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Abstract

Within the field of cell biology, an essential tool is to deliver molecules to cells to manip-
ulate cell behaviour and function. This enables the study of, for example, how a specific
change in a cellular process contributes to a disease state. However, cells have barriers, such
as the cell membrane, that need to be overcome for the molecules to have an effect. Cur-
rent transfection methods, such as liposomes, viral vectors, or bulk electroporation have
drawbacks such as low efficiency and cytotoxicity, which raises the need for developing
new methods.

Nanoelectroporation is a gentle transfection method that induces localised electroporation
in the cell membrane by applying an electric field across cells located on a substrate with
nanopores or nanostraws. The localised electroporation implies that pores in the cell mem-
brane form only where it is in contact with a nanopore/nanostraw. This provides direct
access between the cytosol and the backside of the substrate, where cargo molecules are
present in solution. The electric field contributes both to pore formation and increased
molecular transport.

In this thesis, I have extended the use of nanoelectroporation to target clonal β-cells, in-
sulin producing pancreatic cells. The overarching aim was to implement specific epigenetic
changes to study the underlying mechanisms of type 2 diabetes. Towards this goal, I first
aimed at optimising the setup for this new cell type to achieve high transfection efficiency
and cell viability. The method was then applied to affect clonal β-cell insulin gene ex-
pression with an artificial transcription factor, using the CRISPR interference (CRISPRi)
system. In Paper I, I optimised method parameters and demonstrated that the highest trans-
fection efficiency for plasmids, while maintaining high cell viability, was achieved with 28
V, 2690 cells/mm2, and MilliQ water as cargo buffer. A comparison of nanopores and
nanostraws revealed a discrepancy between the transfection efficiency achieved immedi-
ately after transfection and plasmid expression 48 hours later, which could be attributed to
either higher cell death or lower proliferation. This discrepancy was further investigated in
Paper II, where it was found to be caused by poor cell adhesion, resulting from plasmid
toxicity. Paper II also established that the substrate porosity needed to be high enough for
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cells to interface with a sufficient number of nanopores, that a large nanopore diameter
caused higher cell death, and that an alumina surface yielded the best transfection out of
the tested surface chemistries. Lastly, in Paper III, we used nanopores to inject clonal β-
cells with plasmids encoding a CRISPRi system and presented a successful downregulation
of insulin gene expression.
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Populärvetenskaplig sammanfattning

“Farbror Melker, vet du vad?
Om du inte kan skriva så att jag förstår det,
då kan du lika gärna sluta upp.”

- Tjorven i Vi på Saltkråkan

Föreställ dig att du är en molekylärbiolog på väg ti... VÄNTA! Stanna kvar! Snälla? Jag
förstår att det kan vara svårt (nästintill omöjligt) att föreställa sig något man kanske aldrig
hört talas om. Så låt oss, i enlighet med citatet ovan, mjukstarta lite först innan vi dyker i.
Som molekylärbiolog är du intresserad av processer som händer inuti celler och hur det i sin
tur påverkar hur cellen fungerar. Dessa processer kan exempelvis vara hur DNA blir översatt
och omvandlat till proteiner, och hur dessa proteiner gör sitt jobb. Med hjälp av denna
kunskap kan man exempelvis studera sjukdomar som uppstår på grund av att någon av dessa
processer inte fungerar normalt eller hur olika läkemedel påverkar cellens beståndsdelar.

Nu är vi nog redo att ta vid där vi startade. Så, föreställ dig nu att du är en molekylärbiolog
på väg till jobbet en solig tisdagsmorgon. När du kommer fram tar du på dig hårnät, blå
skoskydd, labbrock, och handskar - din vanliga jobbutstyrsel - och går in i labbet där ni
har era celler. Du och dina kollegor jobbar med olika celltyper beroende på vad ni studerar,
men du har en cellodling av något som kallas för betaceller. Detta är en typ av celler som
producerar insulin i bukspottkörteln. Insulin är ett hormon som hjälper celler ta upp energi
(socker) från blodet och kopplas ofta ihop med diabetes, vilket är precis den sjukdom din
forskning handlar om. Typ 2-diabetes är en folksjukdom som resulterar i att man inte kan
reglera sockernivån i blodet. Sjukdomen beror både på att det inte produceras tillräckligt
med insulin och att celler blir mindre känsliga för insulin, vilket gör att de inte kan ta upp
socker från blodet lika effektivt.

Du har ett experiment planerat så du tar ut din cellodling från inkubatorn, där de trivs i
en lagom temperatur och koldioxidhalt, och slänger ett öga på dem i mikroskopet (de är
tusen gånger mindre än ett knappnålshuvud, så mikroskopet är nödvändigt!). De ser ut att

v



må bra (Figur 1).

Figur 1: Du tittar på din cellodling i mikroskopet (vänster), de ser ut att må bra (höger).

Ditt experiment idag går ut på att du vill modifiera normalt fungerande celler för att efter-
likna hur processerna ser ut när cellerna är sjuka. Ju mer vi vet om hur en sjukdom uppstår
och ändrar cellers funktion, desto större chans har vi att hitta ett läkemedel, eller i vissa fall,
till och med ett botemedel.

För att kunna modifiera cellerna behöver du få in vissa ämnen (molekyler) i dem. Dessa
molekyler kan vara ganska stora (allt är relativt) och är inget cellen tar upp självmant. Det
finns olika metoder för att ”tvinga” in dem i cellerna, och du funderar på vilken du ska an-
vända. Ett sätt är att använda små fettbubblor med dina molekyler i. Eftersom membranet
som omger cellen också är gjort av fett så kan bubblorna smälta samman med cellmembra-
net och på så sätt ta sig in i cellen. Problemet är bara att det är svårt att få ut din molekyl
ur fettbubblan när den väl kommit in i cellen, vilket gör att den inte kan få den effekt du
hoppas på... En annan metod är att ta hjälp av ett virus för att få in molekylerna. Då pac-
kar man in molekylerna inuti ett tomt virusskal (inget som kan orsaka sjukdom är kvar),
och eftersom virus är gjorda för att ta sig in i celler (för att kunna sprida sig) så är ju det
problemet löst! Men, virusskalet kan orsaka ändringar på cellens gener som du inte vill ha,
och som kan ge effekter som påverkar den ändring du egentligen vill göra med din mole-
kyl. Slutligen tänker du på elektroporering. Då har man cellerna och molekylerna flytande
i en vätska, och sedan påverkar man cellmembranet med en elektrisk spänning, lite som
att ge cellerna en elstöt, så att det blir små porer i det. Genom dessa porer kan sedan dina
molekyler sippra in. Nackdelen med denna metod är dock att man behöver använda hög
spänning, vilket gör att många celler får så stora hål att de inte kan läka ihop, och därför
dör många av cellerna som man vill studera...
Gah, finns det ingen metod som är både effektiv och håller dina stackars celler vid liv!?

Det är här min forskning kommer in i bilden.
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Jag har jobbat på att vidareutveckla en metod som ska kunna hjälpa till att få in molekyler
i celler (specifikt har jag fokuserat på betaceller), utan att de dör av behandlingen. Denna
metod kombinerar elektroporeringen som nämndes tidigare, med två typer av nanostruk-
turer som kan liknas vid hål eller sugrör. ”Nano” betyder enkelt nog att strukturerna är
väldigt små - de har en bredd som är tusen gånger mindre än tjockleken av ett hårstrå.
För att göra våra nanostrukturer utgår vi från ett plastmembran med många små porer (20
miljoner på en yta som är 1x1 cm) som går rakt genom membranet, så det blir som små rör
från ena sidan till den andra. Dessa bearbetar vi så att vi antingen får en yta med nanoporer,
fortfarande platta hål men med ett annat ämne (aluminiumoxid) på ytan, eller så att det
bildas nanostrån, rör som sticker upp från ytan (också gjorda av aluminiumoxid).

För att utföra ett experiment så lägger vi cellerna på nanoporerna/stråna (se skiss i Figur 2)
och så har vi en vätska med våra molekyler i under plastmembranet. När cellerna bara ligger
där så är deras cellmembran helt, men när vi startar en elektrisk spänning så kommer det
få små hål i sig. Skillnaden från elektroporeringen som nämndes tidigare är att spänningen
kommer koncentreras enbart till öppningen av nanoporerna/stråna, istället för att påverka
hela cellen. Det betyder att en lägre spänning är tillräcklig för att åstadkomma hålen i
cellmembranet, och dessutom blir det bara hål precis ovanför nanopor/stråöppningen. Den
elektriska spänningen hjälper dessutom till att dra molekylerna (som har en viss laddning)
från undersidan av plastmembranet, genom hålen, och in i cellen på ovansidan.

Figur 2: Cell med cellkärna på nanoporer till vänster och nanostrån till höger. De mörkgråa fälten symboliserar
plastmembranet, det melerade gråa är aluminiumoxid, och ljusblått är vätskan med molekylerna (svarta former)
i. Bilderna är inte skalenliga.

I min forskning har jag optimerat flera delar av denna metod för att den ska kunna an-
vändas optimalt på betaceller. I mitt första projekt fokuserade jag på delar relaterade till
elektroporeringen, så som densiteten av celler och hur stark spänningen bör vara. Här kom
jag bland annat fram till att celldensiteten inte kan vara för hög eftersom cellerna då ham-
nar ovanpå varandra och många celler inte kan bli injicerade med några molekyler, men
även att valet av en ”lagom” spänningsnivå är en balansgång mellan att hålla celler vid liv
och att få in molekyler i så många celler som möjligt. Dock såg vi också att det kanske inte
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nödvändigtvis är hög spänning som gör att celler dör av behandlingen. Med högre spän-
ning dras fler molekyler in i cellen, och som med så mycket annat så är ”för mycket” inte
hälsosamt.

I mitt andra projekt undersökte vi hur variationer i plastmembranet och nanoporerna/stråna
påverkade hur många celler som mottog molekyler. Vi testade bland annat olika typer av
ytmaterial, varierade även hur tätt det var med nanoporer på ytan, och jämförde nanoporer
med nanostrån. Vi kom fram till att nanostrån gjorde att fler celler fick molekyler, jämfört
med om man använde nanoporer. Tyvärr var det också fler celler som dog när man använda
nanostrån, men precis som tidigare kan detta ha berott på att det drogs in för mycket mole-
kyler i cellerna. Detsamma gällde när vi testade att använda nanoporer med större diameter
- fler celler dog av de större hålen.

Slutligen, i mitt tredje projekt så försökte jag, tillsammans med forskare på Diabetescenter i
Malmö, använda specifika molekyler för att ändra hur mycket insulin betacellerna bildade.
Dessa molekyler ändrade ingenting i cellens genetik, utan påverkade i stället hur mycket
genen i fråga översattes till protein i cellen. En del av de processer som reglerar hur myc-
ket en gen översätts (genuttryck), utan att ändra genen i sig, kallas för epigenetik (”över
genetiken”), och har setts vara en bidragande faktor i vissa sjukdomar, däribland diabetes.
Molekylerna som behövs för detta är stora och svåra att få in i cellerna med de vanligaste
metoderna. Men, med nanoelektroporering har vi lyckats få in liknande molekyler i cel-
lerna och sett en minskning i insulinproduktionen. Även om de molekyler vi använde här
tekniskt sett inte ger en epigenetisk förändring så är det ett första steg mot det, och ett steg
i rätt riktning för att kunna studera epigenetikens roll inom diabetes på ett nytt sätt.
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Popular science summary

“Uncle Melker, you know what?
If you can’t write so that I understand it,
then you might as well stop.”

- Tjorven from Seacrow Island

Imagine that you are a molecular biologist on the wa... WAIT! Stay! Please? I realise that
it can be tough (almost impossible) to imagine something that you might never have heard
of. So let us, in line with the quote above, learn to walk before we run. As a molecular
biologist, you’re interested in processes that happen inside cells and how those, in turn,
affect how the cell functions. These processes can, for example, be how DNA is translated
and turned into proteins and how these proteins do their jobs. With this knowledge, it
is possible, for instance, to study diseases that occur when some of these processes don’t
function normally or how different drugs affect the cell’s constituents.

