π

6D
3
P (ρP − ρ)rω2 = 3πDPη

dr

dt
(9)

dr

dt
= D2

P

18η (ρP − ρ)ω2r (10)

These equations form the basis for the transfection experiments where a centrifuge
is used to increase the force of penetration, described in chapter 4.7.4.

2.9 Shear stress

For some of the results presented in this thesis shear stress can explain observed
results, and the basic theory of shear stress in fluids will be presented here. Fluid
physics in microcosmos is dominated by laminar flow. When the inertia of a fluid
is low compared to frictional forces (i.e. the viscosity of a fluid) there will be no
turbulent flow, and fluid flow can be seen as thin sheets of fluid sliding next to each
other.

When fluids move along a solid object, the border of the object will be subjected
to a shear stress. The no-slip boundary condition says that the fluid immediately
next to the border will be stationary relative to the wall. Two objects moving in
non-perpendicular directions of each other will thus cause the fluid to move between
these objects, as the no-slip boundary condition will be applicable to both objects.
If two plates in parallel orientation are immersed in a fluid, and moving in opposite,
parallel directions, the viscosity of the fluid gives rise to a frictional, viscous force.
Both plates will be subjected to a dragging force in the direction the opposite plate
is moving. This force f will decrease with distance d between the two plates, and
increase with speed v0:

f = −ηv0A/d (11)

for Newtonian fluids at small speeds, where η denotes the viscosity of the fluid, and
A denotes the area of the plates. The quantity f

A
is defined as the shear stress, and

for non-Newtonian fluids this will equal −ηv
d

.
The fluid can be seen as infinitesimally thin parallel sheets, each of thickness

dx, where each sheet will obey the no-slip condition, and the shear stress between
neighboring sheets in the z-direction can thus be described as
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f/A = −ηdvz
dx

, (12)

where dvz denotes the relative velocity of two neighboring sheets of fluid. Since all
sheets move uniformly (do not accelerate), each sheet must exert on its neighbor
above the same force as exerted on it by the neighbor below (Newton’s Law of
Motion), which translates to dvz

dx
being constant, and the shear stress experienced

by objects in moving fluids is proportional to the speed of movement. For a further
discussion of shear stress see reference [83].

The shear stress experienced by cells will cause the cell to deform, and due to
the visco-elastic nature of cells this deformation will only partly be reverse when the
speed of fluid flow approaches zero.

2.10 Osmolarity and osmotic pressure

Osmotic swelling of cells is used to deplete cell membrane reserves in some of the ex-
periments presented, in order to reduce the capability of a cell to reorient its cellular
membrane upon indentation by nanowires. Osmolarity, or osmotic concentration, is
the number of dissolved moles of ions per liter of solution, and is measured in os-
moles/liter (Osm/L). Example: 1 molar of NaCl will give 2 osmoles in water, since
each each NaCl molecule will give two ions (Na+ and Cl-), given that all of the salt
dissolves.

If two compartments of liquid are separated by a semipermeable membrane,
through which only water can pass, and a solute is added to one of the compartments,
water will move from the compartment with no solute to the compartment with
solute (and thus diluting the solute), and the extra pressure needed to stop water
from entering the compartment with solute is defined as the osmotic pressure. This
process can be viewed as an entropic process, where the entropy of the entire system
(both compartments) is maximized. If no pressure is applied to the compartment
with the solute then all water will enter this compartment. For a further discussion
of osmotic pressure, including definitions from an entropic perspective, see reference
[84].

Ions are allowed to pass cellular membranes through ion channels, in a process
under strict regulation by cells. This results in a charge separation over the cell
membrane, and both potential related to concentration difference and the electric
potential must balance at equilibrium. Cells are optimized to live with an extracel-
lular osmolarity of ∼300 mOsm/L, and reducing the osmolarity of the extracellular
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fluid will cause water to cross the cellular membrane and enter the intracellular
compartment, which causes swelling of cells.
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3 Survey of performance of published nanowire
transfection experiments

Several articles have been published on transfection mediated by arrays of nanowires,
since the first article was published in 2003 by McKnight et al. [39]. These will be
reviewed here, and this survey forms a basis for discussing results obtained with
the silica-coated cupric oxide nanowire device investigated in this project. For an
overview of the techniques used to synthesize nanowires see chapter 2.3.5. Some ex-
amples of final nanowire devices with cells, from published experiments, are provided
in figure 11.

Figure 11: A few examples of cells grown on nanowires, from published experiments. The
left image shows a mouse myeloma cell growing on vertically aligned carbon nanofibers
(scalebar is 5 µm) [39]. The middle image shows rat hippocampal neurons grown on silicon
nanowires (scale bar is 10 µm) [44], and the right image shows embryonic cortical neurons
from rats grown on platinum nanowires [51].

There are several ways to assess and compare the efficiency of nanowire-mediated
transfection. The essence of a reporter plasmid lies in the reporter plasmid con-
taining a regulatory sequence that, upon introduction to cells, provides an easily
detectable signal. A straight-forward way to assess transfection efficiency would be
to transfect cells with a reporter plasmid, and then count cells expressing this re-
porter plasmid, compared to the total number of cells. Plasmids encoding proteins
affecting phenotypes that can be assessed by fluorescent microscopy techniques, such
as the enhanced green fluorescent protein (EGFP), are commonly used in such ex-
periments, and many other varieties of reporter proteins exist [85]. A requisite is
that the plasmid interacts with the internal machinery of a cell, as the plasmid itself
can not be the source of a detectable signal; only the gene product encoded by the
plasmid will give a detectable signal.

Efficiency can also be assessed by measuring total fluorescence intensity from a
collection of cells. In knock-in experiments, i.e. experiments with reporter plasmids,
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this would then be seen as an increase in the amount of detected signal from all cells
combined. In knock-down experiments, e.g. using RNAi to knock down a gene
for a reporter protein, detected signal will decrease, and this knock-down can be
assessed at the single cell level, or for a population of cells. When the detected
signal is integrated over all cells, variation from cell to cell will affect results. Also, a
transfection efficiency of 50% could both mean that all cells have a lowered reporter
protein expression to a level of 50% of the initial value or control experiment, or that
half of the cells have a complete knock-down of expression of the reporter protein.
In the literature, both assessing transfection efficiency by measuring an integrated
response, and as a fraction of cells exhibiting the intended response, are used.

Also, delivery of fluorescent cargo is used to indicate that a given system is
suitable to enhance transfection. An important difference from reporter plasmids
is that fluorescent cargo is inherently fluorescent, and interaction with the internal
machinery of a cell is thus not required for a positive signal.

Many different techniques have been tested to permit and improve efficiency of
nanowire-mediated transfection. These can be grouped into a few categories, and a
schematic overview can be seen in figure 12:

• Experiments where cells sediment out of a solution onto nanowires, and where
gravity and cell membrane-nanowire interactions should facilitate membrane
penetration. A centrifuge could also be used to increase the sedimentation
rate.

• Experiments where a force is applied to the cell membrane-nanowire interface,
to increase the chance of membrane penetration. This could be done by de-
positing cells on a nanowire surface, and then sandwich the cells between the
nanowire surface and a supporting surface.

• Experiments where the membrane barrier is partly compromised, to increase
the likelihood of membrane penetration, e.g. by adding a membrane destabi-
lizer to the system.

These different approaches to increase the efficiency of transfection could also be
combined.

In one of the early experiments with nanowire-mediated transfection McKnight
et al. used vertically aligned carbon nanofibers (VACNFs), grown in a plasma-
enhanced vapor deposition (PECVD) process [39]. Nanowires were spaced 5 µm
apart, had a length of 6-10 µm, a tip diameter of 20-50 nm, and base diameters

42



Cells

Nanowire surface Supporting surface

Cells

Nanowire surface

Figure 12: Schematic overview of nanowire penetration of cells. In the left image cells
are in suspension, and gravitation will pull cells onto a nanowire surface, and cellular
membranes will spontaneously be penetrated. In the right image a force is applied to
the cell membrane-nanowire interface by pressing a nanowire surface against a supporting
surface, trapping cells in between.

of approximately 1 µm. 0.5-1 µL of 5-500 ng/µl of the plasmid pGreenLantern-1
was deposited on the surface and was allowed to dry, or was covalently linked to
the VACNFs. The plasmid pGreenLantern-1 encodes an enhanced green fluorescent
protein (EGFP), and if a cell is successfully transfected this will easily be seen
in fluorescence microscopy. Chinese hamster ovary (CHO) cells were centrifuged
down on the nanowire surface at 600 × g, and then, optionally, the chip was gently
pressed against a flat, wetted surface. When the pressing step was skipped, EGFP
expression was very low (<1%). With the pressing step EGFP expression could
reach ∼50% of the cells in local regions (∼1mm2). When the plasmid was covalently
linked to VACNFs, pressing gave 81, 198, 65 and 102 transfected cells on a 3x3mm2

chip (total number of cells on chip is not reported).
McKnight’s group has later published several follow-up articles [38, 86, 87, 88,

89]. In an article from 2004 [38] 50 µL of 200,000 CHO cells/ml are sandwiched be-
tween a PDMS surface and VACNFs with a yellow fluorescent protein (YFP)-plasmid
(pd2EYFP-N1) covalently attached to the VACNFs. VACNFs have diameters of 200
nm, and efficiency was <5% after 36 hours. It was found that covalently attached
plasmids are not inherited to progenitor cells. A follow-up article [87] finds that
both in vitro transcription-kits and polymerase chain reaction (PCR) enzymes are
able to access pd2EFYP-N1 plasmids covalently linked to VACNFs.

In 2008 a variant of these experiments was published by the same group [86].
VACNFs were 10-17 µm tall, with tip diameters of approximately 100 nm. CHO-
K1-cells stably transfected with a cyan fluorescent protein (CFP)-plasmid and a
TetR-plasmid are used. The TetR-plasmid represses the expression of CFP-silencing
shRNA in the absence of tetracycline. When tetracycline is added to the system
repression of CFP is inhibited. Two plasmids are delivered using VACNFs: YFP
(pd2EYFP-N1) and CFP-silencing shRNA (pCFPQuiet). YFP is used to iden-
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tify successfully transfected cells, and CFP-silencing shRNA expression can then be
tested by adding tetracycline. Of YFP-expressing cells, 53.1%±10.4% could also be
successfully silenced by the inducible CFP-silencing shRNA, which means that cells
that were transfected with YFP would have a ∼50% probability of also being trans-
fected with the other plasmid (co-transfection). In the same article it is referred to
an experiment where two plasmids, pd2EYFP-N1 and pd2ECFP-N1, are simulta-
neously delivered to cells, with an efficiency of 76.7%±3.9% for co-delivery of both
plasmids to the total number of impalefected cells, but data for this experiment is
not included in the article. Also, the term ’impalefected cells’ is ambiguous: Is it the
number of successfully transfected cells in an impalefection experiment, identified
by the cells expressing either one of the two plasmids delivered, or the total number
of cells subjected to an impalefection experiment (including both transfected cells
and non-transfected cells)?

A later article pertaining to transfection of plasmids using the VACNF delivery
system was published in 2009 [88], where immobilized and releasable DNA was com-
pared. In this article nanofibers have a length of 15 µm, a tip diameter of 250 nm, and
base diameters of 0.8-1.0 µm. A cell pellet is formed, and the nanowire surface is gen-
tly pressed against this pellet. The plasmid pd2EYFP-N1 is delivered to cells, and
with 20 replicates they are able to obtain YFP-expression in 75.8±55.7 cells/mm2

when using a cleavable linker (3-[2-aminoethyl]-dithio)propionic acid (AEDP)), and
73.2±55.6 cells/mm2 when using thiol-modified dsDNA (17 replicates). The density
of cells in this experiment is unknown, and therefore the proportion of successfully
transfected cells is also unknown. Since cells are transferred to the nanowire sur-
face by pressing the nanowire surface against a cell pellet this suggests that the cell
density is indeed high, and thus the transfection efficiency low.

In the last article by McKnight et al. [89] a similar setup with VACNF are used,
but now with the nanowires protruding from a transparent PDMS membrane. A
cell pellet was formed, deposited on a concave glass surface, and a nanowire surface
(5x5 mm2) was pressed against the glass surface. The transfection efficiency is not
quantified, but described as ’low’2, and it is suggested that many cells were first
transfected, but that many of these are lost due to poor adherence to the substrate.

Kim et al. have interfaced silicon nanowires with mouse embryonic stems cells
(mES) and human embryonic kidney cells (HEK293T) [43]. Cells are cultivated on
the nanowire surface, and penetration of SiNW into individual cells is thought to

2Original author’s expression
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happen spontaneously. The nanowires have lengths of 3-6 µm and diameters of ∼30,
90 and 400 nm. Each cell is on average pierced by 2-3 nanowires. Cell viability on
nanowires with a diameter of 400 nm was low. 2 µg of plasmid DNA (0.2 µg/µL)
encoding GFP under the cytomegalovirus promoter was deposited on the nanowire
surface, and then HEK293T cells were cultured on top. After one day some cells
express GFP (<1%).

Shalek et al. have also used silicon nanowires to deliver plasmids and fluo-
rescently labeled biomolecules [44, 90], and in both papers many experiments are
presented. Here only some of the results pertaining transfection and biomolecule de-
livery will be addressed. Synthesis of the wires is described in a paper by Hochbaum
et al. [45], and nanowires have controllable dimensions, with a smallest average di-
ameter of 39 nm, and an areal density of 0.1-1.8 nanowires/µm2. In the second
paper dimensions are optimized for different immune cells, with lengths typically in
the range 1-3 µm, diameter <150 nm, and areal density 0.15-1 nanowire/µm2, and
as a general rule it was found that areal nanowire density and, to a lesser extent,
diameter needed to be scaled to the size of the cell type investigated.