Now I think we’re ready to resume where we started. So, imagine you are a molecular
biologist on the way to work on a sunny Tuesday morning. When you get there, you put
on a hair net, blue shoe covers, lab coat, and gloves - your typical work attire - and enter
the lab where you have your cells. You and your colleagues work with different cell types
depending on what you study, but you have a cell culture of something called beta cells.
This is a type of cell that produces insulin in the pancreas. Insulin is a hormone that helps
cells take up energy (sugar) from the blood and is often associated with diabetes, which is
precisely the disease your research is about. Type 2 diabetes is a public health issue that
results in a loss of the ability to regulate the blood sugar level. It is caused both by a lack of
insulin production and that cells becomes less sensitive to insulin and hence can not take
up sugar from the blood as efficiently.

You have an experiment planned, so you take out your cell culture from the incubator,
where they thrive in a suitable temperature and carbon dioxide concentration, and have a
quick look at them in the microscope (they are a thousand times smaller than a pinhead,
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so the microscope is necessary!). They look like they are doing well (Figure 1).

Figure 1: You look at your cell culture in the microscope (left), they look good (right)

Your experiment today centres around modifying normal-functioning cells to mimic how
the cellular processes behave when cells are sick. The more we know about how a disease
arises and how it alters cell function, the greater chance we have to find a medicine or, in
some cases, even a cure.

To be able to modify your cells, you need to get certain substances (molecules) into them.
These molecules can be rather big (everything is relative) and are not something the cell
incorporates voluntarily. However, there are several ways to ‘force’ the molecules into the
cells, and you are contemplating which one to use. One way is to use tiny bubbles of fat
surrounding your molecules. Since the cell membrane is also made of fat, the bubbles can
merge with the cell membrane and, in that way, enter the cell. The problem is that it is hard
to get your molecules out of the bubbles when they are located inside the cell, which means
they can not cause the effect you are after... One can also use viruses to help the molecules
inside the cells. Then, the molecules are enclosed in an empty virus shell (nothing that
can cause disease is left). Since viruses are naturally good at getting into cells (to multiply
and spread), that problem is solved! However, this method can cause changes in the cell’s
genome that you don’t want, which can give effects that interfere with the change you want
to achieve with your molecule. Finally, you’re contemplating electroporation. Here, the
cells are suspended in a liquid with the molecules, and the cell membrane is affected by
applying an electric potential, sort of like giving the cells an electric shock. The potential
induces the formation of pores in the cell membrane where the molecules can seep in. The
drawback with this method is that since you need such a high electric potential, many cells
get large pores that can’t heal, and therefore, many of the cells you want to study, die.

Argh, aren’t there any method that is both efficient and keep your poor cells alive!?
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This is where my research comes into the picture.

I have worked on further developing a method that will aid in getting molecules into cells
(specifically, I have focused on beta cells) without them dying from the treatment. This
method combines electroporation, which was mentioned previously, with two types of
nanostructures that either resemble holes or straws. ‘Nano’ plainly means that the struc-
tures are really tiny, with a width a thousand times smaller than the thickness of a human
hair. To make our nanostructures, we starts with a plastic membrane with many tiny pores
- 20 million on an area of 1x1 cm - that go straight through the membrane, like small pipes
from one side to the other. These membranes are then processed so that the surface either
contains nanopores, still holes but with another material (aluminum oxide) on the surface,
or nanostraws, small pipes that stick up from the surface (also made of aluminum oxide).

For an experiment, we lay the cells on the nanopores/straws (see sketch in Figure 2), and
have a liquid with our molecules on the other side of the plastic membrane. When the
cell is just lying there, its cell membrane is intact, but when we apply an electric potential,
small holes will form in it. The difference to the electroporation mentioned earlier is that
the potential will concentrate to the opening of the nanopores/straws instead of affecting
the whole cell. This means that a lower electric potential can achieve holes in the cell
membrane and that they will only open straight over the nanopore/straw openings. The
electric potential also helps drag the molecules (which are charged) from under the plastic
membrane, through the holes, and into the cells on top of the plastic membrane.

Figure 2: Cell with nucleus on nanopores to the left and nanostraws to the right. The dark grey areas represent
the plastic membrane, the lighter grey layers are aluminum oxide, and light blue is the liquid with molecules
(black shapes).

In my research, I have optimised several parts of this method for it would work optimally
on beta cells. In my first project, I focused on parts related to electroporation, such as
the density of cells and how strong the potential should be. We concluded, among other
things, that the cell density can not be too high since the cells start stacking on top of each
other and thus many cells can not be injected with any molecules, but also that choosing
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the right potential means to balance keeping cells alive and getting molecules into as many
cells as possible. Although, we also saw that it might not be the high potential that kills the
cells. With a higher electric potential, more molecules are pulled into the cell, and as with
many other things, ‘too much’ is not healthy.

In my second project I investigated how variations in the plastic membrane and nano-
pores/straws affected how many cells received molecules. For example, we tested different
surface materials, varied how many nanopores/straws there were on the surface, and com-
pared nanopores with nanostraws. We determined that nanostraws resulted in more cells
receiving molecules, in comparison to when using nanopores. Unfortunately, more cells
also died. But just as previously, this could be because too much molecules were dragged
into the cells.

Finally, in my last project, I, together with researchers at Diabetes Centre in Malmö, used
specific molecules to change how much insulin the beta cells produce. These molecules did
not change anything in the cell’s genetics but instead affected how much the gene in ques-
tion was translated into protein in the cell. A portion of the processes that regulate how
much a gene is translated (gene expression) without changing the gene itself is called epi-
genetics (‘over genetics’), which is a factor in certain diseases, diabetes, among others. The
molecules needed for this are big and difficult to get into the cell using the most common
methods. With nanoelectroporation, we managed to inject very similar molecules and saw
a reduction in insulin production. Although these specific molecules were not technically
altering the epigenetics, it was a first step towards it and a step in the right direction for
studying the role of epigenetics in diabetes in a new way.
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Chapter 1

Introduction

Diabetes, a group of diseases impairing the ability to regulate the blood glucose level, is
affecting around 589 million people’s lives today and is expected to increase further [1].
These diseases are hereditary, but genetics is not the only contributing factor to their her-
itability [2]. The onset of type 2 diabetes, a disease characterised by impaired function of
the insulin-producing cells in the pancreas (β-cells) in combination with insulin resistance
in the target tissues, is strongly affected by environmental factors and lifestyle [3]. These
factors can induce hereditary chemical changes to the genome, known as epigenetic modi-
fications, without altering the genetic code itself. Epigenetic modifications can, in turn,
affect cell function. Indeed, differences in the epigenome have been observed between pa-
tients with type 2 diabetes and non-diabetic controls [4]. However, whether the disease
causes the epigenetic changes or vice versa is yet to be better determined.

To study cellular changes, both genetic and epigenetic modifications can be induced in cells
by delivering particular molecules to their cytosol (fluid part of the cell interior, not includ-
ing organelles). In terms of diabetes, an efficient and safe delivery method would not only
enable the study of specific molecular changes in β-cells to advance the understanding of
the disease development, but could also open the possibility of altering cells for therapeutic
purposes. This thesis work has taken some tentative first steps towards that ultimate goal.

Delivering molecules to cells can be done by utilising viruses, lipid-based nanoparticles,
and bulk electroporation. However, using viruses has raised safety concerns, and using
lipid-based nanoparticles or bulk electroporation results in low cell viability; therefore, new
delivery methods are needed. The aim of these past five years of research, summarised in
this thesis, has been to contribute knowledge about how insulin-producing cells can be
gently injected with molecules intended to alter cellular behaviour or function, utilising
a method that, to our knowledge, has not yet been used on this cell type. This method,
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nanoelectroporation, entails applying an electric field across cells lying on a substrate that
contains nanoscale channels, to form pores in the cell membrane (cargo molecules are in
solution on the backside of the substrate). The nanochannels focus the electric field so that
it only affects the area of the cell membrane in contact with the nanochannel openings,
making it a gentle method that maintains high cell viability. After pores in the cell mem-
brane have been opened, the electric field aids the transport of charged cargo through the
nanochannels, making the delivery more efficient. The work contributes to a fundamental
understanding of how various method parameters affect cells and transfection efficiency
and offers a glimpse into possible future applications in diabetes research.

1.1 Outline

The next chapter of this thesis, named Background (Chapter 2), summarises relevant basic
concepts in biology and physics, puts the work into context, and conveys its importance.
Chapter 3 introduces the Experimental methods used to explore nanoelectroporation as a
transfection method for clonal β-cells. Descriptions of how these methods work and their
application within the frame of this thesis work will be provided. Apart from how to handle
cells and carry out nanoelectroporation, it also dives into how to fabricate the nanosub-
strates and the methods used to analyse cells. When familiarised with the background
and methods, my work on Optimisation of nanoelectroporation transfection paramet-
ers (Chapter 4) for clonal β-cells is presented. Outlined first is the work on optimising
parameters related to the electroporation (Paper I), and then the study of how nanosub-
strate parameters affect cells and results (Paper II). After optimising the system, Chapter 5,
Modification of gene expression using nanoelectroporation, presents how we have utilised
nanoelectroporation to modify the expression of insulin in clonal β-cells (Paper III). Lastly,
in Conclusions and outlook (Chapter 6), the results are summarised, and a reflection on
potential future work is provided.
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Chapter 2

Background

2.1 Proteins and their synthesis

Eukaryotic cells (cells with a defined nucleus) are complex, with a variety of compartments
and molecules with specific functions that need to be in balance; the genome needs to be
copied and used correctly, the organelles need to function, nutrients need to be converted,
and waste needs to be expelled, to mention a few. At the heart of all these cell functions
lie proteins, molecules that each have distinct tasks, ranging from catalysing reactions to
providing structural stability to cells. All the proteins that a specific cell needs (and even
more that it has the potential to produce) are encoded in the genome and constructed
from building blocks called amino acids, arranged in a unique sequence determined by the
protein’s corresponding gene sequence.

Going from a gene to a protein, termed gene expression, requires two subsequent mech-
anisms to occur: transcription and translation. Transcription is the process of copying the
gene sequence from the deoxyribonucleic acid (DNA) in the cell nucleus into ribonucleic
acid (RNA). For transcription, the enzyme RNA polymerase binds to the DNA, opens
the double strand, and synthesises the RNA with one of the DNA strands as a template.
If the synthesised RNA encodes a protein, it is called a messenger RNA (mRNA). When
transcription is complete, the second process, translation, can take place. For that, the
mRNA is transported out of the nucleus to a ribosome in the cytosol. Ribosomes are the
protein factories of the cell and translate the mRNA into a chain of amino acids. During
or after translation, the chain of amino acids folds into a functional protein that can then
perform its specific task in the cell. Normal cell function does not rely solely on a correct
genetic code and accurate progression of transcription and translation (so that all proteins
are working as intended), but also on how much of a particular protein is produced and
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when. An abnormality in any of these factors can be related to disease states, such as cancer
[5] and diabetes [6].

To study cellular changes related to diseases like these, an essential technique is to introduce
chosen molecules into cells, known as intracellular delivery. With this, it is possible to
manipulate cells in a controlled way and study specific changes in, among other things,
proteins.

2.2 Investigating disease-causing mutations with CRISPR-Cas9

Intracellular delivery of the genetic editing tool CRISPR-Cas9 (Clustered Regularly Inter-
spaced Short Palindromic Repeats - CRISPR-associated protein 9) enables precise modi-
fications of the genome [7], and its discoverers were awarded the Nobel prize in 2020 [8].
The research fields of genetic mutations and genetic editing are beyond the scope of this
thesis; therefore, I will only briefly introduce the working principle of CRISPR-Cas9 here,
as it will become relevant later.

The CRISPR-Cas9 tool consists of two molecules, a single guide RNA (sgRNA) and a Cas9
protein, see Figure 2.1. The sgRNA is complementary to a target sequence on the DNA,
while Cas9 is a nuclease (enzyme that breaks the links between nucleic acids) that binds
to the DNA and can cut both strands. These two molecules form a complex, a ribonuc-
leoprotein, that reads the DNA until it finds a sequence called protospacer adjacent motif
(PAM). It then opens the double strand and checks if the sgRNA matches the neighbouring
gene sequence. If so, the complex binds, and the Cas9 cleaves both strands in that loca-
tion. If not, the complex moves on until the following PAM sequence and the procedure
is repeated.

Figure 2.1: Schematic of the CRISPR-Cas9 genetic editing tool. The Cas9 and sgRNA form a complex, which
binds to the target DNA. The complex reads the DNA and opens the double strand when reaching a PAM
sequence. If the sgRNA is complementary to the neighbouring DNA sequence, the complex will bind to that
location and cut both DNA strands.
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CRISPR-Cas9 can help uncover knowledge about diseases caused by mutations, by either
inducing them or correcting them. The latter also suggests that it can be used in thera-
peutics to treat genetic errors in various diseases [9]. However, gene expression can also
be affected by factors other than the genetic code. Two of the mechanisms responsible for
regulating the rate of gene expression are transcription factors, proteins that bind to specific
locations on the genome to regulate the transcription rate of the downstream gene, and the
epigenome.

2.3 The epigenome

The epigenome, literally meaning ‘above the genome’ in Greek, is a collection of molecular
modifications that do not alter the DNA sequence of the genome but attach chemical com-
pounds in specific places on the DNA to promote or inhibit the expression of a particular
gene [10]. While the DNA sequence is the same for all cell types within an individual, the
epigenome varies between cell types, which ensures cells produce only the proteins neces-
sary for their specified function. That results in the very different appearance and function
between cell types and tissues

One type of epigenetic mark is the attachment of methyl (CH3) groups to DNA or histones,
the proteins involved in DNA packing. There are around 2 metres of DNA in a human
cell nucleus (5-10 μm in diameter), so it needs to be well-organised [11]. For an overview of
the organisation of DNA in the cell nucleus, see Figure 2.2. Histones form cylinder-shaped
nucleosomes that the DNA wraps around. The nucleosomes bundle into a chromatin fibre
that, in turn, folds into a chromosome. More details on epigenetic modifications and their
effect will be discussed in later sections.

The epigenome has been found to play a role in several diseases [12, 13, 14, 15], with epigen-
etic differences identified in cells from healthy and diseased people. While the genome is
relatively static in an individual, over the course of a lifetime, a person’s environment and
lifestyle can impose changes in the epigenome [12]. Those changes can, in some cases, be
associated with disease states, and as epigenetic changes can be inherited, they may also af-
fect future generations. There are indications of epigenetic modifications being involved in
both type 1 and type 2 diabetes, as genetics can only explain parts of the disease heritability,
meaning other mechanisms must be at play as well [3]. Being able to investigate the effects
of specific epigenetic changes could expand our understanding of disease mechanisms and
increase the potential for drug development [16]. Additionally, due to the reversible nature
of epigenetic marks, the ability to change the epigenome could help treat unfavourable epi-
genetic traits. To study these particular epigenetic changes in a controlled environment,
they ought to be induced in the cell in a reliable manner, which can be achieved using the
CRISPR-dCas9 system.
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Figure 2.2: Schematic of the organisation of chromosomal DNA and two types of epigenetic markers, DNA
methylation and histone acetylation. Starting from the top left, DNA can be methylated (attachment of a methyl
group), which can inhibit RNA polymerase from binding. The DNA strand wraps around eight histones, which
together form a nucleosome, and the nucleosomes are packed tightly into a chromatin fibre, which folds into
a chromosome. Histones can be acetylated, which invokes a conformational change, resulting in a more open
chromatin structure that, in turn, promotes transcription.

2.4 Modification of gene expression using CRISPR-dCas9

The extra ‘d’ in CRISPR-dCas9, compared to CRISPR-Cas9, stands for ‘dead’, meaning
that the protein has been modified to be catalytically inactive, no longer able to cleave
DNA. Instead, other molecules can be bound/added to dCas9, such as artificial transcrip-
tion factors or epigenetic modifiers [15], both able to influence gene expression, as further
explained below.

Artificial transcription factors are molecules that bind to a specific DNA sequence and
directly affect gene expression with a regulatory domain, which can either inhibit or pro-
mote gene expression. These molecules are synthetic, but mimic the function of natural
transcription factors that are normally present in the cell. When an artificial transcription
factor that down-regulates gene expression (repressor) is added to the dCas9 complex (see
Figure 2.3), the system is called CRISPR interference (CRISPRi). The added repressor re-
cruits other proteins that together suppress the expression of the target gene by directly
inhibiting RNA polymerase from binding and/or by closing the chromatin structure.

Epigenetic modifiers are enzymes that also affect gene expression but through other mech-
anisms. When epigenetic modifiers are fused with CRISPR-dCas9, these complexes can
achieve chemical changes to DNA or histones, such as attaching or removing methyl or
acetyl (COCH3) groups (see figure 2.2), in selected locations with high precision. For in-
stance, attaching methyl groups (methylation) to the RNA polymerase binding site inhibits
transcription [16], whereas de-methylation stimulates gene expression. These modifications
can be achieved with, for example, DNA methyltransferases (DNMTs) and Ten-eleven

6



translocation enzymes (TETs), which can methylate and demethylate the binding sites, re-
spectively. DNA methylation in other parts of the genome can be either positively or neg-
atively associated with gene expression, depending on the genomic location [12]. Attaching
methyl groups to histones also affects gene expression, and can both inhibit and promote
expression, depending on the placement of the methyl group on the histone. Acetylation
(attachment of an acetyl group) of the histones can lead to conformational changes in the
chromatin (also depending on the exact location), resulting in a more open structure that
promotes transcription (see Figure 2.2), whereas deacetylation inhibits it (closed structure)
[16].

Figure 2.3: Schematic of the CRISPRi system. A repressor and sgRNA bound to dCas9 form a complex which
binds to the sgRNA complementary sequence. The complex reads the genome and opens the double-stranded
DNA when it reaches a PAM sequence. If the sgRNA is complementary to the neighbouring DNA sequence, the
complex will bind to that location, which is close to the target gene. The attached repressor hinders transcription
by attracting other inhibiting proteins.

2.5 CRISPR-complexes can be delivered to cells in three formats

When delivering CRISPR complexes to cells, three formats are available: DNA (in the
form of plasmids), RNA, or ribonucleoprotein - all with their strengths and weaknesses.
Plasmids require the most processing and transport within the cell after delivery; therefore,
they will serve as the starting point of this section.

The term plasmid was first coined in the 1950s as any DNA distinct from the chromosomal
DNA [17]. They are double-stranded circular (on rare occasions linear) DNA molecules
commonly found in bacteria that are processed independently from the chromosomal DNA
in the cell. However, plasmids can nowadays also be artificially produced. The artificially
made plasmids (which will hereafter be denoted simply as ‘plasmids’) are often designed to
contain one or several genes of interest. To utilise them, the cell machinery needs to express
the plasmid after it has entered the cell. For a schematic of this process, see Figure 2.4.
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Figure 2.4: Overview of the cellular processing of a plasmid after it has entered the cytosol. It relocates to
the nucleus during cell division, after which it is transcribed from DNA to mRNA. The mRNA then returns to
the cytosol, where it is translated into a string of amino acids by a ribosome, and the string then folds into a
functional protein.

As a plasmid enters the cell and is present in the cytosol, it needs to first relocate to the nuc-
leus. The nuclear envelope consists of an inner and an outer lipid membrane, with nuclear-
pore complexes connecting the inside and outside of the nucleus. Small and medium-sized
molecules (up to 26 nm [18]) can pass through the pores. However, bigger molecules must
rely on cell division, during which the nuclear membrane temporarily disassembles, to relo-
cate to the nucleus [19, 20]. Once in the nucleus, the plasmid is processed in the same way
as gene expression of chromosomal DNA described previously: transcription takes place,
the mRNA is transported to a ribosome, where it is translated into a functioning protein.

Delivering mRNA eliminates some of the steps necessary when using plasmids, as it does
not require transport to the nucleus and delivering the nucleoprotein would result in the
CRISPR system being already functional when entering the cell. These factors, of course,
affect the time frame in which an effect can be seen, with protein being the fastest and DNA
the slowest. In that sense, and since it needs to wait for cell division to enter the nucleus
[19], it is fortunate that DNA is a stable molecule that can reside in the cell for a substantial
period. mRNA, on the other hand, is less stable than DNA and will degrade faster, as do
proteins [21]. Additionally, compared to plasmids, the production of mRNA and purified
protein is complex and costly [22]. Therefore, for applications where prolonged exposure
to the action of the CRISPR system is desired, plasmids are a better choice.

In this thesis work, I have delivered plasmids to cells. To assess delivery efficiency, plasmids
with a green fluorescent protein (GFP) reporter were utilised, while plasmids encoding
CRISPR-dCas9 complexes with an artificial transcription factor were used to achieve reg-
ulation of gene expression.
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2.6 Barriers to overcome for efficient intracellular delivery

As previously stated, to regulate gene expression using plasmids, they must be delivered to
the cytosol. Spontaneous cellular uptake of large molecules is limited due to membrane
and enzymatic barriers in the cell [23]. All cells have a membrane separating their interior
from the surrounding environment. The cell membrane consists of a lipid bilayer made
of phospholipids that have a hydrophilic head group and a hydrophobic tail (see Figure
2.5a). The lipids self-organise into a bilayer to minimise contact between the hydrophobic
tails and the surrounding water. Because of the tails, only small uncharged molecules (lipid
soluble) can cross the bilayer to reach the cytosol, while larger and water soluble (charged or
hydrophilic molecules) need other pathways to do so [24]. An example of such a pathway is
endocytosis, where molecules on the outside of the cell are engulfed by the cell membrane
and a vesicle is pinched off on the inside (see Figure 2.5b). The vesicle then matures into
an endosome. For the molecules to affect the cell, they need to end up in the cytosol,
but endosomes often fuse with, or mature into, lysosomes (the endolysosomal pathway)
[25], which are cellular compartments that degrade molecules. Therefore, unless endosomal
escape occurs, the molecules internalised via endocytosis do not reach the cytosol.

(a) Phospholipid bilayer (b) Endocytosis

Figure 2.5: Cell membrane composition and cellular uptake via endocytosis. (a) The phospholipids have a
hydrophilic head group and a hydrophobic tail, which causes the molecules to self-organise into a double layer
to avoid contact between the tails and surroundingwater. (b) Largemolecules are engulfed in the cell membrane,
and a vesicle (endosome) is pinched off on the inside of the cell (cytosol).

To overcome these barriers, increasing the uptake efficiency, and protecting the molecules
from premature degradation, intracellular delivery methods are required. There are vari-
ous types of delivery methods, depending on the type of cargo that is to be delivered. In
general, methods for protein delivery are not as well-established as those for nucleic acids
(especially when thinking about translating it to a clinical setting, taking mRNA vaccines
as an example), and are still less efficient [22]. The term used when delivering nucleic acids
(DNA and RNA) to cells is transfection, which is central to this thesis. In the following sec-
tions, different types of transfection techniques will be introduced, including the method
that is the main topic of this thesis.
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2.7 Transfection

As no ‘one size fits all’ solution exists, a plethora of transfection methods are available, all
suitable for different cell types and applications. These methods are generally categorised
into three groups: biological, chemical, and physical. An example from each group is
shown in Figure 2.6.