In the first paper by Shalek et al. [44] a comparison between cells grown on
nanowire surfaces, with fluorescently labeled cargo adhered to the nanowire surface,
is compared to flat silicon surfaces without any cargo, but with fluorescently labeled
cargo added to the culture medium at two time-points. Adding cargo to the solu-
tion does not favor delivery. A variant of this experiment, with two fluorophores
used in the same experiment, was also done, where one of the fluorescently labeled
cargos would be associated with the surface, and the other cargo would be added
to the solution. In this instance only the fluorescently labeled cargo adhered to the
nanowire surface would be delivered, and if both types of fluorescently labeled cargo
were associated with nanowire surfaces, both would be delivered to cells. However,
the delivery seen on nanowire surfaces could be a surface effect, and a compari-
son with flat silicon surfaces, with cargo adhered to the surface similarly as for the
nanowires, could have been compared to elucidate the effect of nanowires. Also,
showing delivery of fluorescent cargo to the cell’s interior does not necessarily mean
that the cellular membrane was breached, as the cargo inside a cell could be iso-
lated from the cytoplasm and/or nucleus, e.g. in endosomes. A plasmid that has
to be transcribed and translated into a fluorescent reporter protein would indicate
that the cargo reaches the cellular machinery (however, this experiment would not
distinguish between cargo that directly enters the cytoplasm, and cargo that enters
a cell through endocytosis and subsequently escapes the endosome). In the supple-
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mentary information for the same paper by Shalek et al. a comparison of nanowire
and flat silicon surfaces coated with siRNA directed against vimentin is done, and
in this experiment the flat silicon surface performs much worse than the nanowire
surface, indicating that nanowires could deliver siRNA more efficiently than a flat
surface. The proportion of cells where siRNA was successfully delivered is however
not reported.

In the second paper by Shalek et. al [90] fluorescently labeled biomolecule de-
livery was again investigated, and it was found that biomolecules were delivered to
’nearly every cell’3. siRNAs targeting RNAi was also delivered, and it was found
that nanowires were able to reduce levels of targeted mRNA >69%. However, no
comparison was done with siRNA delivered from a flat but otherwise chemically
similar surface.

Two papers, by Peer et al. [91] and Park et al. [92], use one-dimensional, hollow
nanostructures to deliver biomolecules to cells. In the paper by Park et al. carbon
nanosyringes coated with an amphiphilic polymer are used to deliver both plasmid
(pEGFP) and quantum dots to fibroblast cells (NIH3T3) and human mesenchymal
stem cells (MSC), and green fluorescence intensity and expression was 30% and
34% for the two cell lines respectively, as opposed to 57% and 42% respectively
for a commercial non-viral gene delivery vector (Lipofectamine 2000). The same
surface chemistry without nanosyringes was however not tested, so the effect of the
nanosyringes is unknown. Also, it is not specified if the percentages relate to the
proportion of transfected cells, or the combined intensity of EGFP expression for all
cells. For the delivery of inherently fluorescent cargo (quantum dots), uptake was
seen in ’many cells’4. Cells were seeded on the nanosyringes, with no external force
favoring penetration.

In a more recent paper, by Peer et al. [91], hollow silica nanoneedles are used
to deliver biomolecules to HEK293 and NIH3T3 cells, where cargo is loaded in a
reservoir separated from the cells by a membrane with hollow silica nanoneedles.
Cells are cultured on the nanoneedle array, with no external force to facilitate pene-
tration. A membrane permeation promoter, saponin, is added to the reservoir when
biomolecules are administered, at a concentration of 3 µg/mL. With this setup flu-
orescently tagged dextran is delivered to 70%±15% of cells in direct contact with
nanoneedles that are again in direct contact with the reservoir. Increasing the con-
centration of saponin to 4 µg/mL gives uptake in a higher proportion of cells, but

3Original author’s expression
4Original author’s expression
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also causes uptake in cells not in contact with the reservoir. A control experiment is
done with a flat silicon surface, where no uptake is seen. However, it is not specified
whether saponin was administered or not in the control experiment, so how much
of the delivery that can be attributed to the membrane destabilizer is unknown
(saponin has previously been implicated in enhancing cellular uptake of chemicals
[93]). A plasmid encoding red fluorescent protein (plsRes2-RFP-dsExpress) was also
added to the reservoir, together with saponin, and ’most of the cells’5 that grew on
nanoneedles in direct contact with the reservoir exhibited red fluorescence. Some
RFP-expressing cells were also seen in other areas where nanoneedles were not in
contact with the reservoir, either indicating uptake of naked plasmid, or migration
of transfected cells.

A summary of these articles is presented in table 1, which includes method,
biomolecule, how delivery was assessed, and results.

5Original author’s expression
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In published experiments, few comparisons between nanowire surfaces and flat
surfaces, which are similar to the nanowire surfaces in all other respects than the
nanowires themselves, have been done. Figure 13 illustrates the setup that should
be used in comparing nanowire setups seen in figure 12, where all experimental
parameters should be the same for the nanowire experiment and the flat control
experiment, except for the presence of nanowires.

Cells

Flat surface Supporting surface

Cells

Flat surface

Figure 13: Schematic overview of control experiments for nanowire-mediated transfected.
A proper control experiment for nanowire-mediated transfection experiments should keep
all parameters identical except for the presence of nanowires. In the left image cells are in
suspension, and gravitation will pull cells onto a flat surface which is chemically similar
to the surface seen in the left part of figure 12. In the right image a force is applied to the
cell membrane-flat surface interface by pressing a flat surface against a supporting surface,
similarly to what is seen in the right part of figure 12.

Only one paper, by Shalek et al. [44], compare uptake of molecules that affect
the phenotype (siRNA knockdown in this case) of a cell on nanowires versus flat
surfaces, but unfortunately do not provide information on the proportion of cells
transfected. One paper, by Peer et al. [91], where delivery of biomolecules to
cells using nanoneedles was investigated, also compare nanoneedle surfaces with flat
silicon surfaces, but don’t specify whether the control experiment was identical in
all other respects than the presence of nanoneedles, i.e. if they add the membrane
destabilizer to the control experiment or not. Also this comparison is only done for
fluorescently labeled biomolecules, and not with setups where delivered molecules
must interact with the internal machinery of a cell.

Articles describing nanowire devices that give numbers of successfully transfected
cells as a proportion of all cells all have low transfection efficiencies. Furthermore,
it is often difficult to dissect the the true meaning of numbers published in the
literature, as key parameters are often not reported, such as in experiments where
the number of successfully transfected cells per area are reported, without reporting
the total density of cells. In summary, published experiments on nanowire-mediated
transfection should include:

• Proper controls: Identical control experiments, with flat surfaces that are
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chemically identical to the nanowire surfaces, apart from the nanowires them-
selves, should be used for comparison to transfection mediated by nanowires.

• Transfection effectivity assessment: Number of transfected cells should be
given as well as the total number of cells, to indicate what proportion of
cell subjected to a transfection experiment are successfully transfected.

• Functional molecules: Delivery of functional reporter molecules that cannot
diffuse over cellular membranes, and which must interact with the internal
machinery of a cell to be detectable, should be be used to assess positive
delivery, since the delivery of functional molecules is the overarching goal in
transfection experiments. Labeled molecules give a positive signal even if it is
isolated from the internal machinery.
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4 Method

4.1 Nanowire synthesis

The procedure to synthesize nanowires is adopted from Mumm et al [95], and is
summarized in figure 14. Cupric oxide nanowires are grown by thermal oxidation
of copper foils. For cleaning the copper foil (25 µm, 99,98% purity, Sigma Aldrich)
before thermal oxidation, the foil was ultrasonicated in 2M HCl (Merck Chemicals,
Germany), deionized water, acetone, and 96% ethanol. The foil was then dried
using Kimtech wipe pads, and bent around a glass slide. Thermal oxidation was
done by heating the sample (Carbolite CWF1200 oven) to 450 °C for 4 hours if
relative humidity was above 55%, or 5 hours for lower relative humidity.

The sample was then processed at the NTNU NanoLab facilities. SU-8 2 (Mi-
croChem) photoresist was spun onto the sample at 5000 rpm for 90 s, and the sample
then baked in a two-step process, first at 65 °C for 1 minute and then, after ramp-
ing the temperature, at 95 °C for 1 minute. The SU-8 2 was then exposed to an
I-line (365 nm) mercury source at an energy density of 300 mJ/cm2 for 30 s (Karl
Suss MJB3 Mask Aligner). The sample was then post-exposure baked in a two-step
process, first at 65 °C for 1 minute, and then, after ramping the temperature, at 95
°C for 1 minute.

After SU-8 processing the sample was plasma cleaned6 using O2 at a pressure of
0.04 mbar at 50W for 1 minute.

The sample was then sputter-coated with 30 nm SiOx (Cressington 308R DC-
magnetron sputter coater) at 0.01 mbar and a current of 80mA. The thickness of
SiOx was measured by a quartz crystal thickness monitor (Cressington MTM-10
thickness measurement system).

A solution of poly(dimethylsiloxane) (PDMS) (Sylgaard 184, Dow Corning) was
made and dissolved to a concentration of 10% in tert-butanol, and then spun on
the sample at 6000 rpm for 90 s. The sample was then plasma cleaned using O2

at a pressure of 0.04 mbar at 50W for 12 s. SU-8 2 (MicroChem) photoresist was
spun onto the sample at 3000 rpm for 90 s, and the sample then baked in a two-step
process and the SU-8 exposed to an I-line mercury source, as described above. A
new plasma cleaning step was performed at 100W for 5 minutes in an O2 atmosphere

6Plasma cleaning introduces highly reactive oxygen species to the surface, which both removes
organic compounds (CXHY by the formation of CO2 and H2O) and modifies surface chemistry
by introducing oxygen-containing groups such as hydroxy-groups to polymers, which gives a very
hydrophilic surface.
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of 0.08 mbar. CrystalBond 555, a water-soluble wax, was then heated to 95 °C and
applied to the surface, to protect the nanowires protruding from the surface, and to
help separating the nanowires from the copper foil. The sample was allowed to cool
for 10 minutes before proceeding. Separation at the correct interface is observed in
a light microscope.

The sample was glued to glass slide surfaces or 8-well Ibidi µ-slides using standard
PDMS, and the sample cured over night at 45 °C. Before functionalizing the surface
the wax was removed by immersing the sample in deionized water at 65 °C for 10
minutes with light stirring. Then the sample was rinsed in fresh deionized water at
65 °C and dried.

The nanowire surface was then functionalized using fresh 1% (3-trimethoxysilylpropyl)
diethylenetriamine (DETA), which was applied to the surface for 10 minutes, before
the sample was rinsed in deionized water, and then subsequently in 96% ethanol for
5 minutes. The sample was then dried.

A large batch of nanowire devices was created by the start of the master the-
sis project, and samples from this batch was used over a period of three months.
Nanowire samples were plasma-cleaned and silanized immediately before cells were
grown on the samples, due to an aging effect of the surface, as described in the
results section.

The nanowires were optionally labeled using Alexa 633 (Invitrogen). If a trans-
fection experiment was to be conducted, the nanowires were not labeled using Alexa
633.

4.2 Cell cultivation

4.2.1 Cultivation of HeLa cells

HeLa cells were grown in Dulbecco’s modified Eagle’s medium (DMEM) with 4.5
g/l glucose, 10% fetal bovine serum, 1% minimum essential medium non-essential
amino acids, and 0.5% L-glutamate. The cell culture was splitted and regrown in
a new flask at 70-90% confluence, typically twice per week. To detach cells from
the flask surface growth medium was aspirated, and trypsin/EDTA (0.25%/0.02%)
was added to the cells for 2-3 minutes. Trypsination was halted by adding DMEM
to the solution, and a cell pellet formed by centrifugation of the cells at 1500 rpm
for 5 minutes. The the supernatant was removed and a fraction of the cells were
resuspended in fresh medium. For T25-flasks 500,000 cells were suspended in 5 ml
of fresh medium, and for T75-flasks 2 million cells were suspended in 15 ml of fresh
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Figure 14: A schematic overview of the synthesis of nanowire devices. First CuO
nanowires are grown from a copper foil by thermal oxidation. A layer of the photore-
sist SU-8 is spun on the foil, burying small nanowires, as well as some longer wires, and
thus reducing the areal density of nanowires on the surface. After plasma cleaning a thin
layer of SiOx is sputtered on to the nanowire surface, as well as PDMS, and a second layer
of SU-8. Nanowires protruding from the second layer of SU-8 are embedded in wax, and
will be part of the final device, whereas the PDMS layer helps separating the SU-8 mem-
brane with nanowires in wax from the copper foil. After separation the SU-8 membrane
with nanowires is attached to a glass surface by PDMS. The figure is modified from [95].
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medium.

4.2.2 Cultivation of AR42J cells

AR42J [96] (ATCC number CRL-1492) (rat pancreatic acinar cell derived, ATCC,
Rockville, MD) were grown in Dulbecco’s modified Eagle’s medium (DMEM) with
4.5 g/l glucose (Invitrogen, Carlsbad, CA), 15% fetal calf serum (FCS) (Euroclone
Ltd, Devon, UK), 1 mM sodium pyruvate, 0.1 mg/ml L-glutamine (Invitrogen),
100 U/ml penicillin/streptomycin (Invitrogen), 1 µg/ml fungizone (Invitrogen) and
puromycin 2 µg/ml.

AR42J cells used in this work has been stably transfected using a retrovirus to
express a Puromycin resistance gene and GFP, encoded by the plasmid pMSCV-
Puro2A-GFP-Empty. The plasmid is called “Empty” because it does not contain
any shRNA, and was made as a control cell line for other shRNA-expressing clones.
When included, the shRNA is directed against a specific cellular protein transcript,
and GFP is used to validate that the cell is indeed transfected with the GFP/shRNA-
containing plasmid. These cells were provided by dr. Tonje Strømmen Steigedal at
the Department of Molecular Medicine and Cancer Research, NTNU, and cultured
in the cell laboratory at the physics department, NTNU.

4.3 Cell growth experiments

Nanowire surfaces were glued to glass slides or 8-well Ibidi µ-slides, as described
above. The sample was cleaned using 70 % ethanol when brought to the cell lab
ventilation chambers, and then allowed to dry completely. A cell suspension with
known concentration of cells was then deposited either directly on the nanowire
surface, or added to the suspension in which the nanowire surface was immersed,
depending on the type of experiment conducted. Growth medium was added to the
well according to instructions, and the cells were incubated at 5 % CO2 and 100%
humidity.

4.4 Experiments with cells exposed to hypotonic environ-
ments

For some of the experiments cells were exposed to hypotonic environments, causing
osmotic swelling of the cell with the intention of reducing membrane reserves, and
possibly to cause distension of the cellular membrane. Two buffers were tested, one
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at 50% hypotonicity (∼150 mOsm/L), and one at 98% hypotonicity (∼6 mOsm/L).
The buffers were made based on reference [97], with the 50% hypotonicity buffer con-
taining 1mM CaCl2, 1mM MgCl2, 10 mM glucose, 20 mM HEPES (4-(2-hydroxyethyl)-
1-piperazineethanesulfonic acid), 10 mM KCl, and 58,5 mM NaCl. The 98% hypo-
tonicity buffer consisted of 1 mM CaCl2 and 1 mM MgCl2. Exocytosis was blocked
by keeping the buffer at a temperature <10°C. Cell swelling by hypotonic buffers
at 10°C can typically cause four-fold volume increases[97]. At maximal swelling the
lipid bilayer can be stretched by 3% to give an additional volume increase before
the membrane ruptures [97].

4.5 Delivery of fluorescently labeled plasmids

YOYO-1-labeled plasmids (pcDNA) were used in investigations of nanowire-mediated
uptake of biomolecules. YOYO-1 has en excitation wavelength of 491 nm, and an
emission peak of 509 nm. A droplet of labeled pcDNA plasmid was added to the
surface investigated, and allowed to dry completely before cells were added. The
sample with cells was then placed in a 24-well plate in a growth chamber. Both
imaging of cells directly on top of surfaces with adsorbed YOYO-labeled plasmid
and imaging of cells that were trypsinated, resuspended and grown on a new glass
slide, were tested. When cells were trypsinated, medium was aspirated, 0.5 ml of
PBS was used to wash cells, and cells were immersed in 0.5 ml of trypsin for 5 min-
utes, until detachment was observed in an optical microscope. 1 ml of medium was
then added to stop trypsination, and medium and trypsin was mixed in a pipette
to loosen all cells. Cells were then centrifuged to form a pellet, the cells deposited
on a new cover glass, and then placed in an incubator for 1 day before imaging.
This experiment was repeated three times, with slight variations from experiment
to experiment. In the first experiment 20 µL of labeled plasmid at a concentration
of 100 ng/µL was used (2 µg in total). In the second experiment 10 µL of labeled
plasmid at a concentration of 550 ng/µL was used (5.5 µg in total). In the last ex-
periment 5.5 µg labeled plasmid was again used, but this time cells were deposited
in a 10 µL droplet on top of the deposited plasmid for 60 minutes, before the rest
of the medium was added to the well, whereas for the first to experiments medium
was added to the well just after depositing the cells. The reason for using 5.5 µg
labeled plasmid per experiment was that this amount has been used by other groups
showing uptake of plasmid [44], and the reason for depositing a high-concentration
droplet and then let it settle for 60 minutes was also done because this has been
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used by other groups7.
A stack of images with focal planes spaced 0.40 µm apart was recorded with

confocal laser-scanning microscopy from an area of 246x246 µm2, covering approx-
imately 50-150 cells. The presence or absence of fluorescent spots in each cell was
registered, and cells initially grown on nanowires and silanized glass were compared.

It was also investigated whether nanowires affect the number of fluorescent spots
seen per cell. First a maximum intensity projection was created from the stack of
images recorded for an area. For one of the areas imaged two cells were evenly
fluorescent, and these were excluded from further analysis. The same intensity cut-
off value was then used for all experiments, to exclude fluorescence intensity below
a certain value (a numerical value of 46 was used as a threshold, where intensity
is represented by a numerical value in the range 0-255). This cut-off value was
chosen by finding a value that preserved most of the clearly bright spots, while not
including the faint background fluorescence that was also recorded. In addition all
spots with a size smaller than 4 pixels (or equivalently smaller than 0.23 µm2) were
excluded from further analysis. The particle analyzer of ImageJ was then used to
count the number of spots for the entire slide, and the optical images were used to
manually count the number of cells per slide. A smallest size of 9 pixels was also
used, which excluded even more spots, but with the same overall trends observed,
which are presented in the results section.

4.6 siRNA transfection experiments

Nanowire surfaces were glued to 8-well Ibidi µ-slides, as described above. The sample
was cleaned using 70 % ethanol when brought to the cell lab ventilation chambers,
and then allowed to dry completely. An siRNA solution was then made at the
PDMS surface directly, for a total volume of 20-40 µ l, depending on surface area.
First the correct volume of pure medium (without serum) was applied as a droplet
to the surface, and then the corresponding volume of siRNA was applied by inject-
ing the siRNA solution in the droplet on the nanowire surface. siRNA solutions
were annealed at concentrations 50 µM. The amount adsorbed to the PDMS and
nanowire surface was estimated in ng/µl (as done in similar experiments using re-
verse transfected cell arrays, as in references [18] and [14]), and a concentration of 50
ng/µl was used. The siRNAs used contain 22 base-pairs, and a molecular weight of

7Communication between Alex Shalek (Department of Chemistry and Chemical Biology, Har-
vard University) and Florian Mumm (our group)
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14.000 g/mol (14 µg/nmol) was used for calculating the amount of annealed siRNA
solution needed.

Example: To apply 50 ng/µl siRNA to a surface that needs 40 µl solution for
covering the entire surface, one needs 50 ng/µl × 40 µl = 2000 ng = 2 µg siRNA.
The siRNA was annealed at a concentration of 50 µM, and one therefore needs 2.9
µl of this solution, as shown in equation 13, and the remainder of the droplet as
serum-free medium. 37.1 µl of serum-free medium would first be applied to the
surface, and then 2.9 µl of 50 µM siRNA would be injected into the droplet on the
surface. The droplet was then allowed to dry completely, before cells were grown on
the surface, as described above.

V = n

c
= m

c×Mm
= 2× 10−6g

50× 10−6M × 14000g/mol = 2.9× 10−6l = 2.9µl (13)

where c is concentration, n is number of moles, V is volume, m is mass and Mm is
molar mass.

4.6.1 siRNA

Synthetic siRNA specific to EGFP (siEGFP): sense, 5’-GCAAGCUGACCCU
GAAGUUCAU-3’; antisense, 5’-GAACUUCAGGGUCAGCUUGCCG-3’ [16]. Con-
trol siRNA targeting CAT (chloramphenicol acetyl transferase) (siCAT): sense, 5’-
GAGUGAAUACCACGACGAUUUC-3’; antisense, 5’-AAUCGUCG
UGGUAUUCACUCCA-3’ [16]. siEGFP and siCAT were obtained from the labora-
tory at The Department of Cancer Research and Molecular Medicine at NTNU, who
obtained them from The Biotechnology Center, University of Oslo [98, 99]. Both
siEGFP and siCAT were already annealed at concentrations 50 µM.

Using Sci Ed Central from Clone Manager Professional Suite v6.0, the presence
of matching siEGFP target sequences in the EGFP plasmid expressed by AR42J
cells was confirmed. The siEGFP and siCAT has been used in a previous study at
NTNU against a HEK293 cell line transiently transfected with the plasmid pEGFP-
N1 (BD Bioscience Clontech) [18], and using Clone it was also confirmed that the
EGFP encoded by the plasmid pEGFP-N1 was indeed the same EGFP as expressed
by the AR42J cell line stably transfected with the plasmid pMSCV-Puro2A-EGFP-
Empty.
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4.6.2 Transfection experiment with patterned surfaces

The aim of the first transfection experiment was to assess whether nanowires give a
better transfection efficiency than a flat SU-8 surface when cells sediment onto the
nanowires. To test this a patterned surface was used, with nanowires confined to
some areas. Plasmid transfection in a similar scenario has been investigated, but
with discouraging results (<1% efficiency). To test whether gravitational forces are
enough to penetrate only the cellular membrane, and not the nuclear membrane,
siRNA transfection was attempted with an siRNA knocking down a fluorescent
reporter protein. A dummy siRNA, siCAT, was also included to elucidate any
general siRNA effect. Nanowire surfaces were glued to the bottom of 8-well Ibidi µ-
slides. Based on previous experiments [9] droplets of siRNA solution with a volume
of 20-40 µl and a concentration of 50 ng/µl was first deposited on the nanowire
surface, and then allowed to dry completely. The exact amount of siRNA solution
deposited varied from well to well, to ensure that the entire SU-8 surface was covered
in solution. Cells were then deposited on top of the adsorbed siRNA at a seeding
density of 20.000 cells per well, and growth medium was added to a total volume of
300 µl per well. Cells were then cultivated in a growth chamber, as described above.
Fluorescence from wells were recorded at 48h and 72h after transfection.

4.7 Plasmid transfection experiments

Nanowire surfaces were glued to glass slides or 8-well Ibidi µ-slides, as described
above. The sample was cleaned using 70% ethanol when brought to the cell lab
ventilation chambers, and then allowed to dry completely. Plasmids in solution were
then deposited as a droplet on the nanowire surface, typically 20-40 µl depending
on the size of the surface, at a concentration of 100 ng/µl, and allowed to dry
completely. Cells and growth medium were then deposited on the surface.

4.7.1 DNA adsorption on nanowire surfaces

DNA adsorption to nanowire surfaces was studied using fluorescently labeled plas-
mids. 100 ng/µl plasmid was applied to the nanowire surface, typically 20-40 µL per
surface, and allowed to dry completely. Samples were then investigated using con-
focal scanning microscopy, and both dried surfaces and surfaces immersed in warm
PBS (37 °C) were imaged.
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4.7.2 Sedimenting method

The cell sedimentation method for nanowire-mediated transfection is based on grav-
itational forces pulling cells towards a nanowire surface immersed in growth medium
or buffer. When a cell meets the nanowires protruding from the SU-8 surface grav-
itational forces will further pull the cell towards the surface, hopefully with forces
strong enough to penetrate the cellular membrane.

4.7.3 Tapping method

The tapping method is based on the nanowire transfection method described by
McKnight and Mann [38, 86], where the nanowire surface is placed face-down on
cells deposited on a piece of cleanroom paper, and the nanowire surface then tapped
with a sterilized tweezer to increase the force of penetration. This approach to
perforate cellular membranes is illustrated in figure 15.

Glass slide
Cell pellet

Nanowire surface

Tweezer

Transfer

Figure 15: A schematic overview of the tapping method, where cells are deposited on
a glass slide or a piece of cleanroom paper, and a nanowire surface is placed on top of
the cells, with the nanowire surface facing the cells. A sterilized tweezer is used to tap
nanowire surface, and upon contact with the cell pellet cells will be transferred to the
nanowire surface. Cells that are transferred to the nanowire surface are thought to be
perforated by nanowires when force is applied by tapping the surface. Both cells on the
nanowire surface and cells on the supporting surface can then be cultured and checked for
positive transfection of a reporter protein.

The cleanroom paper was sterilized in 70% ethanol in the cell ventilation cham-
ber, and allowed to dry completely. Then 5x5 to 10x10 mm2 pieces were cut out
using sterilized scissors. Cells in suspension were prepared at a concentration of 2
million cells/ml. 100 µl of the cell suspension was gently applied to the cleanroom
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wipe, and allowed to settle for 2 minutes. Then the nanowire surface was placed
face-down on the cleanroom wipe, and tapped using a tweezer. The nanowire surface
was then placed either face-up or face-down in a growth chamber with cell medium.

More recent papers from the same group [88, 89] was also used as a starting point,
where cells were grown in large amounts, a cell pellet was formed, and the cell pellet
was then deposited on a concave or flat glass surface, instead of a cleanroom wipe.
The nanowire surface was then placed face-down on the cell pellet, and tapped using
a tweezer. Both glass slides and flat SU-8 surfaces were used as controls.

It was also tested whether the tapping method could be applied to cells that
had grown on a glass slide for one day. This experiments allows better control
of number of cells that are tapped, since the seeding concentration is known, and
50,000 HeLa cells/cm2 were used in this experiment. Two glass slides, two flat SU-8
surfaces and two nanowire surfaces were used, and all surfaces were silanized to
ensure similar chemical surface properties. The SU-8 surfaces were prepared to have
a comparable surface to the nanowire surface, both in terms of size, and to have a
slight elevation from the supporting glass slide, as is the case for nanowire surfaces.
After sterilization a droplet of 20 µL EGFP plasmid at a concentration of 100 ng/µL
was deposited onto the surface and allowed to dry completely. After growing the
cells on a glass slide for one day medium was aspirated, the surface with plasmid
placed face-down on top of the cells, and tapped with a sterilized tweezer. Medium
was immediately added, and the two surfaces where separated after 15 minutes, and
both the supporting glass surface and the nanowire and control surfaces were then
placed in a cultivation chamber for one day before the surfaces were investigated for
successfully transfected cells.