2.7.1 Commonly used methods and their limitations

The most common biological method by far is virus-mediated transfection, also known as
transduction [26]. A virus is a small particle consisting of genetic material (which can be
either RNA or DNA) surrounded by a protein capsule, called a capsid (see Figure 2.6a).
After attaching to specific molecules on the cell surface, the virus can enter the cell and
release its genetic material, which then replicates, new virus particles form and are sub-
sequently released from the cell. The infectious nature of viruses can be harnessed for
transfection by packaging the capsid with a nucleotide of choice and modifying the virus
to prevent it from replicating inside the cell, after which it is called a viral vector. In this
way, only its superb capability to transport nucleotides into the cytosol is utilised, resulting
in a highly efficient transfection technique [27]. Several different virus types have been used
[26], each with its own characteristics. However, there are some common drawbacks when
using viruses. When delivered into cells, they can cause cytotoxicity, inflammation, and
immune responses. There is also the risk of viral DNA incorporation into the cell’s gen-
ome. This is a random insertion that can disrupt genes, causing harmful effects in the cells
[28]. Due to these reasons, despite being a generally efficient technique, extensive research
is ongoing to develop non-viral transfection methods.

The basis of chemical transfection techniques is to make complexes of negatively charged
nucleic acids and positively charged chemicals that protect the nucleic acids and facilitate
cellular uptake. The most used chemical is cationic lipids, which form vesicle-like struc-
tures, called liposomes, around the nucleic acids [29]. Overall, this method, called lipo-
fection, is the most commonly used non-viral transfection technique. Other chemicals
can be used, such as cationic polymers or calcium phosphate [30], but I will here focus on
lipofection.

As the positively charged lipids have formed a liposome around the nucleic acid, the com-
plex can interact with the negatively charged cell membrane and be taken up via endo-
cytosis. Thus, endosomal entrapment is one of the fundamental issues with lipofection,
causing the cargo to be degraded before reaching the cytosol. The transfection efficiency
varies considerably depending on the lipid composition. While particular lipids can be
used to promote endosomal escape (like positively charged lipids, which promotes fusion
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with the negatively charged endosomal membrane [31]), the escape rate might still be too
low [32]. Moreover, using only positively charged lipids results in a very toxic nanoparticle
[33].

To achieve endosomal escape without detrimental effects on cell viability, the latest gener-
ation of lipid nanoparticles contains ionisable lipids [33]. The charge of these lipids varies
with the pH. The formation of the lipid nanoparticles with incorporated nucleic acids is
done in an acidic environment, where the lipids are positively charged and can interact
with the negatively charged nucleic acid to form an inverted micelle around it (see Figure
2.6b). For the hydrophobic tails to avoid the surrounding water, a lipid shell forms around
the inverted micelles. The suspension medium is then exchanged so that the lipid nano-
particles are neutral for non-toxic cellular delivery. Since the nanoparticles are taken up
by the cell via endocytosis, they end up in endosomes. As the endosome matures into a
lysosome, the interior becomes more acidic, thereby ionising the lipid nanoparticles. This
results in a cationic particle that interacts with the endosomal/lysosomal membrane and
escapes; however, like the liposomes, these particles also have a low escape rate [34]

(a) Viral transduction (b) Lipid nanoparticle (c) Bulk electroporation

Figure 2.6: Three types of widely used transfection methods. (a) Biological method: A viral vector loaded with
nucleic acids transfects a cell. (b) Chemical method: A lipid nanoparticle with nucleic acids inside. The different
colours indicate different lipids, with red or yellow being ionisable lipids that interact with the nucleic acids and
the endosomal membrane. (c) Physical method: Porated cells in solution with nucleic acids after application of
an electric field. After poration, the nucleic acids can diffuse into the cytosol.

Physical transfection methods share the premise of using physical tools either to directly
inject molecules or destabilise the cell membrane, enabling molecules to enter the cell. A
growing list of these methods has emerged, including laser-assisted transfection [35], sono-
poration [36], and microinjection [30], adding to the well-established and most commonly
used, electroporation. I will briefly outline the working principle of the first three and then
explain the mechanisms of electroporation in more detail, as it will become highly relevant
in the remainder of the thesis.

In laser-assisted transfection and sonoporation, transient pores are created in the cell mem-
brane by applying laser light or ultrasound, allowing cargo molecules to diffuse into the cell.
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While the mechanisms of laser-assisted transfection are not yet well understood [35, 30], the
ultrasound applied during sonoporation causes microbubbles in the surrounding medium
to oscillate or rupture, which impart stresses on the cell membrane that induce the pores. A
more mechanical approach is to use microinjection, which entails inserting a small needle
loaded with cargo into individual cells. All these techniques manage to overcome the cell
membrane barrier. However, microinjection is time-consuming due to the injection of
single cells in series [35], sonoporation yields low efficiency compared to other methods
[37, 38], and laser-assisted transfection has low throughput and requires expensive equip-
ment [27, 39].

Electroporation

Electroporation was first employed in the 1980s [40] and entailed increasing the cell mem-
brane permeability by applying an external electric field. In bulk electroporation, cells are
placed in a solution of the cargo molecules and exposed to an electric field. The increased
permeability of the cell membrane then allows the cargo molecules to diffuse into the cells
(see Figure 2.6c).

On a molecular level, the mechanisms governing electroporation start with water molecules
penetrating into the lipid bilayer (cell membrane) when exposed to an electric field. This
is caused by a drive to minimise the inter-dipole interactions as well as the energy of indi-
vidual dipoles in the external field [41]. The penetration of water molecules progresses, and
eventually, a water channel spans across the lipid membrane, creating a hydrophobic pore.
In response, the hydrophilic head groups of the phospholipids reorient and turn inwards to-
wards the water channel to minimise the contact between the water and hydrophobic tails,
creating a hydrophilic pore. This configuration is more stable and allows more molecular
transport across the lipid bilayer [42].

On a membrane level, the pore size and stability, and thereby the possibility of transport
across the cell membrane, is highly dependent on the strength of the electric field [43].
Depending on the field strength, the poration can be either non-detectable, reversible, or
irreversible. In the range of non-detectable electroporation, there is no detectable transport
of molecules. Either no pores form, or they are too small to allow any molecular transport.
In a range above a certain threshold voltage, the electric field causes reversible electropora-
tion. The formed pores are large and stable enough to allow a substantial amount of cargo
molecules to diffuse into the cell, but they seal when the electric field is turned off, and
hence most cells remain viable afterwards. Note, however, that the formation of pores
is a statistical process and is therefore not only dependent on the threshold voltage, even
though the correlation is strong. For strong fields, the pores close too slowly or not at all
after turning off the electric field, leading to cell death [43, 44]. In practice, these ranges
partly overlap, due to the inhomogeneity of the cells and the field across the sample, result-
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ing in variations in the local electric field for each cell. This results in a distribution rather
than well-defined ranges in pore formation, which induce the risk of a low cell viability
when achieving efficient transfection. Additionally, electroporation can result in chemical
changes in the cell membrane and its proteins, and also contribute to modifications in gene
expression, thereby affecting cell function, cell viability and transport efficiency [42].

2.7.2 Utilising nanostructures for transfection

To achieve more local effects that are gentler to cells, one can utilise nanostructures for
transfection. Several types of structures have been reported, but I will focus on high aspect
ratio structures, which entail that the size in one direction is significantly larger than the
other. The structures presented here are vertically protruding from a substrate, either con-
figured in an array or randomly distributed on the surface, and can have various densities,
thicknesses, and heights. Based on their physical properties, these high aspect nanostruc-
tures can be further grouped into solid, porous, and hollow structures [45], with examples of
each introduced below. However, special attention will be given to hollow nanostructures
called nanostraws, as this is what I have been working with.

Solid and porous high aspect ratio nanostructures

Solid nanostructures, or nanowires, see Figure 2.7a, have been shown to successfully deliver
molecules to cells. Shalek et al. demonstrated that by depositing fluorescently labelled bio-
molecules, such as DNA and proteins, on solid silicon nanowire arrays before seeding cells
on them, the nanowires could penetrate the cell membrane and release the biomolecules
inside the cells [46]. Both a cell line and primary cells were transfected in this study, and
the nanowire array was demonstrated to be minimally perturbing in both cases. In another
study, several types of immune cells were instead transfected with solid nanowires [47].
Here, optimisation of nanowire density, height, and diameter was carried out to adapt to
the variation in cell size and characteristics between different types of immune cells. To
maintain efficient delivery and cell viability, the density needed to be decreased for smaller
cells, and the height lowered for adherent cells in comparison to non-adherent cells. After
optimisation, the nanowires successfully delivered fluorescently labelled biomolecules to
the cells.

Nanoneedles are a type of nanostructures with a tapered or conical shape, see Figure 2.7b
[48]. Chiappini et al. utilised porous nanoneedles to deliver various biomolecules into cells
[49, 50]. Because the nanoneedles were made from porous silicon, they were biodegradable,
with a breakdown time of under 72 hours. With these structures, they were able to measure
the intracellular pH and inject quantum dots [50], as well as to regulate gene expression by
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delivering silencing RNA (siRNA) (small RNA that degrades specific mRNA, preventing
a protein from being produced) [49].

(a) Solid nanowires (b) Porous nanoneedles

Figure 2.7: Solid and porous nanostructures for molecular delivery to cells. (a) A macrophage (immune cell)
cultured on a substrate with nanowires [47] (further permissions related to the image should be directed to the
ACS). (b) An array of porous tapered nanoneedles [49]. Reproduced with permission from Springer Nature.

Although these studies showed that nanoneedles penetrate cells, a later investigation into
the mechanism of cargo transfer from the nanoneedles to the interior of human stem cells
revealed that the cell membrane remained intact [51]. The nanoneedles were instead found
to promote endocytotic uptake of the cargo by deforming the cell membrane, which in-
creased the delivery efficiency compared to a flat substrate. Even though a majority of the
cargo was found to get trapped in endosomes, a part of the siRNA still had its intended
effect, meaning that it must have either escaped before degradation or entered the cell by
another mechanism than endocytosis.

Hollow high aspect ratio nanostructures

The findings described above demonstrate the need for a method where the cargo does not
risk entrapment within the endolysosomal pathway, but instead is delivered directly to the
cytosol. One alternative is to seed cells on a porous substrate, either flat (nanopores) or
with protruding hollow nanostructures (hollow nanowires or nanostraws), with the cargo
molecules kept in solution on the backside of the substrate, see Figures 2.8a and 2.8b. This
system has the potential to create direct access between the backside of the substrate and
the inside of the cell. Indeed, the fluid connection between the top and bottom of the sub-
strate was demonstrated by Sköld et al., who achieved transport of DNA through a hollow
nanowire substrate [52]. While this study focused solely on the fluid connection through
the substrate, another study interfaced cells with the hollow nanowires and showed good vi-
ability and adherence [53]. However, to transfect cells, the hollow nanostructures also need
to pierce the cell membrane. The probability of spontaneous penetration of nanostructures
in the cell membrane depends on the nanostructure diameter but is generally low, and for
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nanopores, it is even lower [54, 55, 56].

Physical forces have been used in combination with high aspect nanostructures to increase
the probability of cell membrane permeabilisation and cargo transport. Mechanical forces
-such as centrifugation or pressing - have been used to improve the penetration efficiency
of solid nanowires [57, 58]. Pulsed laser light has been used for the same purpose, creating
transient pores in the cell membrane over plasmonic hollow nanowires [59]. However, these
methods primarily affect cell permeabilisation, not necessarily cargo transport.

To increase both membrane permeabilisation and cargo transport to the cytosol, nano-
straw and nanopore substrates can be combined with the application of a pulsed electric
field. This is called nanoelectroporation and is the main method used in this thesis.