4.7.4 Centrifugation method

The centrifugation method is based on the inertia of cells being slightly higher than
the surrounding media, which allows centrifugation of cells onto a nanowire surface
placed on the bottom of a centrifugation tube. This setup is illustrated in figure 16.

Two centrifuges were used in these experiments: Megafuge 1.0 (Tamro MedLab
AS), which is used as a cell lab centrifuge with a maximal speed of 4000 rpm,
and the ultracentrifuge Avanti J-30I High-Performance Centrifuge System (Beckman
Coulter), with a maximum speed of 30,000 rpm.

Cell Megafuge 1.0
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Figure 16: A schematic overview of the centrifugation method. A nanowire surface is
placed on the bottom of a centrifuge tube (the plane furthest away from the center of
rotation), and cells in suspension will then sediment down on the nanowire surface when
the centrifuge is rotating. In this figure the center of rotation lies to the right of the tube,
and the arrow indicates the direction cells will travel when the centrifuge is rotating. The
ultracentrifuge used in some of the experiments has a fixed angle rotor, and for those
experiments the nanowire surface was tilted, so that the nanowire surface would stay
perpendicular to the direction of cell sedimentation, as described in the text.

For the Megafuge 1.0 centrifuge cells were added to growth medium or hypotonic
buffers deposited in wells in a 24-well plate, with nanowire surfaces at the bottom
of the well. The radius of this centrifuge was 15 cm at the nanowire surface, which
means that the relative centrifugal forces can reach 2680 × g (see equation 3). If it
is assumed that each cell is impaled by ten nanowires, the volume of a cell on top of
a single nanowire would be one tenth of the entire volume, which corresponds to a
threshold relative centrifugal force of 5280 × g, based on force measurements from
AFM experiments. The areal density of nanowires on a nanowire surface is however
randomly distributed, and it can be assumed that some cells will only be impaled
by 1-2 nanowires, which could allow a low, but significantly increased, transfection
efficiency even in a centrifuge with a maximum RCF of 2680 × g.

For all Megafuge 1.0 centrifuge experiments cells were centrifuged down on
nanowires located at the bottom of a well in 24-well plates with 1 ml of medium
(37°C) or buffer (0°C). 100,000 cells were deposited as a 50 µL droplet, slightly
decreasing the hypotonicity of the buffers used. The centrifuge was then run for
5 minutes at 4000 RPM. Buffer or medium was immediately exchanged for warm
medium and the well-plate was incubated in a growth chamber for two days before
the samples were investigated for expression of EGFP. Hypotonic buffers were used
to deplete cell membrane reserves, and possibly also to distend the cellular mem-

61



brane, which could decrease the force barrier. Also the buffers were kept on ice
until the experiment was run, to ensure that buffers were close to 0°C when the
experiment was run. Exocytosis is inhibited in cool surrounding, and this could
reduce the ability of a cell to reorient its cellular membrane when it interacts with
nanowires, thus hopefully increasing the probability of penetration.

The Avanti J-30I centrifuge
The Avanti J-30I centrifuge was used together with the fixed-angle rotor JA-30.50 Ti
and 50 mL polycarbonate tubes with lid. The polycarbonate tubes were filled with
PDMS and cured at an angle of 42° to give an almost perpendicular surface when
used in the rotor JA-30.50 Ti with a fixed angle of 56°, giving a surface that is tilted
5° outwards from a perpendicular line through the axis of rotation. PDMS surface
area would then be 6.8 cm2. The glass slide with nanowire surface was placed on
the PDMS surface, growth medium added to the tube, and cells deposited in the
solution. Typically 500,000 cells were deposited, which gives a seeding density of
73,000 cells/cm2. After centrifugation the medium was aspirated, and the sample
was then incubated in a 24-well plate with new medium. Between each experiment
the polycarbonate tube was washed with 3-5 mL of PBS, and at the end of a series
of experiments the tube was sterilized with 70% ethanol.

For the first series of experiments, where relative centrifugal forces less than
50,000 × g where tested, the PDMS surface in the polycarbonate tube was 6.0
cm from the center of rotation. For relative centrifugal forces up to 88,500 × g
another set of PDMS-filled polycarbonate tubes were used, with the nanowire surface
positioned 8.8 cm from the axis of rotation. The JA-30.50 Ti can be used up to
30,000 rpm (108,860 × g at bottom of tube).

4.8 Confocal laser-scanning microscopy

A Leica TCS SP5 confocal microscope was used for all imaging, and all image
recording was done using the software application Leica Application Suite - Ad-
vanced Fluorescence, version 2.5.1.6757. For imaging fluorescence from EGFP the
Argon laser was used, which has a peak excitation wavelength of 488 nm. Leica
HyD detectors were used to detect signal, and the signal was filtered to only allow
detection of wavelengths in the range 500-550 nm. For imaging fluorescence from
Calcein Red, with a peak excitation wavelength of 577 nm, a 561 nm DPSS laser
was used, and the signal was filtered to only allow detection of wavelengths in the
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range 580-630 nm. Some cross-talk was seen where the 488 nm laser would also
excite Calcein Red (the 561 nm laser was however not able to excite EGFP). Laser
power was adjusted so that autofluorescence was low, and fluorescent cells were
easily distinguished from autofluorescence.

A single image or a stack of images is taken for each well, covering as much of
the SU-8 surface as possible for the overview experiments, where total number of
transfected cells is the most interesting result.

4.9 Assessing transfection efficiency on patterned surfaces

4.9.1 siRNA transfection experiments

ImageJ is used for assessing siRNA transfection efficiency, based on measuring re-
duced fluorescent signal from cells grown on lanes of nanowires compared to cells
grown on lanes of SU-8 (between the lanes of nanowires). The stack of images
recorded is converted to a single image where each pixel is the sum of all corre-
sponding pixel intensities in the slices. The area for measurement is outlined using
the optical image, as the difference between the lanes is easily distinguished, see
figure 17.

Figure 17: The lanes on patterned surfaces are easily distinguished in optically recorded
images.

For each well a series of such lanes will be imaged, typically 12 to 13 lanes of
alternating nanowire/SU-8 surfaces. Total fluorescence from an area covering al-
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most the entire lane is measured, and for each well 12-13 measurements will be
done, one for each lane. Total fluorescence intensity should then decrease for areas
covering siEGFP covered nanowires, compared to cells growing on siEGFP without
nanowires. Control experiments using dummy siRNA was also done in order to con-
trol for any other nanowire-mediated effects affecting fluorescence, as cytotoxicity.

4.9.2 Plasmid transfection experiments

Plasmid transfection efficiency is assessed first by a qualitative impression of ef-
ficiency, and if needed by estimating the number of successfully transfected cells,
either by counting each cell for samples where only a few cells are successfully trans-
fected, or, for samples where many cells are transfected, by counting the number of
successfully transfected cells in a smaller area of the sample, and then calculating
the proportion of successfully transfected cells by dividing the number of success-
fully transfected cells to all cells. Typically, samples with over 300 transfected cells
on a slide were considered to have too many cells to count all cells, and instead only
a smaller yet representative area would be investigated.

4.10 Fluorescence spectroscopy

To measure DNA release after adsorption to nanowire surfaces, DNA was complexed
with the fluorescent intercalator YOYO-1. Five samples with known concentrations
were prepared: 2000 ng in 2 ml PBS, 1000 ng in 2 ml PBS, 200 ng in 2 ml PBS and
20 ng in 2 ml PBS, and pure PBS, and the fluorescence emittance from these samples
were measured with a fluorospectrophotometer, see figure 18. The maximum con-
centration corresponds to the amount of DNA normally adsorbed to the nanowire
surface (20 µL of plasmid solution, at a concentration of 100 ng/µL). YOYO-1 has
an excitation peak of 491 nm, and an emission peak of 509 nm. When DNA desorbs
from the surface, both DNA desorbing from nanowires and the supporting surface
will contribute to the DNA concentration in solution.

The Olis DSM 1000 CD Spectrophotometer was used to measure the concen-
tration of fluorescently labeled DNA in a solution. A mercury lamp was used, and
the excitation wavelength was set to 491 nm using the accompanying software Olis
SpectralWorks version 4.3. A spectrum was recorded from a pure PBS solution,
where the detected peak corresponds to the excitation peak, indicating that the ex-
citation light was scattered in the solution. For low concentrations of plasmid (i.e.
<20 ng/2ml) any fluorescent signal was lost in noise.

64



The detected signal F from the samples with known concentrations c were fitted
to an exponential curve:

F = F0(1− e−cε) + k (14)

where F0 is the fluorescent reading when no fluorescent dye is added to the solution,
ε is a constant with inverse units of concentration, and k is a constant to account
for any offset in the fluorescence volts reading. By rearranging equation 14 the
concentration c of desorbed plasmid, when a nanowire surface with adsorbed plasmid
was immersed in PBS, can then be found by recording fluorescence emittance over
time:

c = −1
ε
ln
F0 + k − F

F0
(15)

0 ng: 0,02205 

20 ng: 0,02273 

200 ng: 0,03650 

1000 ng: 0,06264 

2000 ng: 0,07478 

0

0,01

0,02

0,03

0,04

0,05

0,06

0,07

0,08

0 200 400 600 800 1000 1200 1400 1600 1800 2000

Fl
uo

re
sc

en
ce

 v
ol

ts
 

Plasmid concentration (ng/2ml) 

Calibration results 

Figure 18: Results from calibrating the fluorospectrophotometer with 5 known concen-
trations of YOYO-1-labeled plasmid. The line shows the graph of equation 14, with the
parameters found by a least square error optimization using the five known concentrations
as reference points.
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5 Results

5.1 Nanowire dimensions and areal density

After nanowire growth and processing some samples were imaged using scanning
electron microscopy. The aim was to find average diameters and areal density, to
be used when calculating forces necessary for membrane penetration. An example
of the nanowire surface can be seen in figure 19, and four close-up examples of
nanowires can be seen in figure 20. The diameters of 11 nanowires can be found in
table 2. The average tip diameter is 119.9 ± 16.3 nm, and the average areal density
of nanowires on the surface is 0.11 µm-1.

Figure 19: An example of the final silica-coated cupric oxide nanowire surface, after SU-8
and PDMS processing steps.

5.2 DNA release

DNA is electrostatically adsorbed to nanowires and the SU-8 surface through in-
teractions with (3-trimethoxysilylpropyl) diethylenetriamine (DETA). In order to
be able to deliver DNA to cells, DNA desorption should not complete within 10
minutes, and should reach appreciable levels within 24 hours (rough approximates).
Two tests were done: Image YOYO-labeled DNA adsorbed to nanowire surfaces
when the surface is immersed in PBS (37 °C) over time, and fluorospectrophoto-
metric concentration measurements of YOYO-labeled DNA in PBS (20 °C) when
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Figure 20: Nanowire tips

Tip diameter (nm) Thickest diameter (nm)
119 222
148 217
121 142
122 162
121 188
126 164
86 155

110 144
111 100
135 213

Table 2: Nanowire diameters

desorbing from the nanowire surface. Note that the experiments presented here do
not distinguish between desorption from nanowires or the supporting SU-8 surface,
and the term ’nanowire surface’ is used to describe the total surface of nanowire
samples, including the SU-8 surface from which the nanowires protrude.
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5.2.1 Results from investigations on DNA adsorption on nanowire sur-
faces

When YOYO-labeled DNA was imaged the fluorescent signal from the nanowire
surface did not change over a period of 10 minutes, regardless of whether the surface
was silanized with DETA or not, as seen in figure 21. This indicates that DNA
adsorbed to nanowire surfaces is not immediately lost to the surrounding medium,
which gives time for the cell to interact with the nanowire before DNA is desorbed.

Dry surface 0 minutes 5 minutes 10 minutes

Figure 21: DNA does not desorb within 10 minutes from nanowire surfaces when the
sample is immersed in warm PBS (37 °C). All images cover an area of 3.1x3.1 mm. The
upper row shows images of surfaces that have been silanized, the lower row shows surfaces
without silanization. Quantifying the fluorescent signal also showed that fluorescence did
not decrease within 10 minutes, indicating that DNA adsorbed to the nanowire surface is
not lost to the medium before cells are able to interact with the nanowires. The decrease
in fluorescence from the dry surface to the same surface immediately after adding PBS
can probably be attributed to solvent relaxation effects, and possibly also to immediate
desorption of upper layers of dried plasmid. Note that the striped pattern in the upper
row, and the rectangular pattern in the lower row of nanowire devices are attributed to a
patterning of the nanowire surface, where only parts of the surface have nanowires, and
other parts are chemically similar but flat.

5.2.2 DNA release determined using fluorospectrophotometry

DNA release was also investigated with the Olis DSM 1000 CD fluorospectropho-
tometer. The fluorescence from YOYO-1-labeled plasmid was detected from a PBS
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solution in which a nanowire surface with adsorbed plasmid was immersed. The flu-
orescent emittance was registered over a period of 5.5 hours. Fluorescent detection
increased over time, corresponding to a level indicating that half of the adsorbed
plasmid was released to the solution in this time, as seen in figure 22. Concentrations
less than 20 ng in 2 ml PBS gave too low fluorescence to be reliably recorded. The
detected fluorescence was converted to a concentration value based on five reference
samples and equation 15.
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Figure 22: Results from the fluorospectrophotometer measuring fluorescence from a PBS
solution in which a nanowire surface with adsorbed YOYO-1-labeled plasmid was im-
mersed. After about 5 hours half of the adsorbed plasmid was released to the solution.

5.3 Cell growth on nanowire surfaces

Both HeLa cells and AR42J cells have previously been shown to grow and spread
on nanowire surfaces [95, 100, 7, 9]. Cells grow and spread also on the surfaces used
in this report, as seen in figure 23.

However, throughout the project it was found that cell growth deteriorated, and
on nanowire surfaces over 7 weeks old almost no cells were able to grow. It was
then found that nanowire surfaces can be refreshed by performing a new plasma
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Figure 23: HeLa cells grow and spread on nanowire surfaces. The initial seeding concen-
tration was 50,000 cells/cm2, and cells were then grown for two days. Cells are stained
with Calcein Red.

cleaning step (100% power of 100% O2) for 30 seconds, and then silanizing the
surface again, as described in the paragraph on nanowire synthesis. A comparison
of old and refreshed nanowire surfaces (from the same batch) can be seen in figure
24. To avoid the deterioration of nanowire surfaces the final plasma cleaning step
described in the standard nanowire synthesis (see chapter 4.1) protocol is now done
just before using the surface for cell lab experiments. The cause of this deterioration
is discussed in chapter 6.2.
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Figure 24: Growth of HeLa cells is impaired on nanowire surfaces that are older than a
couple of weeks, as seen in the left image. Here HeLa cells are grown on a 7 week old
nanowire surface, with a seeding density similar to what has been used throughout the
current project. However, HeLa cells grow and spread well on old nanowire surfaces that
have been refreshed by performing a plasma cleaning step and then silanizing the sample
according to our standard protocol for nanowire synthesis, as can be seen in the right
image. For both experiments the initial seeding concentration was 50,000 cells/cm2, and
cells were then grown for two days. Cells are stained with Calcein Red.
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5.4 Results from labeled plasmid uptake experiments

YOYO-1-labeled plasmid (pcDNA) was used to investigate nanowire-mediated up-
take of labeled molecules. Delivery of labeled cargo can be used to demonstrate
that nanowire devices can serve as way to deliver biomolecules in general, and
nanowire-mediated delivery has been demonstrated by other groups that investi-
gate nanowire-mediated transfection systems. The delivery of fluorescently labeled
cargo can quickly be assessed by fluorescence microscopy.

Imaging was done both with and without trypsination of cells. Washing, trypsi-
nation, and replating cells on a new glass slide ensures that all fluorescent spots that
are not taken up by cells will be washed away, and thus not be included in further
analysis. An example of a cell that has taken up fluorescently labeled cargo can
be seen in figure 25. It was not possible to reliably discern YOYO-labeled plasmid
taken up by cells from aggregates of YOYO-labeled plasmid just outside the cell
in cells that were not trypsinated, when large numbers of cells were investigated.
For trypsinated cells each cell was investigated for positive uptake from an area of
246x246 µm2, with the area for each sample divided in four quadrants, each covering
an area of 123x123 µm2. For cells grown on nanowires and then trypsinated and
grown on glass 86% ± 3% showed uptake of YOYO-labeled plasmid in these four
quadrants in the first experiment. For cells grown on silanized glass and then trypsi-
nated and grown on glass 32% ± 11% of the cells showed uptake of YOYO-labeled
plasmid in the first experiment, as seen in figure 26. Nanowires thus initially seemed
to facilitate uptake of labeled plasmid. Two follow-up experiments were conducted,
where a higher amount of labeled plasmid was used: 5.5 µg plasmid per sample, vs 2
µg plasmid for the first experiment. In the second delivery experiment two replicates
of nanowire and silanized glass samples were used, and delivery to cells were seen
for 37% and 21% for cells grown on nanowires and glass respectively. In the third
delivery experiment one replicate was investigated for nanowire and glass samples,
with four areas imaged for each sample. Delivery was seen in 41% and 32% of cells
grown on nanowires and glass respectively. These results are summarized in table
3. On average, for all experiments, 52% of cells grown on nanowires showed uptake
of delivered cargo, versus 28% for cells grown on glass.

It was also investigated whether nanowires affect the number of fluorescent spots
seen per cell. Results varied from area to area, and for cells grown on nanowires a
range of 0.25-2.18 fluorescent spots per cell was seen, and for cells grown on glass
a range of 0.12-0.90 spots per cell was seen. These results are summarized in table
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4. On average cells grown on nanowires had 1.1 fluorescent spots per cell, and cells
grown on glass had 0.53 spots per cell.

In all experimental settings many cells show uptake, including delivery from
flat glass surfaces. Results were however highly variable from area to area, which
reduces the strength of the results, considering the relatively low number of cells
included in the experiment (a total of 964 cells were counted for all experiments
combined). Even though positive delivery varies from experiment to experiment, the
trend does indicate that nanowires could enhance delivery compared to flat surfaces,
but experiments better suited for quantification are needed to fully elucidate and
quantify the effects of nanowires.

Figure 25: Uptake of YOYO-labeled plasmid in a single cells is seen confined to small
sections of a cell (arrows). This cell is still on a nanowire surfaces, and a stack must
be recorded to ensure that fluorescent spots are truly inside cells, and not still outside.
Since it was challenging to assess whether a spot was inside a cell or not, only single-cell
investigations were performed for non-trypsinized cells.
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Figure 26: Uptake of YOYO-labeled plasmid in cells grown on nanowires versus cells
grown on silanized glass. The left image shows cells grown for 1 day on nanowires, then 1
day on glass, before being imaged, and the right image shows cells grown for 1 day on glass
(with plasmid), and then 1 day on a new glass slide, before being imaged. Green spots
seen in some of the cells represent uptake of labeled plasmid. The left image includes a
close-up image of a portion of the surface. Note that these images only cover 4 µm out of
a stack covering ∼25 µm in z-direction, and that many of the cells where no fluorescent
spots are seen in this image could still have visible uptake in other focal planes.

No Amount of plasmid Nanowires Glass Cells Comment
1 2.0 µg 86% 32% 255 1 replicate, 1 area
2 5.5 µg 37% 21% 323 2 replicates, 2 areas
3 5.5 µg 41% 32% 386 1 replicate, 4 areas

Table 3: Proportion of cells were fluorescently labeled plasmid was successfully
delivered, with results for both cells grown on glass and nanowires. Also the total
number of cells counted in each experiment, and the number of replicates are given,
as well as number of areas per replicate.
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No Amount of plasmid Nanowires Glass Cells Comment
1 2.0 µg 2.2 0.21 255 1 replicate, 1 area
2 5.5 µg 0.89 0.39 323 2 replicates, 2 areas
3 5.5 µg 1.7 0.90 386 1 replicate, 4 areas

Table 4: Number of fluorescent spots per cell, with results for both cells grown on
glass and nanowires. Also the total number of cells counted in each experiment, and
the number of replicates are given, as well as number of areas per replicate. As can
be seen the number of fluorescent spots varies from experiment to experiment, but
with a trend towards higher number of fluorescent spots per cell for cells grown on
nanowires compared to glass. For all experiments the same lower intensity cut-off
values and minimum spot-size has been used for estimating the number of spots per
cell. The number of cells was counted manually.
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5.5 Results from siRNA transfection using patterned sur-
faces

To test the hypothesis that nanowires only facilitate the transfer of biomolecules
to the cytoplasm of cells, and not to the nucleus, siRNA transfection was tested.
siEGFP associates with its target mRNA, the transcript of the EGFP plasmid, in
the cytoplasm of a cell, and instructs the degradation of its target mRNA. Successful
delivery of siEGFP would thus be seen as a decrease of fluorescence from cells that
stably express EGFP, even if siEGFP never reaches the nucleus of a cell.

Patterned surfaces, with alternating lanes of nanowires and flat SU-8, showed
no convincing knockdown of EGFP expression when siRNA directed against EGFP
mRNA was adsorbed to nanowire surfaces, and cells grown on top of these. The
fluorescent recording from the same well as seen in figure 17 is shown in figure 27.

Figure 27: The fluorescent signal recorded from the same well as seen in figure 17. Cells
are imaged 48 hours after being seeded on a patterned surface with adsorbed siEGFP.
The lanes seen in the optical image in figure 17 are not distinguishable in the fluorescent
image.

Total fluorescence intensity from cells growing on nanowires was generally slightly
lower than from cells growing on flat SU-8, but this difference was found both in wells
with siEGFP and wells with dummy siRNA. The results from one of the experiments
is shown in figure 28.
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Figure 28: The graph height represents the total fluorescence from one lane, and these
results are recorded as alternating lanes of nanowires or flat SU-8. Cells are imaged 48
hours after being seeded on a patterned surface with adsorbed dummy siRNA (siCAT).
Fluorescence from lanes with nanowires are generally slightly lower than from neighboring
lanes with flat SU-8. Some of the variations are the result of clustering of cells.

5.6 Results from plasmid transfection experiments with tap-
ping method

The tapping method of transfecting cells is based on placing a nanowire surface with
adsorbed plasmid face down on top of cells, and then tapping the surface to facilitate
penetration of the cellular membrane. The reason for this approach is to increase
the force of penetration. The method has been well described in the literature, with
transfection efficiencies of <5% (cells expressing a reporter protein) to 53% (RNAi
knockdown of selected cells) in some papers [38, 86, 39], and 76±56 cells/mm2 in a
more recent paper by the same group [88]8.

In this work three variants of the tapping method were tested (see figure 15 for
an illustration of the procedure in general):

• Depositing cells on a cleanroom wipe and then placing a nanowire surface
face-down on top,

• forming a cell pellet that is then placed on a glass slide and then placing a
8The proportion of successfully transfected cells in [88] is unknown, since the density of cells is

unknown, as discussed in chapter 3.
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nanowire surface face-down on top, or

• growing cells for one day on a slide and then placing a nanowire surface face-
down on top.

The last method, of growing cells for one day on a slide before tapping, has
not been described in literature. With this method the amount of cells present on
a surface can be quite well controlled, as the seeding density and growth time is
known. Also control experiments with different surfaces can easily be compared,
since the surface on which cells are grown will be the same for all experiments.

Transfer of cells from cleanroom wipe to a nanowire surface was generally very
low in our experiments, and of those few cells that were transferred almost none were
transfected (<1%). It was tested whether the hydrophilicity of the nanowire surface
could contribute to the low transfer efficiencies. Freshly plasma cleaned surfaces
were then tested without silanization, which gives a very hydrophilic surface. This
did however not increase the efficiency of cell transference when used together with
cells on a cleanroom wipe in our experiments, where 200,000 cells were deposited on
a cleanroom wipe (5x5 to 10x10 mm2).

New tapping experiments were then conducted, with a cell pellet deposited on
a flat or concave glass surface. In these experiments high amounts of cells were
transferred from the pellet to the nanowire surface upon placing the nanowire surface
on top of the cell pellet, and then subsequently tapping the nanowire surface. The
nanowire surface was then placed either face-up or face-down in medium. An optical
microscope was used to get an impression of the number of cells transferred, and
in cases of very high numbers (i.e. multiple layers of cells) medium was changed
after 75 minutes, in order to wash away some of the more loosely adherent cells. The
surface with cells was then placed in a growth chamber for two days. Positioning the
nanowire surfaces face-up worked best, as many cells were lost on nanowire surfaces
that were kept face-down. These experiments gave higher number of transfected
cells than seen in our project previously. One of these results can be seen in figure
29, which had a transfection efficiency of ∼5% in two areas of nanowire surface, or
equivalently 62 cells/mm2. A more commonly encountered result is shown in figure
30.

For most of the tapping experiments results were lower than seen in figure 29,
and control experiments with glass surfaces were then done in order to see whether
the good transfection efficiency seen occasionally in parts of nanowire surfaces could
be attributed to nanowires.
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Figure 29: A pellet was formed of 7-9 million cells, placed on a glass surface, and then a
nanowire surface with pmaxEGFP adsorbed to it was placed face-down on top of the cell
pellet. After tapping, the nanowire surface was placed in a growth chamber with medium
for 2 days, and then imaged. Cells are stained with Calcein Red, and green cells are
expressing EGFP. Good transfection efficiencies was confined to two areas of the nanowire
surface, one in the middle of the surface and one around a corner, and could indicate that
geometrical effects only allow tight contact between nanowires and cells in certain areas.
In this part of the nanowire surface roughly 150 cells are transfected out of 3000 cells on
an area of 2.40 mm2 (total number estimated by counting five 155x155 µm2 areas), or
equivalently, ∼5% or 62 cells/mm2 of a total density of 1250 cells/mm2 are successfully
transfected. In other parts of the surface area transfection efficiency was <1%.
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Figure 30: A pellet was formed of 7-9 million cells, placed on a glass surface, and then a
nanowire surface with pmaxEGFP adsorbed to it was placed face-down on top of the cell
pellet. After tapping, the nanowire surface was placed in a growth chamber with medium
for 2 days, and then imaged. Cells are stained with Calcein Red, and green cells are
expressing EGFP. In this image 10 cells are transfected out of 2400 cells, or equivalently,
∼0.4% or 4 cells/mm2.

For glass slides more transfected cells were generally found than on nanowire
surfaces, and transfection efficiency also varied between different parts of a glass
surface. An area of many transfected cells can be seen in figure 31, and a more
typical result can be seen in figure 32.

In our standard procedure plasmid is adsorbed to a surface by depositing a
droplet (typically 20 µL) of plasmid at a concentration of 100 ng/µL on the surface,
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Figure 31: A pellet was formed of several million cells, placed on a glass surface, and then
a glass surface with pmaxEGFP adsorbed to it was placed face-down on top of the cell
pellet. After tapping the glass surface was placed in a growth chamber with medium for 2
days, and then imaged. Cells are stained with Calcein Red, and green cells are expressing
EGFP. Good transfection efficiencies was confined to certain areas of the glass slide.

and then letting the droplet dry completely, which takes 30-60 minutes. It was also
tested if the droplet should not dry completely, and tests where the droplet was
deposited on the surface for 30 minutes were conducted, both for nanowire surfaces
and glass controls. There was no apparent effect of using dry vs wet surfaces in
terms of transfection efficiency.