2.7.3 Nanoelectroporation

As we have seen in section 2.7.1, an electric field can destabilise the cell membrane and
create pores in it. In bulk electroporation, if the total potential difference across the cell
membrane (resting potential plus externally applied potential) exceeds 1 V, poration can
occur [60]. For bulk electroporation, reaching this value can require very strong applied
electric fields. The difference between nanoelectroporation, using nanopores or nanostraws,
and bulk electroporation is that, if the substrate is non-conducting, the electric field is
focused to the nanoopenings (see Figure 2.8c) and will only affect the cell membrane in
these areas [61]. That means that the threshold of the applied electric field can be lower
while locally still achieving the same field strength and successfully opening pores in the
cell membrane that interfaces the nanoopenings [62].

(a) Nanopore and cell (b) Hollow nanostructure and cell (c) Electric field

Figure 2.8: Concepts of nanoelectroporation. (a)A nanopore substrate and (b) a hollow nanostructure substrate
with a cell seeded on top, with pores in the cell membrane (dark orange line) around the opening, creating direct
access between the backside of the substrate and the cytosol (in beige). (c)When an electric field is applied across
the substrate, the electric field lines are focused into the nanoopening if the substrate is non-conductive, allowing
electroporation to occur locally when applying low voltages.
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The application of an electric field not only opens pores in the cell membrane, but it can
also aid cargo transport across the substrate into the cells by electrophoresis (see Figure
2.9a). Electrophoresis is the movement of charged particles in an electric field, and it can
significantly improve transfection efficiency compared to the previously mentioned meth-
ods [63]. However, the behaviour of fluids in nanoscale structures diverges from that in
larger structures because of the high surface-to-volume ratio. In the case of nanochannels
(like the nanopores and nanostraws), depending on the material surface charge, the applic-
ation of an electric field can lead to electro-osmotic flow (EOF) influencing the transport
through the channels. EOF can arise owing to the formation of an electric double layer
(EDL) at the nanochannel surface. Illustrations of these phenomena are shown in Figure
2.9.

(a) Electrophoresis (b) Electric double layer (c) Electro-osmotic flow

Figure 2.9: Three mechanisms that can affect cargo transport in a nanochannel when applying an electric field.
The blue particles in the solution are positive ions, and the red ones are negative ions. (a) When an electric field
is applied along the nanochannel, it will affect charged particles in the solution, making them move towards the
opposite polarity. This phenomenon is called electrophoresis. Highly charged particles, such as DNA depicted
here, will be strongly affected by electrophoresis. (b) As the nanochannel is filled with an aqueous solution, the
surface becomes charged after it chemically reacts with the solution (in this figure, positive surface charge). To
screen this charge, counter ions (here negative) will accumulate close to the surface, leaving the remaining bulk
fluid net neutral. The two layers of ions, the surface charge and the screening counterions, are called an electric
double layer. (c) When an electric field is applied along the nanochannel, the ions in the electric double layer
will start to move according to the field. As they do so, they drag the nearby fluid along with them, creating an
electro-osmotic flow (EOF) with a flow profile as indicated. In this scenario, with a positively charged surface,
the EOF and electrophoresis pull negatively charged particles in the same direction. However, in the case of a
negatively charged surface, it would be the opposite situation, which may impede the electrophoretic transport
of DNA to the cytosol.

An EDL is formed when a surface is submerged in an aqueous liquid, see Figure 2.9b. The
surface becomes charged (due to chemical reactions with the liquid), depending on the
point of zero charge of the surface (pH at which the surface has a zero net charge) and the
pH of the liquid. This surface charge attracts counterions that screen the surface charge.
The thickness of the EDL varies with the ionic strength of the liquid and is related to the
Debye length. It can usually be up to tens of nanometres thick [64]. In nanochannels, this
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can impact fluidic and molecular transport through the channel, especially if the double
layers are thick enough (or the channel narrow enough) that the EDLs on opposite sides of
the channel overlap [65].

When applying an electric field along the nanochannels, the ions in the EDL will move
according to the field polarity, see Figure 2.9c. As the ions move, they will pull nearby fluid
layers with them due to viscous forces, creating an electro-osmotic flow (EOF). Worth
noting is that the electro-osmotic flow concerns the fluid’s motion, not the ions’.

The molecular transport in nanochannels is affected by the particle size and charge, the
ionic strength of the liquid, and the surface charge [65]. Larger particles are more likely
to interact with the surface, which slows down transport. The ionic strength and surface
charge affect the EDL and, thereby, the EOF, which in turn can affect the transport of
particles in addition to electrophoresis. Depending on the surface charge of the channel
walls and the electric field polarity (impacting the EOF direction), the electro-osmotic flow
can either aid (as shown in Figure 2.9c for negative particles and positively charged surface)
or impede the transport of molecules [66].

When an electric field is applied to a nanochannel connecting two reservoirs containing
aqueous solutions with charged particles, both electrophoresis and diffusion (the random
movement of particles within a solution) contribute to molecular transport between the
reservoirs. Depending on the cargo and its location, these two mechanisms will contribute
at different levels. A measure of how fast a molecule is diffusing is given by its diffusion
constant D,

D =
kBT
6πηr

, (2.1)

where kB is Boltzmann’s constant, T is the temperature, η the fluid viscosity, and r the
molecule radius (hydrodynamic radius in the case of a non-spherical particle). On the
other hand, the electrophoretic mobility of a particle is given by

μ =
q

6πηr
, (2.2)

where q is the charge of the particle. Both D and μ are inversely proportional to r, showing
that the speed of transport increases for smaller particles. However, the electrophoretic
mobility also depends on the particle charge, where the transport speed increases linearly
with the charge. For small molecules, diffusion is the dominant factor, while for highly
charged molecules, like DNA, the primary contributor is electrophoresis.
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The history of nanoelectroporation

Nanoelectroporation has been developed over the past dozen years. Some of the first men-
tions of using nanopores for intracellular delivery were published in 2011 [67], and 2012 for
nanostraws [55, 68]. These studies did not incorporate an electric field but instead relied
on spontaneous membrane piercing and subsequent diffusion of the cargo. VanDersarl
et al. exposed cells to a membrane-impermeable dye via nanostraws of various diameters
and found that only small diameters (100 nm) resulted in delivery, indicating that larger
diameter nanostraws did not spontaneously penetrate the cell membrane [55]. The control
with nanopores yielded no delivery either. Other studies used nanostraws to deliver small
ions with up to 90% efficiency [69], and azidosugars (sugars with -N3 attached) with almost
100% [70].

At this time, it was still ambiguous whether nanostraws were engulfed by the cell mem-
brane or indeed penetrated it, which led to investigations of the cell membrane penetration
mechanisms. A model for general nanowire cell penetration was put forward by Xie et
al., suggesting two main mechanisms: gravitational and adherence-driven penetration [71].
Gravitational penetration entails that the cell sediments on top of the nanowire, then sinks
further down and wraps around it due to the gravitational force. According to their calcu-
lations, this force was one order of magnitude lower than the force required for penetration
(1-5 nN as measured by atomic force microscopy [56]). When the cell adheres to the sub-
strate, it can generate stronger forces, even higher than required for penetration, but it is
highly dependent on the nanowire geometry, as also indicated by the results of VanDersarl
et al. [55]. To further elaborate on the penetration mechanisms, the effect of the cytoskel-
eton was studied and found to be an important factor [72]. If penetration of the cytoskel-
eton (along with the cell membrane) is not achieved, it could significantly shorten the time
before pore closure and lead to a narrower time window for delivery [72]. However, this
was refuted in the case of nanostraws when the first quantification of nanostraw penetra-
tion was presented [54], where it was observed that penetration events were stable during
the experimental time frame (at least 20 minutes). They showed this by delivering Co2+

to GFP-expressing cells through nanostraws, quenching GFP fluorescence if delivered to
the cytosol. Dark puncta appeared at each nanostraw penetration site and the penetration
rate was estimated to be 7.1%. With the addition of a substrate coating with the adherence-
promoting molecule fibronectin, the penetration rate increased to 12%. The cell adherence
time was also found to be a contributing factor.

To increase the penetration and transfection efficiency, external forces (primarily electric
fields) were coupled with the nanostraw/nanopore substrate. Nanostraw electroporation
was first introduced by Xie et al. [73], who could deliver a 5 kilobase pairs (kbps) plasmid
with an efficiency of 81% when using electroporation in combination with nanostraws. As
a comparison, the efficiency was only 5-10% without the electric field in the same cell type
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[55]. When adding the plasmid under the nanostraws substrate 10 s after electroporation, in-
stead of it being present during electroporation, the efficiency was much lower. Moreover,
the transfection efficiency decreased after reversing the polarity. Taken together, these res-
ults indicate that electrophoresis plays a significant role in plasmid transport through the
nanostraws. Penetration of nanostraws was later demonstrated in another study where
Stimulated Emission Depletion Microscopy (STED) was used to image the cell membrane
over the nanostraw during application of an electric field [62]. The cell membrane opened
over the nanostraw, allowing direct access to the cytosol (also confirmed by successful cel-
lular extractions using nanostraws [74]). Thus, by combining the nanostraw/nanopore
substrate with an electric field, both membrane permeabilisation and cargo transport to
the cytosol is enhanced.

To increase the understanding of how the electric field interplays with the nanostraws and
pores, both for pore formation and molecular transport, several simulations have been car-
ried out. Focusing of the electric field to the nanostraw/nanopore has been determined
[75, 76, 77, 78], with the transmembrane potential (difference in potential between the in-
side and outside of the cell membrane) dropping fast outside the nanochannel [79]. How-
ever, other aspects of the delivery have also been modelled, showing that the transmembrane
potential achieved with nanoelectroporation exceeds the one required for pore formation
at a much lower applied voltage than in bulk electroporation [77], that an increase in cell
membrane tension increases delivery because more and bigger pores are formed [79], and
that efficient molecular transport relies on the electric field and is maximised at an inter-
mediate voltage [75, 79].

Various cargos, of different types and sizes, have been tested. For instance, different types
of RNA have been successfully delivered: siRNA [80, 81] and microRNA that resulted in
gene knockout [82], and several types of mRNA with transfection efficiencies up to 88%
[82, 80, 83, 61]. Also, DNA plasmids of varying size have been transfected, ranging from
about 4 kbps [79] up to 12 kbps [84]. Proteins, usually having a lower charge than nucleic
acids, can be more challenging to deliver using electrophoresis-based delivery methods.
Pathak et al. tested this by conjugating DNA strands to a protein and achieved an increase
in transfection efficiency from 75% to 80% compared to when delivering the protein in its
original form [85]. Lastly, injecting Cas9-sgRNA complexes (ribonucleoproteins), has been
found to both be delivered and able to carry out its task in the cell [61, 83, 85].

Over the years, the nanostraw/nanopore substrates have been the subject of optimisation.
The nanostraw length (200-3200 nm) was investigated by Schmiderer et al., who found that
nanostraws shorter than 1100 nm produced transfection efficiencies exceeding 50%, while
longer ones yielded progressively worse results [80]. Most of the recently published studies
utilise nanostraws, but the Espinosa group has multiple reports on successful delivery using
nanopore electroporation [79, 85, 81, 86]. However, a direct comparison between nanopores
and nanostraws is yet to be reported. Regarding substrate pore diameter and pore density,

19



several diameters and densities have been used in different studies; however, no systematic
comparison has been conducted to determine their effect on the transfection result. A
simulation showed that higher pore density results in an overall higher transport through
the substrate, supposedly up to a limit (not specified) where the substrate porosity (fraction
of total pore area to membrane area) is too high and the electric field localisation disappears
[79]. Experimental studies have included aspects of both porosity and pore diameter, but
as other parameters were changed in the same experiment, no clear conclusions could be
made for the effect of pore diameter and density alone [87, 88]. Lastly, most substrates have
been based on track-etched polycarbonate (PC) or polyethylene terephthalate membranes
(with or without alumina nanostraws) coated with adhesion-promoting molecules such as
fibronectin or poly-L-lysine. Some attempts at making nanostraws of different materials
(Au [89], SiOx [68], conducting materials [78]) have been made, but the effect of substrate
surface chemistry is still largely unexplored.

For electroporation parameters, such as pulse width, duration, and voltage, most studies
include some optimisation of these parameters as they are highly dependent on cell type
and application. Most have used square pulses of 100-500 μs duration instead of a constant
signal to avoid heating and bubble formation. However, Pathak et al. recently tested three
types of pulses: short, long, and bi-level (consisting of a higher initial voltage that is then
reduced for the remainder of the pulse), and concluded that the bi-level pulses yielded
the best results in terms of transfection efficiency and cell viability [85]. In the literature,
the duration of electric field exposure also varies, but mostly falls within the range of 30
s to 2 min. One study showed that the optimal pulse duration depends on the applied
voltage, implying there is a ‘dose’ effect of the electric field that should be considered [75].
The voltage is the most frequently assessed parameter and is usually kept within a range
of 10-40 V. Nevertheless, as almost all studies omit to mention the distance between the
electrodes, the field strength is not known, and the results can not be compared from one
study to another. Another parameter, whose effect has not yet been investigated, is the
choice of cargo dilution buffer.

Finally, many cell types have been tested, and with that, potential applications presented.
HEK293, HeLa, and CHO have been frequently used, but other cell lines and primary
cells have also been evaluated. For example, various cargos were delivered to several types
of primary immune cells with high efficiency [90], five hard-to-transfect cell types were
successfully transfected with mRNA [61], and primary human stem cells were found to be
transfected with good viability [80]. Indeed, the nanoelectroporation method has on sev-
eral occasions been demonstrated to be minimally perturbative, in regard to immediate cell
viability, cell function, and gene expression [91, 80, 75, 88]. Recently, delivery of Cas9 ribo-
nucleoproteins has been presented that resulted in successful genetic editing, which has the
potential to be used in research on various diseases [85, 90, 92]. The most recently presented
application demonstrates the method’s capability of repeatedly injecting molecules that re-
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programmed fibroblasts into induced pluripotent stem cell lines, able to differentiate [88].
These are just a few examples of the potential of this method within medical research.

Until now, no application of nanoelectroporation has been aimed towards diabetes research.
In this thesis, I have addressed this by using insulin-producing cells (rat clonal β-cells) with
nanostraw and nanopore electroporation. The question of how transfection efficiency and
cell viability are affected by buffer conductivity, cell density, surface chemistry, and topo-
graphy (nanopores versus nanostraws) will be considered in detail. Moreover, the effect
of voltage is studied with a defined inter-electrode distance to enable comparison with
other future studies. This optimisation will be helpful not only for the transfection of β-
cells, but also to deepen the knowledge of the method in general and to continue method
development. To move further towards an application in diabetes research, we modified
insulin gene expression by injecting plasmids encoding a dCas9 and an artificial transcrip-
tion factor. With this, we aim to take the first steps toward a new safe transfection method
within the field of epigenetic editing, specifically within diabetes research.
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Chapter 3

Experimental methods

3.1 Cell culture

A cell culture is the growth of cells in a controlled artificial environment. Three different
types of eukaryotic cells can be grown in a laboratory: primary cells, transformed cells, and
self-renewing cells. Primary cells are cells obtained directly from an animal or human, and
will only live for a finite number of cell division cycles. Transformed cells, or cell lines, have
genetic variations that make them immortalised; they can divide indefinitely. Lastly, self-
renewing cells are cells that can differentiate into various other cell types [93]. Experiments
with cells can be done either in vitro (greek for ‘in glass’), meaning that cells are isolated and
cultured long term in a laboratory setting (cell lines), or ex vivo (greek for ‘out of the living’)
meaning that cells are taken out of an organism to be studied instead of being continuously
cultured (primary cells).

To achieve optimal cell growth in a cell culture, the cells need to be placed in a favourable
environment. To achieve this, cells are grown in a cell medium that contains all nutrients
and supplements required for the cells to thrive. The cell culture is then placed in an
incubator that regulates the humidity and maintains a constant temperature (37◦C) and
CO2 level of 5%. The CO2 level is used, together with a buffer in the cell culture medium,
to maintain the pH level of the culture medium within the physiological range (7.2-7.4).

As the cells grow, the space and nutrients in the culture vessel are diminished, and the
cells need to be split. During splitting, a fraction of the cells are removed, while new cell
medium is added, to make room for the remaining cells to divide further.

In this work, we have used a rat clonal β-cell line (832/13 INS-1 rat insulinoma cells), which
is an adherent cell type. Adherent cells attach to the culture vessel and grow in a monolayer,
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while non-adherent cells are suspended in the culture medium. β-cells are pancreatic cells
that produce insulin, a hormone that controls the level of glucose in the blood. Clonal
refers to the fact that all cells originally come from one single cell, and therefore all have
the same genetic material. The reason for working with these cells was that the end goal
has been to optimise the method for use in diabetes research.

3.2 Nanoelectroporation

In nanoelectroporation, instead of being suspended in a solution, as in bulk electroporation,
cells are seeded on a substrate with nano-openings, with the cargo molecules in solution
on the other side of the substrate. As described in section 2.7.3, the cargo molecules are
transported through the nanosubstrate into the cell via diffusion, EOF, and electrophoresis.
This thesis deals with two main types of substrates - nanopores and protruding nanostraws,
seen in the top and bottom panel of the zoom-in in Figure 3.1, respectively. The details
concerning the substrates and their fabrication will be discussed in later chapters.

To achieve nanoelectroporation, the experimental setup was designed to apply electric
pulses across cells and nanosubstrates. The substrates were attached to a plastic cylinder
using biocompatible double-sided tape, creating a reservoir (see Figure 3.1). The cells were
then seeded in these reservoirs by detaching the cells from their culturing vessel, counting

Figure 3.1: Nanoelectroporation setup. Left: Picture of the experimental setup. A polymer cylinder with the
nanopore/straw substrate attached at the bottom is placed on a drop of the cargo solution on top of a gold
planar electrode, and a platinum electrode (wire) is inserted into the cylinder. In the background, the signal
generator, amplifier, and oscilloscope are visible. Right: Zoom-in sketch showing a cell on a nanopore (top) and
nanostraw (bottom) substrate with the cargo solution and the gold-covered glass slide electrode underneath.
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them, and filling the reservoir with cell medium containing the desired number of cells. The
cells could either be left to sediment and adhere to the surface overnight, or the reservoirs
could be gently centrifuged to spin the cells down onto the substrate. The reservoir was then
placed on top of a drop of cargo solution on a planar gold electrode. The tip of the platinum
wire, acting as a top electrode, was submerged in the cell medium inside the reservoir. The
distance between the electrodes was kept at 0.5 mm. Both electrodes were connected to
a signal generator that produced the electrical pulses and an amplifier that enhanced the
signal. The electric field polarity was chosen according to the charge of the cargo molecules.
For example, to pull negatively charged molecules into the cell, the positive electrode was on
top. The electric field consisted of a train of square pulses instead of a steady signal to avoid
heating and bubble formation. The optimal pulse width, voltage, frequency, and duration
depended on the application (a combination of substrate parameters and cell type). The
electrical pulses were monitored with an oscilloscope. Depending on the application, after
treatment, the cells were either cultured on the nanosubstrate for later analysis, or detached
and either analysed or cultured in another vessel.

3.3 Nanosubstrate fabrication and characterisation

The distinguishing feature of nanoelectroporation is the nanopore/nanostraw substrates.
The starting point for fabricating nanostraws and nanopores is track-etched polycarbonate
(PC) membranes, with randomly distributed pores. These polymer membranes are com-
mercially available (it4ip, Belgium) with various pore diameters, porosities, thicknesses,
materials, and surface chemistries. Depending on the nanostructure, nanostraws or nan-
opores, the fabrication process differs. Nanostraws protrude from the surface and require
several fabrication steps, whereas nanopores are flat and only require one step, as will be
described below.

3.3.1 Atomic layer deposition (ALD)

Atomic layer deposition (ALD) is the first step in making nanostraws and the only fabric-
ation step for making nanopores. ALD is a well-established technique where monolayers
of a chosen material are deposited on a surface using two vapours, called precursors, in a
sequential manner [94]. The precursors TMAl (Al2(CH3)6) and water (H2O) were used
for depositing aluminum oxide (Al2O3), also called alumina, on our PC membranes.

The process steps involved in creating monolayers of alumina using ALD can be seen in Fig-
ure 3.2. Each subfigure shows the cross-section of a corner of a pore in the PC membrane.
The untreated PC membrane has surface hydroxyl (OH) groups (1), and the process begins
with a pulse of TMAl being injected into the reaction chamber (2). The TMAl chemisorbs
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Figure 3.2: Schematics of the ALD process. The figures show a cross-section of one side of a pore in the
PC membrane. The colors indicate the following species: red-oxygen, white-hydrogen, black-carbon, grey-
aluminium. (1) The hydroxylated (OH) surface before processing. (2) TMAl (Al2(CH3)6) is injected into the chamber
and reacts with the hydroxyl groups on the surface, and methane (CH4) is created in the process. The process
continues until the surface is saturated (3), the chamber is then purged to remove any remaining TMAl and
methane. (4) water vapour is injected into the chamber, which reacts with the surface to remove the two
remaining methyl (CH3) groups, creating methane, and resulting in the formation of a hydroxylated layer of
alumina. (5) A second purge step is performed, and a new cycle can start.

(chemical bonds form between the gas molecules and the hydroxyl groups) to the surface,
and methane (CH4) is produced as a by-product. This process is self-limiting, meaning
that the TMAl will adsorb until no free hydroxyl groups are left on the surface. This results
in a TMAl monolayer being formed. For the process to be efficient, a temperature of 80
to 300◦C is required [95]. The chamber is subsequently purged (3) to remove any remain-
ing TMAl and methane. A pulse of water vapour is then introduced into the chamber
(4). The water molecules react with the methyl groups to produce methane. Following
saturation and completion of the monolayer formation, a second purge is carried out (5).
A hydroxylated monolayer of alumina has now formed, and a new cycle can start. In this
way, one can grow films of alumina to a precise thickness. Figure 3.2 is a schematic repres-
entation of the processes, but there is also another alternative reaction for TMAl to adsorb
in (1). One TMAl can react with two hydroxyl groups to form two methane, leaving one
methyl group left for further reactions. Both these reactions are most likely taking place on
the surface simultaneously [95].
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3.3.2 Inductively-coupled plasma reactive ion etching (ICP-RIE)

Whereas the nanopore fabrication is complete after the ALD described above, fabricating
protruding nanostraws requires additional steps. Starting from the nanopore membrane,
removal of the top alumina material and then some of the polymer is required. Etching is a
processing technique for imprinting patterns on a surface by selectively removing material.
This removal can be accomplished with liquid chemicals (wet etching) or plasma (dry etch-
ing). Dry etching techniques are highly selective (one can choose which type of material
is removed) and anisotropic (it gives different etching rates in different directions), which
makes it possible to create small structures and patterns with high resolution [96]. There
are several available dry etching techniques, depending on the type of pattern or structure
that is required.