These initial tapping experiments gave the impression of slightly better trans-
fection efficiencies for glass controls compared to nanowire surfaces, but it was also
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Figure 32: A pellet was formed of several million cells, placed on a glass surface, and
then a glass surface with pmaxEGFP adsorbed to it was placed face-down on top of the
cell pellet. After tapping, the glass surface was placed in a growth chamber with medium
for 2 days, and then imaged. Cells are stained with Calcein Red, and green cells are
expressing EGFP. In this image 51 cells out of 4700 are transfected, or equivalently ∼1%
or 22 cells/mm2

found that cells grow and spread slightly better on glass surfaces than nanowire
surfaces, which could indicate that a number effect contributes to our results. Two
new control experiments were conducted to get around these issues: In the first
control experiment nanowire surfaces were compared to equally sized (5x5 mm2)
flat SU-8 surfaces glued to glass slides using PDMS, so that surface chemistry and
geometry would be very similar, apart from the nanowires found on the nanowire
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surface. In the second control experiment cells were grown on a glass surface for
one day before tapping, so that a known concentration of cells were deposited on
all surfaces, to reduce the random fluctuations in seeding density often found with
the tapping experiments. In this experiment flat SU-8 surfaces were compared to
nanowire surfaces and glass surfaces, and for both control experiments two repli-
cates of each experimental condition were done. Results were consistent between
the two tapping experiments and between the two replicates: Flat SU-8 surfaces
give the same number of transfected cells as nanowire surfaces, and glass surfaces
give slightly higher transfection efficiencies than SU-8 surfaces.

In the first of these control experiments flat SU-8 surfaces were compared to
nanowire surfaces when a pellet was tapped. For SU-8 and nanowire surface roughly
40-45 cells were transfected on the total surface area of 5x5 mm, or equivalently 1.6
cells/mm2. The density of cells on both surfaces were similar, indicating that cells
grow and spread equally well on a nanowire surface and a flat SU-8 surface. Figures
33 and 34 show typical results.

Finally, tapping of cells grown for one day on a glass slide were compared for
nanowire surfaces, flat SU-8 surfaces and glass surfaces. 50,000 cells/cm2 were seeded
to a well with medium and a glass slide (diameter 13 mm) at the bottom, and then
placed in a growth chamber. The next day medium was aspirated, the surface to
be investigated placed face-down on top of the cells, and tapped with a tweezer.
After 15 minutes the surfaces were separated, and both surfaces were then grown
for one more day, before imaging. As expected, few cells were transferred to the
top surface, since cells were already firmly attached to the glass slide. Interestingly,
cells were evenly transfected on the entire glass slide, and not only in the central
area that corresponded to the nanowire or flat surface. Replicate two of the glass
slide tapping experiment was unproductive, since the two glass slide surfaces were
to firmly adherent to be separated after 15 minutes, due to the high surface tension
between these two flat surfaces. The results from this experiment are summarized in
table 5. In conclusion transfection efficiencies on nanowire surfaces are comparable
to flat SU-8 surfaces, and in this experiment an efficiency of ∼1% was achieved. For
glass surfaces a higher transfection efficiency of ∼7% was observed in this experiment,
which can not be attributed to a numbers effect, since the total number of cells were
the same for all experimental conditions.

The results for these experiments can be contrasted in figure 35.
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Figure 33: A pellet was formed of several million cells, placed on a glass surface, and
then a nanowire surface with pmaxEGFP adsorbed to it was placed face-down on top of
the cell pellet. After tapping, the nanowire surface was placed in a growth chamber with
medium for 2 days, and then imaged. Cells are stained with Calcein Red, and green cells
are expressing EGFP.
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Figure 34: A pellet was formed of several million cells, placed on a glass surface, and then
a flat SU-8 surface with pmaxEGFP adsorbed to it was placed face-down on top of the cell
pellet. After tapping, the flat surface was placed in a growth chamber with medium for 2
days, and then imaged. Cells are stained with Calcein Red, and green cells are expressing
EGFP.
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Surface Number of transfected cells Efficiency (%) Efficiency (cells/mm2)
Nanowire surface 1 126 1.3% 13.1 cells/mm2

Nanowire surface 2 130 1.4% 13.5 cells/mm2

Flat SU-8 surface 1 82 0.85% 8.5 cells/mm2

Flat SU-8 surface 2 95 0.99% 9.9 cells/mm2

Glass surface 1 646 6.7% 67.2 cells/mm2

Glass surface 2 - - -

Table 5: Transfection efficiencies in tapping experiments. Nanowire surfaces perform
on par with flat SU-8 surfaces, and not as well as flat glass surfaces. Results for
the second glass experiment are not included, as the two glass slides could not be
separated, with the result that all cells died.

Nanowire surface SU-8 surface Glass surface

Figure 35: The three images show the results for tapping cells grown on glass for 1 day.
50,000 cells/cm2 were seeded to a well with medium and a glass slide (diameter 13 mm) at
the bottom, and then placed in a growth chamber. The next day medium was aspirated,
the surface to be investigated placed face-down on top of the cells, and tapped with a
tweezer. Transfection efficiency on nanowire surfaces is on par with flat SU-8 surfaces,
and lower than on flat glass surfaces.
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5.7 Results from plasmid transfection experiments with cen-
trifugation method

Centrifugation experiments are based on the assumption that by increasing the
relative centrifugal force the calculated force barrier that the membrane represents
can be overcome.

5.7.1 Megafuge 1.0 experiments

The idea of penetrating the cellular and possibly also the nuclear membrane by
centrifugation is based on the assumption that by increasing the relative centrifugal
force the calculated force barrier that the membrane represents can be overcome.
Cellular residues have a density of 1.078 g/cm3 [101], and growth medium has a
density of 1.006-1.008 g/cm3. This gives the cell an effective mass of ∼0.071 g/cm3,
and with a spherical diameter of 15 µm for trypsinized cells the gravitational force
pulling cells down in a simple sedimentation experiment will be F = m×a = 1.2 pN,
which is almost three orders of magnitude lower than the force required empirically
(0.65 nN) [60]. In addition, each cell is pierced by several nanowires. If the nanowire
areal density is assumed to be 0.1 µm-2, a trypsinized cell, covering a planar area
of ∼180 µm2, will be impaled by 20 wires. Many wires will however not have the
required length to perforate the cellular membrane, and for the following calculations
it is assumed that each cell is impaled by 10 wires. With a nanowire diameter of
120 nm the combined surface at the end of the nanowires would be 0.011 µm2. If
a force of 0.65 nN is required to penetrate a cell with a single nanowire [60], this
corresponds to a relative centrifugal force of 528G.

The relationship between relative centrifugal force (RCF) and terminal velocity is
illustrated in figure 36, and the impalement force as a function of RCF is illustrated
in figure 37.

In the Megafuge 1.0 centrifuge relative centrifugal forces up to 2680 × g can
be reached. Two initial experiments yielded more transfected cells than previously
seen by simply letting cells sediment on nanowire surfaces. Transfection efficiencies
were compared between centrifugation in DMEM, and two hypotonic buffers (50%
hypotonicity and 98% hypotonicity), as well as nanowire surfaces which were not
silanized, and glass.

All surfaces covered an area of approximately 5x5 mm2, and for these experiments
transfection efficiencies of 2-40 cells were achieved. Initial seeding density was 50,000
cells/cm2, and, with a lag time of close to 20h and a doubling time close to 24h,
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Figure 36: The relationship between relative centrifugal force and terminal velocity. As is
evident from the graph cells will quickly sediment when centrifuged. For cells sedimenting
by gravitation, the terminal velocity is 0.01 mm/s, or 10 cm in 15 minutes.
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Figure 37: The relationship between impalement force and relative centrifugal force.

about 25,000 cells should be present on an area of 5x5 mm2. Transfection efficiencies
are very low, 40 transfected cells is equivalent to a transfection efficiency of 0.16%.
Results were still considered encouraging as the ultracentrifugation experiments were
planned. However, a final control experiment, with two nanowire surfaces and one
glass surface, gave no transfected cells. These results are summarized in table 6.
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Nanowires which were not silanized also gave poor results, with 2 and 6 transfected
cells respectively (medium was used during the centrifugation). It was also tested if
the nanowire surface with plasmid adsorbed should be left in medium for 5 minutes
before centrifugation, to facilitate desorption of DNA, but this too was without any
apparent effect on transfection efficiency.

Experiment no. Medium 50% hypotonicity 98% hypotonicity Glass (medium)
1 27 3 20 -
2 17 3 40 -
3 0 - - 0

Table 6: Transfection efficiencies in Megafuge 1.0 centrifuge experiments. The num-
bers indicate the number of successfully transfected cells on a nanowire surface area
covering 5x5 mm2. Cells where seeded at a concentration of 50,000 cells/cm2, and
thus roughly 25,000 cells should be present on an area of 5x5 mm2 after two days.

5.7.2 Ultracentrifuge experiments

Relative centrifugal forces of 5,000 × g, 10,000 × g, 15,000 × g, 20,000 × g, 30,000
× g, 40,000 × g, 50,000 × g, 60,000 × g, 80,000 × g and 88,500 × g (maximum)
were tested. Several of these conditions were tested with two replicates, and 88,500
× g was tested with three replicates, and one glass control. Results were the same
for all experiments: Cells are able to grow and spread after being subjected to high
relative centrifugal forces, but are not transfected. An image of cells centrifuged at
88,500 × g can be seen in figure 38.

The behavior of nanowire surfaces when exposed to high relative centrifugal
forces has not previously been described. Scanning electron microscopy reveals that
wires are not affected by the high RCF, and also behave as previously described
[95, 7], as seen in figures 39, 40 and 41.
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Figure 38: Cells grow and spread on nanowire surfaces after exposure to relative centrifu-
gal forces of 88,500 × g. No cells are transfected.
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Figure 39: Nanowires are unaffected by 88,500 × g.
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Figure 40: Cells are unaffected by 88,500 × g, and grow and spread in the same way as
observed earlier, when investigated with scanning electron microscopy.
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Figure 41: Structures that resemble nanowires can often be seen protruding from the
surface of a cell, indicating that a cell is growing on top of a nanowire. The cell pictured
was exposed to 88,500 × g.
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6 Discussion

The goal of the current project was to test and optimize delivery of relatively large
molecules to the cytoplasm and/or nucleus of cells. To test this, molecules that affect
a cell’s phenotype are used, and in this project both siRNAs, utilizing RNA interfer-
ence, and plasmids, which encode easily detectable reporter proteins (EGFP), are
used. Phenotypic changes are easily detected in a fluorescence microscope, through
fluorescent reporter systems. In reaching this goal the cupric oxide nanowire deliv-
ery platform was further characterized with respect to DNA release, and dimensions
of nanowires.

In summary, transfection experiments are disappointing, with low transfection
efficiencies for both siRNA and plasmid transfection experiments. Similar results
are obtained with flat surfaces, indicating that nanowires are not mediating the
observed transfection. Given the number of experiments conducted these results are
consistent, with only few, random examples that are more encouraging.

6.1 Nanowire dimensions and areal density

Results presented in this work regarding nanowire dimensions and areal density
fit well with our previous experience of this delivery platform, indicating that the
production of nanowire surfaces is largely reproducible, with similar dimensions and
densities from experiment to experiment. It is however always a chance of random
fluctuations, where parts of a nanowire surface might be dysfunctional. It can
therefore not be excluded that some of the negative results obtained in this work
could be attributed to non-functional parts of a nanowire surface. To reduce chances
of this most results are tested with at least 2 replicates, often several more. Also it
should be noted that surfaces where nanowires were largely missing have not been
observed in the electron microscope when used throughout the project.

6.2 Aging of SU-8 surfaces

Aging effects, described in chapter 5.3, became apparent throughout the project. A
large batch of nanowire devices were synthesized and assembled at the beginning
of this project, and two parameters were found to change throughout the project:
hydrophilicity of surfaces, as seen when depositing liquids on the nanowire surfaces,
and cell growth. Hydrophilicity declined over weeks, with larger amounts of plasmid
solutions needed to cover the entire nanowire surface: a 5x5 mm2 initially needed
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∼10 µL of solution for complete coverage, and later ∼40 µL were needed for similar
surfaces. Repeating the final plasma-cleaning step in our nanowire synthesis pro-
cedure (chapter 4.1) was found to improve hydrophilicity, as well as the ability of
cells to spread and survive on nanowire surfaces, and surface recovery could explain
these observations.

Hydrophobic recovery of SU-8 after exposure to O2-plasma is a known phe-
nomenon, where wettability can go from <5° to 30° within few days, and then
steadily increase to 50° over a few months [102]. Storing SU-8 in dry conditions will
decrease recovery rate compared to rewashed samples [103].

Surface recovery has been studied for many polymers used in biophysical systems.
PDMS consists of repeating units of -O-Si(CH3)2-groups, which gives a hydrophobic
surface. Upon treatment with oxygen plasma, silanol (Si-OH) groups are introduced
to the surface, destroying methyl groups (Si-CH3). This however also increases the
surface free energy, and as low molecular weight (LMW) chains diffuse from bulk
PDMS to the surface to decrease surface free energy, hydrophilicity is also lost
[104, 105].

Surface recovery of PDMS surfaces, affecting biophysical usability, is a well de-
scribed phenomenon, seen by both increasing contact angles [104] and reduced bio-
compatibility [106], and decreasing cell growth density has been described for other
polymer surfaces when hydrophilicity is reduced [107, 108].