Inductively-coupled plasma reactive ion etching (ICP-RIE) is a dry etching technique with
an anisotropic etching profile. An illustration of an ICP-RIE chamber is shown in Figure
3.3. A reaction gas is injected into the vacuum chamber, and a plasma is created by an ICP
source, which consists of a coil wrapped around the chamber. The ICP source generates an
alternating magnetic field that oscillates at radio frequency, usually 13.56 MHz [97]. As the
atoms in the gas move within the field and collide, electrons are knocked off, creating ions.
Both ions and electrons are accelerated up and down in the field, but because of their larger
mass, the ions move much less than the electrons. The electrons move enough to collide

Figure 3.3: Schematic of an ICP-RIE chamber containing a plasma. The coil wrapping around the chamber,
the ICP source, creates the plasma by generating an alternating magnetic field, which strips electrons from the
atoms. A combination of an applied bias and a build-up of charge then accelerates ions towards the sample
table, and etching occurs through both physical bombardment and chemical reactions.
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with the upper wall of the chamber, as well as the sample table. As the chamber walls are
grounded, those electrons are removed and are no longer part of the process. However, the
sample table is isolated, and as electrons hit the table, an electric field will build up between
the now slightly positive plasma and the negative sample table. Along with a separate radio
frequency bias applied to the sample table, the ions are accelerated vertically towards the
sample. As the ions strike the sample, they etch material vertically more than horizontally.

The main etching processes involved are physical bombardment and chemical reactions
[98]. In physical bombardment, the ions that strike the substrate dislocate atoms from the
surface, which are purged from the chamber. The second process involves chemically re-
active species (ions, radicals, excited atoms) created in the plasma that are adsorbed onto
the substrate surface, where they react with the substrate material and create volatile com-
pounds. These compounds then desorb and are pumped out from the chamber. These two
processes can be tuned by etching parameters such as gas flow, ICP voltage, table bias, and
chamber pressure. The selection of gases is also crucial for the result, influencing material
selectivity, anisotropy, and etch rate [97, 98].

As mentioned, in the case of nanostraws, parts of both the aluminium oxide and the PC
needed be removed to yield protruding nanostraws. These two materials required differ-
ent etching parameters to achieve the desired structure, and therefore, two separate etching
steps were performed. For clarity, a schematic of the complete nanostraw fabrication pro-
cess is shown in Figure 3.4. Using ALD, a PC membrane with pores (1) was coated with
roughly 12 nm alumina (2). To make nanostraws, ICP-RIE with argon was used first to
remove the horizontal layer of alumina, leaving the alumina coating inside the pores (3).
The second etching step utilised sulfur hexafluoride (SF6) and oxygen to etch the PC with
higher selectivity than alumina, resulting in nanostraws extending out from the substrate
(4).

Figure 3.4: Nanosubstrate fabrication. A PC membrane (1) was coated with a layer of TMAl using ALD (2),
creating nanopores. Creating nanostraws required one argon step of ICP-RIE to remove the top layer of alumina
(3) and then a second step with sulfur hexafluoride (SF6) to etch the polycarbonate (4), creating nanostraws.
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3.3.3 Scanning electron microscopy

To characterise the substrates, a piece of each substrate was imaged with a scanning electron
microscope (SEM). A SEM is a tool used for high-resolution imaging of nanostructures and
was used to inspect and measure the dimensions of the nanostraws/nanopores. Because of
the smaller wavelength of electrons compared to light, the resolution of an SEM can be as
low as <1 nm, as compared to an optical microscope, which has an optimal resolution of
200 nm [99]. By scanning a focused electron beam across the sample and analysing the
number of secondary- or backscattered electrons generated from each point, an image can
be constructed. Secondary electrons are created when the focused electron beam knocks off
electrons from the sample atoms as it scans the field of interest. They originate from near the
surface, have low energy, and carry information about sample topography. Backscattered
electrons, however, have high energy and are created from elastic or inelastic scattering of
the electron beam on the sample. They originate from deeper in the sample. Both these
types of electrons can be used for imaging.

If an insulating material is imaged in an SEM, a local build-up of electrons occurs on the
sample that prevents electrons in the beam from reaching it. This can induce distortions in
the image. That can be avoided by coating the sample with a few nanometres thick layer
of metal, using a sputter coater. An image of nanostraws made using PC membranes with
300 nm pores and coated with 5 nm Pd:Pt can be seen in Figure 3.5.

Figure 3.5: SEM image of nanostraws made using a PC substrate with 300 nm pores. The sample was coated
with 5 nm Pd:Pt and the in-lens detector was used, detecting mainly secondary electrons. The stage tilt was 30◦.

3.4 Analysis methods

In this work, several analysis methods were used to determine the transfection efficiency, as
well as the effects of the treatment and cargo molecules on the cells.

29



3.4.1 Fluorescence

Several of the analysis techniques used in this thesis rely on fluorescence, which is the ability
of an atom or molecule to absorb photons of a particular energy and subsequently emit
photons of a lower energy. The mechanism of fluorescence begins with the absorption of a
photon, leading to an electron being excited from the ground state (S0 in Figure 3.6a) to a
higher energy state (electronic energy levels, thick black lines in Figure 3.6a). The electron
can lose some of its energy in non-radiative processes (wavy line), before it is de-excited to
the ground state and a photon is emitted (fluorescence) at a longer wavelength than the
absorbed light (Stokes shift).

In an atom, electrons have discrete and well-separated energy states, resulting in specific
wavelengths being emitted when electrons transition from a higher to a lower state. Mo-
lecules, as have been used in this work, have additional degrees of freedom, vibration and
rotation, that will split up the electronic energy levels (vibrational states indicated as thin
black lines in Figure 3.6a). The vibrational energy states are split up further by rotational
energy levels; however, these energy differences are small and not shown in Figure 3.6a.
For higher electronic states, the energy difference between them decreases, leading to an
overlap of the vibrational states. This results in more complex emission spectra than for
atoms (which have narrow, clear peaks), see Figure 3.6b for the example of the fluorescent
dye YOYO-1.

(a) Jablonski diagram (b) YOYO-1 excitation/emission spectra [100]

Figure 3.6: Fluorescence in a molecule. (a) Jablonski diagram showing electronic states as thick black lines and
vibrational states as thin black lines. The purple arrow indicates excitation of an electron from the ground state
S0 to a vibrational state in the first excited state. Non-radiative relaxation occurs down to the lowest level in the
first excited state (green wavy arrow), and de-excitation with photon emission is illustrated with the red arrow.
Note that the emitted photon has a longer wavelength than the absorbed one; this is called the Stokes shift.
(b) Excitation- (dashed) and emission (filled) spectra of the fluorescent molecule YOYO-1. Because of the many
vibrational states present in a molecule, the excitation and emission spectra are broadened compared to those
of an atom.
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Fluorescent molecules

In this thesis, several fluorescent molecules and dyes have been used. They will be briefly
presented below, starting with the intercalating dye YOYO-1.

An intercalating dye, such as YOYO-1, binds to double-stranded DNA, inserting itself
between base pairs, and its fluorescence increases significantly when bound. The binding
and unbinding of the dye to the DNA reaches equilibrium after a 2-hour incubation at
about 55 ◦C [101]. As the dye binds, it can change the mechanical properties of the DNA
[101]. However, we have seen that most of the intercalating dye unbinds from the DNA
within 24 hours after transfection, and that expression of the stained plasmid is unaffected
by the YOYO-1 staining 48 hours after delivery. This is due to the fact that when the plas-
mids are transported into the cells, their surrounding medium change to one with fewer
free YOYO-1 molecules, thereby causing the equilibrium to shift, leading to YOYO-1 un-
binding.

The plasmids we have used for optimisation encoded a green fluorescent protein (GFP).
GFP was first discovered in jellyfish but has since been identified in several species. From
these natural proteins, other variants have been engineered and are commonly used as a
reporter in cell experiments.

To identify dead cells, the cell-impermeable dye DAPI was used. It increases its fluorescence
intensity when bound to DNA and can thus be used to stain the cell nucleus. Since it is
cell-impermeable, only dead cells with ruptured cell membranes show DAPI fluorescence.

Lastly, immunostaining was used to visualise the presence of a protein related to cell pro-
liferation (Ki-67) in cells after nanoelectroporation. Immunostaining utilises antibodies to
label target proteins. First, a primary antibody binds directly to the target protein and then
secondary antibodies, labelled with a fluorophore, can bind to the primary antibody. Sev-
eral secondary antibodies can bind to a single primary antibody, yielding the advantage of
signal amplification in comparison to only using a labelled primary antibody. Usually, cells
are fixed and permeabilised before immunostaining to prevent degradation and to open the
cell membrane, respectively.

3.4.2 Fluorescence microscopy

Fluorescence microscopy was employed in this thesis to image immunostained cells. A
fluorescence microscope is similar to an ordinary light microscope, but is equipped with
excitation and emission filters that allow only specific wavelengths to reach the sample and
detector. A schematic of the components and light path in fluorescence microscopy can be
seen in Figure 3.7. A light source emits light towards a filter cube, in which it first reaches
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an excitation filter that selects the wavelength that will excite the fluorescent molecule of
choice. The light then encounters a dichroic mirror that reflects it towards the sample. A
dichroic mirror has a cut-off wavelength, below which light is reflected, while light with a
longer wavelength is transmitted, or vice versa. The excitation light leaves the filter cube
and is focused onto the sample by an objective. The fluorophores present in the sample
absorb the excitation light and emit light at a longer wavelength, as previously described.
The fluorescence emitted towards the detector will first be transmitted through the dichroic
mirror and then reach the emission filter. The emission filter blocks unwanted light, while
it allows the fluorescence from the fluorophore to pass. Depending on the chosen filter
cube (excitation filter, dichroic mirror, and emission filter), and thereby which wavelengths
that are selected, different fluorescent molecules can be visualised.

Figure 3.7: Schematic of a fluorescence microscope. A light source emits light, which passes through a filter
cube that selects the excitation wavelength. A dichroic mirror, deflecting wavelengths shorter than the cut-off
wavelength while transmitting longer wavelengths, redirects the light towards the objective and sample. After
excitation, the fluorescently labelled cells in the sample emit light at a longer wavelength, which passes through
the mirror and emission filter (while other wavelengths are blocked) to finally reach the detector.

3.4.3 Flow cytometry for immediate analysis of transfection efficiency

Flow cytometry has been the most frequently used analysis method in this work as it is
operationally simple and time-efficient. It is a technique for counting and analysing the
properties of a set of cells in suspension by scattering or fluorescence. I have used it to
evaluate transfection efficiency, cell viability, and cell count after transfection. A schematic
of a flow cytometry machine can be seen in Figure 3.8.

In flow cytometry, a cell suspension containing differently labelled cells is loaded into the
machine, where the cells are focused into a single line by a flowing sheath fluid and moves
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through a laser beam, one at a time. The sample flows within the sheath fluid, but the two
fluids do not mix (due to laminar flow), a phenomenon called hydrodynamic focusing. As
a cell moves through the laser beam, it scatters the incoming light. Light deflected mainly
by the cell membrane is detected along the same axis as the laser, called forward scatter
(FSC) light, which provides information about the cell size. Light scattered at larger angles
is usually detected at a 90◦ angle from the beam and is called side scatter (SSC) light. This
light is scattered mostly by cell constituents and thus carries information about the cell’s
granularity [102].

Figure 3.8: Schematic of a flow cytometry setup. The cells are loaded from the top and directed into a flow of
single cells by a sheath fluid. The single cells flow through a laser and scatter the light in a forward direction,
detected by the forward scatter (FSC) detector, which gives information about the cell size. Cells also scatter
light at an angle compared to the incoming beam direction, detected by the side scatter (SSC) detector, which
provides information about cell granularity. If the cells are fluorescently labelled, the emitted fluorescence will
encounter dichroic mirrors and be directed into the right detector.

Flow cytometry can also assess the fluorescence of cells that are stained with different fluor-
escent dyes (fluorophores). An example is shown in Figure 3.8, where unlabelled cells are
pink, and cells stained green and blue are shown in their respective colours. When a la-
belled cell moves through the laser, the incoming light excites the fluorophore, which then
emits light of a different wavelength. The fluorescence light is collected in the same dir-
ection as the SSC light. However, the wavelengths are separated by dichroic mirrors and
the emission light that goes through the first mirror (where the side scatter light is redirec-
ted to its detector) is redirected into the right detector/channel by a set of other dichroic
mirrors. Several fluorophores can be used in the same sample, as long as their spectra do
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not largely overlap. Due to partial spectral overlap between fluorophores, compensation
between channels might also be necessary to avoid signal spillover from one channel to
another.