The SU-8 surfaces used throughout our work are silanized, giving a different
surface chemistry compared to pure SU-8 surfaces. In our work a hydrophilic SU-8
surface was ensured by performing a plasma cleaning step with oxygen just before
silanization and cell growth experiments. It seems likely that surface regeneration, as
described above, could also explain altered surface chemistry over time for silanized
SU-8 surfaces, although this has not been described in the literature.

6.3 DNA release

DNA release was assessed by imaging YOYO-1-labeled plasmids adsorbed to nanowire
surfaces for 10 minutes, and by measuring release of adsorbed YOYO-1-labeled plas-
mid by spectrophotometry. These experiments show that adsorbed plasmids is not
immediately lost to the solution, and that appreciable levels of DNA release is
achieved within 5 hours. A silanization step is performed as part of the nanowire
device synthesis, to electrostatically adsorb DNA to nanowire surfaces. It was how-
ever shown that DNA will not be immediately lost to the solution in the absence

96



of a silanization step, which is agreement with other reports that DNA can bind
SU-8 directly [109]. For silanized samples roughly half of adsorbed DNA is released
to solution, however, it is evident by the jumping nature of the graph from the
spectrophotometric experiments that there is some uncertainty associated with the
exact levels of plasmid release.

Also, in the experiments presented here, it is not distinguished between plasmid
that desorbs from the surface of a nanowire, and plasmid that desorbs from the
surface from which the nanowire protrudes. Results presented here on DNA des-
orption is a combination of desorption from both the surface of a nanowire, and the
supporting surface. The area of one nanowire with radius r and height h can be
calculated using the formula for the area of a one-sided cylinder:

A = 2πrh+ πr2 ≈ 2πrh (16)

With a diameter of 120 nm and a length of 2 µm the area per nanowire of is 7.5×
10-13 m2 ≈ 1 µm2. Since the areal density of wires is 0.1 µm-2, the active surface
area for nanowire surfaces will be roughly an order of magnitude lower than the
surface area from which the wires are protruding, if it is assumed DNA will bind
the surface of nanowire at the same planar density as the supporting surface. DNA
release from the supporting surface is thus probably the dominating effect in these
experiments.

6.4 Results from labeled plasmid uptake experiments

Labeled plasmid uptake was assessed by fluorescence microscopy. Whenever a green
fluorescent spot was seen inside a cell this was interpreted as delivery of cargo.
Background fluorescence and noise could however influence these observations, giv-
ing false positives, even though care was taken to reduce such effects by using low
laser intensities and by recording the intensity from each spot twice and taking the
average, respectively. Also, since fluorescence microscopy was used to investigate
delivery, only a limited number of cells could be observed, and the relatively low
number of cells investigated adds to the uncertainty in the results. Other experi-
ments could be done with flow cytometry to investigate a larger population of cells.
Also such experiments allow for a cut-off to be chosen as a lower fluorescent inten-
sity which signifies uptake, which guarantees a consistent assessment for all cells of
whether a cells has taken up cargo or not.

Results from the labeled plasmid uptake experiments could indicate that nanowires
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increase the uptake of plasmid, although results vary from experiment to experiment,
which reduces the strength of this finding. However, in all experiments a substantial
proportion of cells do show uptake of labeled cargo, which far exceeds the proportion
of cells that are successfully transfected in similar experiments where reporter plas-
mids are delivered to cells. This clearly demonstrates that to show that nanowires
can deliver fluorescent cargo does not guarantee that delivered cargo can interact
with the internal machinery of a cell.

It was also investigated whether the number of fluorescent spots observed per
cell was different for cells grown on nanowires versus cells grown on glass, and it
was found that cells grown on nanowires had a higher number of fluorescent spots
per cell compared to cells grown on glass (1.1 vs 0.53 spots per cell for cells grown
on nanowires and glass, respectively). Here too results varied from experiment to
experiment. All recorded images were treated the same way by the image analysis
software, with the same cut-off and minimum spot-size necessary for a spot to be
recorded, so these results could be less biased than experiments where the number
of cells that show uptake are counted manually.

It is not known how this uptake happens, but it could be speculated that the
uptake is through an endocytosis mechanism, since fluorescently labeled particles
almost always seem confined to small spots, with diameters <0.5 µm. In other
experiments on transport of DNA in endosomes, endosomes typically have sizes of
100-200 nm [110]. New experiments are planned to further characterize nanowire-
mediated delivery of cargo and possible induction of endocytosis [111].

6.5 Results from siRNA knockdown experiments

siRNA knockdown experiments, where siRNA was adsorbed to a surface with alter-
nating lanes of flat surfaces and nanowire surfaces, show no convincing knockdown
of stably expressed EGFP in AR42J cells. A number of effects could contribute to
reducing the contrast between nanowire lanes and flat surface lanes.

Clustered growth
Clustered growth could be a problem when assessing transfection efficiency using
nanowires. For a cell to be successfully impaled, it has to be in close contact with
the surface from which the nanowires protrude, or at least not be distanced further
away than the length of the nanowire. In the current experimental setup nanowires
have a length of 0.5-4 µm. Cells are seeded in a single cell fashion. In clustered
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growth, as exhibited by AR42J cells, some cells grow on top of others, effectively
protecting these cells from nanowire impalement. It could be speculated that these
cells would nevertheless be exposed to siRNAs or other bioactive molecules adsorbed
to the nanowires, as the adsorbed molecules would be delivered to the cytoplasm
of the mother cell, and if stable enough these molecules would then be inherited to
progenitor cells.

Wettability of surfaces affecting concentration of siRNA
Reference [18] was used as a starting point to find concentrations of siRNA for the
final ”printing solution”. In the reference concentrations of 2-30 ng/µl of siRNA
were used, and the size of the printing solution droplet was 15 µl before drying
the slides. The amount of siRNA that is deposited and adsorbed to the surface
will depend on the wettability of the surface: Surfaces with high wettability (small
contact angle) will have a lower concentration of siRNA per area than surfaces
with a low wettability, since a droplet covering a surface with high wettability will
spread out more than a droplet on a surface with low wettability. This effect adds
to the uncertainty in comparing the current experimental setup for nanowire-based
transfection to transfection using conventional lipid-based transfection reagents in
reverse transfected cell array setups. However, different concentrations of siRNA
deposited on similar nanowire surfaces should still be comparable, as the wettability
from well to well should be the same.

Long half-life of stably expressed EGFP
In this work conventional EGFP was used, and the stability of this protein could
make the detection of loss of fluorescence difficult. Wild-type GFP has a half-life
of approximately 26 hours [75], and EGFP has a similar half life [112]. EGFP has
earlier been described as inferior to the destabilized version d2EGFP (Clontech)
when assessing expression dynamics, due to its long half life [113, 114]. Success-
ful siRNA mediated knockdown of EGFP expressed by AR42J cells has however
been reported by our collaboratory group at The Institute for Cancer Research and
Molecular Medicine (NTNU) [18] in a transiently transfected cell line (HEK293).
AR42J cells used in the current project express EGFP incorporated in the genome,
and to knock down a stably expressed protein could be more difficult than to knock
down a transiently expressed protein, especially if a strong promoter is used, as is
the case for the AR42J cells.
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6.6 Results from plasmid transfection experiments

Plasmid transfection experiments presented here are disappointing, with consistently
low transfection efficiencies. In sedimentation, centrifugation and tapping experi-
ments nanowire surfaces perform similar to flat surfaces, when these are chemically
and geometrically similar.

Tapping experiments
In the case of tapping experiments there were some experiments where nanowire
surfaces gave higher transfection efficiencies in local parts of the nanowire surface
(∼5%, 62 cells/mm2). It can not be excluded that the observed effect was mediated
by nanowires. However, when nanowire surfaces were compared with chemically sim-
ilar, flat surfaces, similar transfection results were obtained overall. Also, for glass
surfaces, which are flatter than SU-8 surfaces (with or without nanowires), transfec-
tion efficiencies were sometimes even higher in local parts of the surface, discouraging
the idea that nanowires are able to deliver plasmids and other biomolecules directly
to the cytoplasm in our current experimental setup. Higher transfection efficiencies
in local parts could be explained by an optimum geometry only in these parts, where
the surface protrudes just enough to perforate cells in the pellet/on cleanroom pa-
per, not killing them, and still reaching them. In one of the experiments with high
local concentration of transfected cells this was found on one of the corners of the
nanowire surface, and this could be such an area where nanowires are able to come
into contact with cells on the opposing surface. Nanowires are generally shorter
than 4 µm, and considering that this is about 1/1000th of the surface length and
width, surfaces must be very flat for a large proportion of nanowires to be able to
get in contact with an opposing flat surface. In the tapping experiment cells seemed
to survive the procedure quite well, reducing the likelihood that cells are perforated
and then die.

It is known that for cell membrane penetration to be successful, an actin mesh-
work must be present, even though insertion probability is not directly proportional
to the Young’s modulus of a cell [115]. Cortical rigidity varies with the state of the
cell, and also trypsinized cells retain rigidity of the membrane [116]. It could still
be speculated that trypsinized cells would behave differently than cells attached to
glass, but no difference was observed when trypsinized cells were tapped, compared
to cells attached to glass surfaces after one day growth.

Tapping experiments showed transfection efficiencies on nanowire surfaces com-

100



parable to flat surfaces, although some exceptions were seen. With tapping experi-
ments the force applied to cells is largely uncontrollable, compared to centrifugation
experiments. Another difference between the centrifugation and tapping experi-
ments lies in how the force to breach the cellular membrane is transferred to the
system. In the centrifugation experiments the force is based on the inertia of cells,
and even after membrane rupture the cell will still experience a large force. In the
tapping experiments the force is applied to the nanowires, and after a cellular mem-
brane breaches, the energy transferred to the system would immediately be released,
not further stressing the cell. A controllable force, applied through a technique sim-
ilar to the tapping experiments, would thus be favorable, and would best mimic the
AFM experiments where membrane perforation has been well documented.

Sedimentation and centrifugation experiments
Cells settling by gravity or centrifugation are similar, apart from that the forces act-
ing on cells in a centrifuge can be much higher than gravity. AFM experiments have
confirmed that nanowires can breach the cellular membrane, and directly deliver
plasmids and other biomolecules to the cytoplasm of cells. The forces required for
membrane penetration is in the range 0.7±0.3 nN [60], which is almost three orders
of magnitude higher than the gravitational pull experienced by cells in medium.
This could explain why experiments where cells are settling on top of a nanowire
surface by gravitation are generally unsuccessful.

In the centrifugation experiments, cells experience forces up to 109 nN, which is
over two orders of magnitude higher than the empirically determined force barrier.
This indicates that also other factors contribute to a lower transfection efficiency
than expected. In the nanowire-on-AFM-tip experiments [60, 117, 61, 115, 118,
119, 120] a single nanowire is used when perforating the cellular membrane, as
opposed to several nanowires in our experimental setup, where a cell is perforated
by approximately 10 nanowires. It has been shown that nanowires with a diameter
of 200 nm require the same force to perforate a cellular membrane as nanowires
with a diameter of 800 nm [60], so the force required does not simply scale with
the pressure (force/area) (even though this has been predicted by simulation [121]).
Also, at a maximum force of 109 nN per cell, at least some cells should be perforated
and transfected. Both centrifuges used require some time to reach the desired speed,
and in the case of the ultracentrifuge, ∼5 minutes is required to reach 88,500 × g.
At a relative centrifugation force of 2680 × g cells move 3.0 cm/s (see equation 10),
and therefore all cells will have settled by the time the centrifuge reaches the desired
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speed. Perforation might be impossible once the cell has reached the surface, as the
membrane is known to orient itself to the surface, and to wrap around nanowires
[95, 122, 123, 51]. A possible variant of the experiments conducted here could be to
a add a polymer to the medium, to increase viscosity, and thus reduce the terminal
velocity proportionally. Reducing terminal velocity would cause the cells to reach
the nanowires more slowly, and thus allow the centrifuge to reach the desired speed
before the cells interact with the nanowires. Increasing the velocity, and thereby
also the frictional drag on particles, does however not reduce the force by which
the nanowires indent and perforate the cellular membrane, as this force is only
dependent on the effective mass and relative centrifugal force (see equation 6 in
chapter 2.8). Other experimental setups could also be considered, where cells were
kept in a chamber separate from the chamber with a nanowire surface, only to be
released when the centrifuge has reached its final speed. The different compartments
could for instance be separated by a radio-controlled diaphragm, or by a membrane
that breaks down over time. A membrane could be formed by letting medium freeze,
and if the temperature of the entire system is optimized the melting could be delayed
until the centrifuge has reached its final speed. These experimental approaches are
however quite complicated compared to the experimental setup presented in this
work.

6.7 Results in light of published performance

For a review of published nanowire-mediated transfection experiments, see chapter
3.

In the tapping experiments we get a transfection efficiency of 1%-5%, or 13-
62 cells/mm2. The tapping method is based on a series of papers described by
McKnight et al. [39, 38, 86, 88, 89]. In published experiments that resemble our
experimental setup (thus excluding one article [86]), similar results are obtained. In
these articles, proper controls are almost invariably not included, and we show that
we can also obtain these results on chemically similar surfaces without nanowires,
indicating that transfection is not mediated by nanowires.

In the sedimentation experiments we get a lower transfection efficiency compared
to the tapping experiments. Delivery of fluorescently labeled cargo has not been ex-
tensively studied with respect to silica-coated cupric oxide nanowires yet, but future
experiments are planned to elucidate the apparent effect of nanowires. Our results
are lower than similar experiments published by Shalek et al. [44], where 95-100%
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of cells from different cell lines show uptake of fluorescently labeled cargo. When
cargo delivery is investigated, we do however see delivery to a high proportion of
cells, while at the same time we don’t see expression of plasmids delivered by the
same approach, and this indicates that simply delivering cargo to a cell does not
guarantee that the cargo can interact with the cellular machinery, which is the ulti-
mate goal of nanowire-mediated transfection devices. Experiments should therefore
not only rely on delivery of labeled cargo, but also show that biomolecules can be
delivered and interact with the cellular machinery, since this is usually presented as
the ultimate goal.

Some published experiments show better results than we obtain, but these exper-
iments are unfortunately not substantiated by proper control experiments with pub-
lished data, where the proportion of cells transfected is quantified [86, 92, 44, 91, 90].
It would be beneficial to see published experiments repeated, with proper controls,
as there are indications that arrays of nanowires are not able to penetrate cellular
membranes, as is discussed in the next section.

6.8 Why is nanowire-mediated transfection unsuccessful?

Results presented here raise the question: Why is nanowire-mediated transfection
unsuccessful? One answer could lie in how nanowires interact with cellular mem-
branes. It has previously been implied that nanowires are not able to penetrate
cellular membranes when cells sediment on a surface with nanowires protruding
out of it, since a cellular membrane can be seen around nanowires in transmission
electron microscopy sections [95, 123], and in confocal imaging when the cellular
membrane has been fluorescently labeled [122]. Also, propidium iodide has been
shown not to enter cells grown on nanowire surfaces [95, 94, 38]. This finding is
by some groups seen as an indication that membrane perforation does not affect
membrane integrity [94], but it could also be seen as an indication that cellular
membranes are not perforated by nanowires [95], thus explaining why transfection
is unsuccessful.

Together with results presented here, these observations raise the question: Why
are cellular membranes not perforated by nanowires, and the follow-up question: If
nanowires do not penetrate cellular membranes, how is delivery of fluorescently
labeled cargo explained?

It has been suggested that nanowires are able to spontaneously penetrate cellular
membranes when cells settle on top of nanowires, assessed by confocal microscopy
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and scanning electron microscopy [43, 49], and is seen within 1 hour [44]. It is how-
ever questionable if confocal microscopy (without staining the cellular membrane)
holds the resolving power needed to confirm that the cellular membrane is breached,
and that the membrane is not simply indented. Also, drying artifacts can affect ex-
periments when scanning and transmission electron microscopy is used to assess
perforation of cellular membranes. From experiments where a single nanowire is
attached to an AFM tip it is known that cells can be transfected by perforating
the cellular membrane, by delivering attached plasmids. When silicon nanowires on
AFM tips are used to transfect cells, 74% of human mesenchymal stem cells (MSC)
are transfected with a plasmid expressing GFP, compared to 42% for lipofection
and 8% for microinjection [124, 61]. Considering the level of control obtained when
using AFM, an efficiency of 74% is probably close to the upper limit for transfection
of this cell line, when using similar nanowires. In addition to give an estimate of
the force barrier that must be passed, these experiments also show that nanowires
can indeed penetrate cellular membranes. However, forces required to penetrate
cellular membranes lies in the range 0.7±0.3 nN [60], which is almost three orders
of magnitude higher than the gravitational pull experienced by cells in medium. It
would therefore seem unlikely that cells are spontaneously perforated when settling
on top of an array of nanowires.

In the ultracentrifugation experiments cells experienced centrifugal forces up to
∼110 nN, and given the empirically based estimates, cellular membranes should be
perforated at these forces. In the AFM experiments nanowires have been inserted
into cells with an insertion speed of 1-4 µm/s [124, 61]. In the centrifugation exper-
iments the centrifuge needs time to reach a given rotational speed, and ∼5 minutes
to reach the highest centrifugal forces. At a relative centrifugation force of 2680 × g
cells move 3.0 cm/s, and it is therefore evident that all cells will have settled on the
nanowire surface by the time the intended centrifugal speed is reached. This could
allow cells to reorient the cellular membrane around nanowires, effectively blocking
any perforation, as discussed previously.

Tapping experiments should allow much higher force loading rate than sedimen-
tation and centrifugation, since cells and nanowires are (almost) at rest before the
nanowire surface is tapped. Also the the energy input to the system would be re-
leased once the cellular membrane is breached, unlike the case for centrifugation.
This approach is however much more sensitive to the planar geometry of the surfaces.
Also, any fluid surrounding cells would probably dampen the effect of tapping the
nanowire surface. In our experiments there are occasionally some areas with higher
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transfection efficiencies compared to the rest of the surface, possibly indicating that
these areas had an optimum geometry to allow penetration, while not killing cells.
This has also been observed by others [39]. The high transfection efficiency seen in
some areas could however probably also be explained by other factors, considering
the high transfection seen in local areas of flat glass surfaces.

We observed consistently higher transfection efficiencies when flat glass slides
where used, compared to flat SU-8 surfaces and nanowire surfaces. The reason
for this effect is unknown, but it could be speculated that the very flat geometry,
favoring adhesive capillary forces between the glass slides, somehow facilitate uptake
of plasmid adsorbed to one of the surfaces. When the two glass slides were separated
by the use of tweezers, this required a higher force compared to separating flat SU-
8 or nanowire surfaces from the glass slide on which cells were deposited. The
effect of shear stress and convective fluid flow has not been described in detail
with respect to transfection, but is known to enhance transfection of liposome-
entangled plasmids [125, 126]. According to theory, lipoplex delivery rate should
increase substantially when convection is added to the system, and experiments
have also shown higher lipoplex delivery rates in such scenarios, at least for modest
increases in shear stress [126]. This increase in delivery rate is partly attributed to
the increased probability of cell-liposome interactions in the presence of fluid flow.
It is also speculated that frequently moving an incubated sample, when cells are in
the process of being transfected, could contribute to convection and thus enhance
transfection [126]. Thus, also the effect of convective flow and shear stress must
be taken into account when considering proper control experiments. In our case,
flat SU-8 surfaces behaved similarly to nanowire surfaces when separating the two
slides in tapping experiments. Since the force required to separate two completely
flat glass slides was higher, it could be speculated that the increased shear stress
enhanced transfection even further for this system than for flat SU-8 or nanowire
surfaces in tapping experiments. Over two decades ago, a method known has ’scrape
loading transfection’ [127] was been described for transfection, where a plasmid is
added to cells adhered to a surface, and a rubber policeman used to scrape the cells.
In such experiments transfection efficiencies were reported in the range 50%-80%.
Experiments with scrape-loading was also showed to be able to deliver fluorescently
labeled cargo to 40% of cells subjected to scrape loading [128]. The mechanism
for delivery and transfection was thought to depend on the formation of transient
openings of holes in the plasma membrane where the plasma membrane was tightly
adhered to the plastic substrate [128]. A similar mechanism has been proposed
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for transfection by thermal inkjet printing of cells [129] and by microfluidic devices
[130], and a transient disruption in cellular membranes could be relevant to explain
the transfection seen in the tapping experiments.

Finally, in experiments where labeled plasmid was delivered to cells, a significant
proportion of cells showed uptake in all experiments (around 25-30% for cells grown
on glass and 50% for cells grown on nanowires). In similar experiments where a
reporter plasmid encoding EGFP was delivered <1% of cells where transfected, so
simply to show delivery of fluorescently labeled cargo does not guarantee that the
cargo is able to interact with the internal machinery of a cell, indicating that the
delivered cargo is isolated from the rest of the cell. Delivery of fluorescently labeled
cargo, without perforating cells, could be explained by a process where nanowires
induce vesicular uptake, i.e. endocytosis. It has been suggested that other methods
of inducing inward curving of the membrane could initiate vesiculation and uptake
[131]. It is hypothesized that merely inducing a localized membrane deformation will
result in a positive feedback loop that ends in hydrolysis of phosphatidylinositol-4,5-
bisphosphate (PIP2), an important part of endocytosis [132, 133]. A vesicular uptake
also seems likely, as the delivered cargo is almost always confined to small sections of
the cytoplasm in our experiments, and this is also seen in images presented by other
groups [44, 90, 92]. If the cargo was delivered to the cytoplasm, it could be speculated
that the cargo would distribute more evenly throughout the cell. Experiments to
elucidate whether nanowires do induce endocytosis, and how this process happens,
are planned [111].

6.9 How to proceed with high-throughput nanowire medi-
ated transfection of cells

Some final thoughts on how to proceed with nanowire mediated transfection will be
presented here. The cellular membrane represents a barrier which isolates the inside
of a cell from the outside. It is mandatory to bypass this membrane if one is to inter-
act with the internal machinery of a cell, such as for transfection. Nanowires do not
spontaneously perforate cellular membranes, and in order to increase the probabil-
ity of membrane penetration three factors are crucial: The strength of the cellular
membrane (the force barrier), the force with which the membrane is indented, and
the time over which the indentation takes place.

The force barrier of a membrane could be reduced by adding membrane destabi-
lizers to experiments. It must however be taken into consideration that adding bioac-
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tive chemicals to an experiment could in itself perturb cellular function. Saponin,
an amphipathic glycoside, has already been mentioned in chapter 3. Saponin has
been used in order to facilitate membrane perforation by nanoneedles [91], where
a relatively small concentration range gave intended results. Multivalent ions are
also thought to destabilize cellular membranes, and by changing the concentration
of multivalent ions outside of cells the membrane could temporarily be destabilized
[134]. Electroporation is another method to transiently destabilize membranes [135]
that could enhance membrane penetration of nanowires, and experiments where the
combination of nanowires and electroporation are currently being planned.

In order to increase the force of penetration other experimental setups could be
considered. It is possible that the force applied to the nanowire-membrane interface
by tapping method is dampened by fluid trapped between the nanowire surface and
the supporting surface. If nanowires protruded from a porous membrane fluid could
be allowed to pass between the nanowires, and thus not dampen the effect of tapping
the nanowire surface.

As discussed previously the centrifugation experiments could be refined so that
the centrifuge reaches its intended speed before cells interact with nanowires, in
order to decrease the time over which the cellular membrane is allowed to reorient
itself to the nanowire.

Also, centrifugation experiments and other approaches to increase the force,
could be combined with approaches to decrease the force barrier, for instance by
adding membrane destabilizers to the experiment.
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7 Conclusion

Nanowire-mediated delivery of biomolecules to HeLa and AR42J cells has been ex-
tensively studied with respect to silica-coated cupric oxide nanowires. Nanowires
are thought to mediate transfection of cells by penetrating the cellular, and possibly
also the nuclear, membrane, thus directly delivering biomolecules to the cellular ma-
chinery located in the cytoplasm and/or nucleus. The cellular membrane represents
a barrier that can be breached, either by applying enough force to the nanowires,
or by decreasing the force barrier represented by the membrane.

It has been established that plasmid adsorbed to silanized nanowire surfaces
will desorb in a PBS solution, and in 5 hours roughly half of the adsorbed plas-
mid will be released. It has also been confirmed that the method for synthesizing
nanowire arrays works as intended, and resulting nanowires have diameters of ∼120
nm, and protruding from an SU-8 surface at an areal density of 0.11 nanowires/µm2.
These properties should allow transfection from a theoretical point of view, based
on published AFM experiments where the penetration of cellular membranes has
been characterized.

Gravitational sedimentation of cells on an array of nanowires should not give
transfection according to estimates from AFM experiments, and this was also found
in our experiments, both in siRNA and plasmid transfection experiments. Two tech-
niques to increase the force of penetration were tested: Centrifugation experiments,
and placing the nanowire surface face-down on top of cells, and then tapping the
nanowire surface. Centrifugation experiments yielded no transfection, even at rela-
tive centrifugal forces up to 88,500 × g, and this can possibly be attributed to the
time needed to reach these high speeds, where cells will have settled on the surface
long before the intended force is applied, which could give cells enough time to re-
orient the cellular membrane to the nanowire. Tapping experiments gave a higher
transfection efficiency than sedimentation or centrifugation, with ∼1% of cells suc-
cessfully transfected, and sometimes local areas were seen with higher transfection
efficiencies (∼5%). It was however shown that similar transfection efficiencies can
be obtained with flat SU-8 surfaces, which are chemically similar to the nanowire
surfaces used, apart from the nanowires themselves, when these surfaces were used
in tapping experiments. Also, it was found that the transfection efficiency was even
higher for completely flat glass surfaces, indicating that other effects pertaining to
the surface geometry could also facilitate transfection, and it is speculated that the
shear stress experienced by cells in tapping experiments could be part of this expla-
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nation. A key finding is thus that proper controls are important to ascertain the
effect of nanowires in nanowire-mediated transfection, and such control experiments
are often lacking in published articles describing nanowire-mediated transfection.

Initial experiments have also been conducted to see if nanowires can deliver
fluorescently labeled biomolecules. It was shown that both flat surfaces and nanowire
surfaces are able to deliver fluorescently labeled plasmids to a significant proportion
of cells (roughly one third of cells overall), and a trend was observed where nanowires
perform better than flat surfaces in this respect. The same experimental setup does
not facilitate transfection, indicating that the delivered biomolecules are not able to
interact with the cellular machinery.

Results for published nanowire-mediated delivery of biomolecules and transfec-
tion systems has been reviewed, and it is found that, with few exceptions, our results
are on par with published results. This emphasizes the need for proper control ex-
periments when evaluating plasmid transfection efficiencies, as uptake of plasmid
can happen without any facilitating factors, and other factors than nanowires could
also have effects on transfection efficiencies (i.e. shear stress experienced by cells).

Published AFM experiments, where single nanowires perforate the cellular mem-
brane, confirm that it is possible to directly deliver biomolecules to the interior of
cells, and are encouraging in the quest to find ways to bypass the barrier represented
by the cellular membrane. Currently, new experiments to elucidate any possible ef-
fects of nanowires on endocytosis are planned, and a set of possible approaches to
breach the cellular membrane will also be investigated, in order to realize the poten-
tial of high throughput experiments that rely on nanowire mediated transfection.
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