Gating

When acquiring flow cytometry data, subsets of cells can be selected and subsequently
analysed. This selection is called gating and can be done in several steps, until only the
target cell population remains in the analysis. In this way, data from different populations
in the sample can be separated and analysed individually. An example of a gating for clonal
β-cells transfected with YOYO-1-stained plasmids is shown in Figure 3.9.

Starting from the top left (panel a), the entire measured population is visible in this panel.
Ideally, each dot corresponds to the signal of one cell. Both the x and y-axis show FSC,
but the difference between them is that the x-axis shows the area of the signal (indicated
with -A), and the y-axis the height (denoted with -H). As a cell moves through the laser, the
measured intensity signal will be a curve with a height and width, see the left side of the inset
in (a). When single cells move through the laser, the area of the curve is proportional to the
height, and these cells should lie on a straight line in the data plot, selected within the green
box. The dots deviating from the straight line, following a different slope, are aggregations
of cells (mostly doublets). Compared to single cells, these will have an intensity curve with
a larger area relative to their height, as shown in the right side of the inset in (a). That is
because they take longer to pass through the laser, and the signal is therefore broader, while
maintaining the same height as for the single cell signal. These aggregates are excluded from
the analysis since one count represents the average of several cells rather than a single cell,
which would increase the risk of acquiring false positives. From panel (a), only the counts
within the green box are carried over to the next panel for further analysis.

In Figure 3.9b, the signal included in the green box in (a) is displayed in terms of FSC-A
on the x-axis and SSC-A on the y-axis. Debris, objects in the sample solution that are large
enough to be detected, but too small to be cells, can be seen in the lower left corner in (b).
Since only whole cells are of interest here, these counts are excluded from the analysis by
the blue gate.

The remaining cells after excluding aggregates and debris are displayed in Figure 3.9c, where
the next step is to exclude dead cells from the analysis. For this, DAPI (which fluorescence
is displayed on the y-axis of (c)) is mixed into the sample solution, and DAPI-positive cells
(i.e. dead cells) are counted in the red box in panel (c). The cell counts in the turquoise box
in (c) correspond to the single, live cells that should be evaluated for the presence of the
target fluorophore and cell count, in this case, the green fluorescence of YOYO-1 labelled
plasmids. That signal is displayed in Figure 3.9d with FSC-A on the x-axis and YOYO-1
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fluorescence on the y-axis. To set the gating for this population at a correct level in terms of
fluorescence, the green box is adjusted according to a control sample without fluorescently
labelled plasmids. Cells showing green fluorescence, in this case, cells successfully injected
with the plasmid, are selected within the green box in (d).

Figure 3.9: An example of a gating strategy used in this thesis work. All x-axes represent forward scatter signal
area (FSC-A), and the y-axes are explained in parentheses for each panel. In (a) (forward scatter signal height
(FSC-H)), all measured particles are displayed. The singlet cells are chosen with the green box for further analysis.
The inset shows the different appearances between signals originating from single and doublet cells as they move
through the laser (purple). Three time points for the cell and aggregate, respectively, are indicated as 1, 2, and 3
with corresponding dashed lines. Both signals have equal height, but since the doublet cells have a wider signal,
they will lie on a different slope, outside the green box, in the FSC-H vs FSC-A plot. In (b) (side scatter (SSC)), the
debris is removed, and only whole cells are displayed in (c) (DAPI fluorescence), where dead cells are excluded
based on whether they are positive for the cell impermeable dye DAPI. Finally, in (d) (YOYO-1 fluorescence), the
number of cells positive for the injected green plasmid is assessed with the green box. The lower level of this
box is based on a control sample where no plasmids were injected.
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3.4.4 Phase holographic microscopy

Phase holographic microscopy is a digital microscopy method used to image cells without
the use of fluorescent labels and to obtain three-dimensional information. Moreover, these
microscopes have motorised stages and can be placed inside an incubator, meaning one can
acquire time-lapses of multiple locations on the cell culture substrate, all while the cells
are kept in optimal conditions. In my work, I have used phase holographic microscopy
to image cells on various substrates to study the effect of surface chemistry, as well as after
transfection to investigate how the cells were affected by the treatment.

The basic principles of this technique stem from how holograms are made. In contrast
to ordinary photography, where intensity and wavelength are used to create an image, a
holograph is made by utilising the light’s phase. A sketch of the microscope setup (the
same as for creating any hologram, just exchange the cell sample with any other object of
interest) can be seen in Figure 3.10.

Figure 3.10: Sketch of a phase holographic microscopy setup. The laser beam is split into one reference beam
and one sample beam. The sample beam passes through the sample, where the phase of the light is affected,
while the reference beam passes unperturbed to the image sensor. The two beams are then joined before the
image sensor to create an interference pattern. With the help of software, it is possible to extract 3D information
about the sample.

The beam from a diode laser is divided by a beam splitter into two identical beams, the
sample beam and the reference beam. Since information about the phase is critical, the
coherent light (meaning all photons have the same wavelength and phase) of a laser is
required. The reference beam goes unperturbed through the system and then illuminates
the image sensor after being reunited with the sample beam. The sample beam instead
goes through the sample before reaching the image sensor. The optically denser cells will
affect the phase of the light, and the two beams will create an interference pattern when
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they coincide again. This interference pattern is recorded on the image sensor and with the
provided software, the recorded pattern will be turned into an image of the cells. And just
as in any hologram, 3D information is contained within the interference pattern, and the
height of the cells can be visualised.

3.4.5 Quantitative polymerase chain reaction (qPCR)

Quantitative polymerase chain reaction (qPCR) is a method for detecting specific RNA or
DNA sequences in a sample. It has been used in this thesis to analyse the expression of
insulin mRNA after injection of the dCas9-repressor plasmid complexes in Paper III.

In qPCR, a specific DNA sequence is amplified while its amount is analysed in real time.
When assessing gene expression, RNA is extracted from the cells and converted into com-
plementary DNA (cDNA) before qPCR can be performed. This conversion is called re-
verse transcription. It starts with that short DNA sequences, called primers, anneal to the
mRNA and act as starting points for DNA synthesis by the enzyme reverse transcriptase.
The primers are designed to match a short sequence on the mRNA that flanks the target
sequence. As the reverse transcription is finalised and all mRNAs are hybridised with a
cDNA, the reverse transcriptase is deactivated with heat to ensure a 1:1 ratio of cDNA to
mRNA.

qPCR entails a cyclic exponential amplification of the cDNA. A schematic of the process
for the first three cycles is displayed in Figure 3.11. The first cycle starts with the addition
of the necessary reagents and heating the solution to separate the mRNA from the cDNA.
It is then cooled down again to allow primers and probes to anneal to their corresponding
sequences. The primers, which act as the starting points for DNA synthesis, are designed to
anneal outside of the target sequence on the cDNA, while the probe (containing a fluoro-
phore and quencher) anneals on it. Complementary nucleotides are connected by a DNA
polymerase (enzyme), which, when it reaches the probe, degrades it as it continues to syn-
thesise DNA. As the probe is degraded, the fluorophore is released from the quencher and
starts to fluoresce upon excitation. The probe matches a specific sequence on the DNA,
which ensures that only one fluorophore is released per new copy of DNA.

There are two versions of the primers, one forward and one reverse, each matching a se-
quence on one of the long DNA strands - the original cDNA strand and the product of
the first cycle (blue and green in ‘Second cycle’ in Figure 3.11). Together, these two primers
flank the target sequence and result in the synthesis of short strands, which include only the
target sequence and the two flanking primer sites. These short strands are then amplified
exponentially in subsequent cycles, with one fluorophore released per newly synthesised
DNA copy, resulting in the fluorescence exponentially increasing.
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Figure 3.11: The first cycles in the qPCR amplification process. The first cycle starts with that primers and probes
are added, and the sample is heated to separate the mRNA and cDNA strands. It is then cooled down to allow for
the primers and probes to anneal to the target sequence. DNA polymerase (not shown) initiates DNA synthesis
from the primer, and as it reaches the probe, the probe is degraded. The fluorophore is then released from the
quencher and starts to fluoresce. In the second cycle, the two different primers result in short strands being
produced, which are exponentially amplified in subsequent cycles.

The CT value is the number of cycles required to reach a certain fluorescence threshold level
and is inversely proportional to the initial number of mRNA molecules in the sample. For
example, a low amount of mRNA in the sample requires more amplification cycles before
reaching the threshold, and thus, the CT value is high. The threshold is determined by the
software, based on the fluorescence background level of all samples for a particular gene.
To account for differences between samples (for example, the amount of extracted RNA),
a control gene can be used to normalise the result of the target gene. These control genes
are commonly involved in basic cellular functions and is selected based on the fact that
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its expression is stable across different samples. For reliable comparison between sample
groups, some processing of the CT values is required, more than just normalising to the
control gene. The CT value of the control gene is subtracted from the CT value of the
target gene, giving the ∆CT. Then, the ∆CT of the control sample is subtracted from the
∆CT of the test sample. The result is called the ∆∆CT value and gives the relative expression
level of the target gene compared to both the control gene and control sample.
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Chapter 4

Results - Optimisation of
nanoelectroporation transfection
parameters

As described in the background chapter, several aspects of nanoelectroporation still need
investigation, which we have addressed in papers I and II. In addition, since nanoelectro-
poration has not yet been used with rat clonal β-cells, it has been crucial to optimise the
method for these cells and determine how they react to the treatment. While the first paper
mainly focuses on electroporation parameters, the second paper instead handles factors re-
lated to the nanopore/nanostraw substrate. Note that the electrode distance, often lacking
in literature, is set to 0.5 mm in all experiments in this thesis.

4.1 Means to assess transfection efficiency

To assess the transfection efficiency, the cargo molecules in these two papers were two types
of GFP-expressing plasmids, pMAX (3.5 kbps) and eGFP (6.1 kbps). These plasmids were
either injected as they were or stained with the intercalating fluorescent dye YOYO-1, as
illustrated in Figure 4.1. When the plasmids were transfected as they were, they needed
48 hours to be expressed by the cell before GFP fluorescence could be assessed. On the
other hand, the YOYO-1 staining procedure allowed for assessment of transfection effi-
ciency immediately after transfection, as the DNA was already fluorescent. In both cases,
the cell fluorescence was assessed using flow cytometry after staining dead cells with the
cell-impermeable dye DAPI. When YOYO-1 have been used in this thesis, the DNA have
been stained at a molecular ratio of one YOYO-1 molecule per 250 base pairs.
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Figure 4.1: Overview of the two methods for evaluating the transfection efficiency when injecting GFP-
expressing plasmids. The first method assessed the GFP expression of the plasmids after a 48-hour waiting
period. Using the second method, plasmids were stained with the intercalating dye YOYO-1, and transfection
was evaluated immediately after delivery.

4.2 Optimising electroporation parameters - Results of Paper I

This paper aimed to investigate the effects of electroporation parameters such as voltage,
cell density, and cargo buffer conductivity, on transfection efficiency and cell viability of rat
clonal β-cells. For these experiments, the pMAX plasmid was stained with YOYO-1 before
injection, and the samples were analysed immediately after nanostraw electroporation using
flow cytometry. As a final point, injection using nanostraws and nanopores was compared,
both in terms of immediate transfection (internalised YOYO-1-stained plasmid) and after
48 hours (GFP-expression).

First, the effect of applied voltage was examined by varying it between 14 V and 36 V. The
results can be seen in Figure 4.2. Up to 33 V, the transfection efficiency increased with

Figure 4.2: Optimisation of voltage during nanostraw electroporation on β-cells. Transfection efficiency (green)
and cell death (grey). Significantly different groups, calculated with ANOVA and Tukey Post Hoc test, are indicated
by horizontal lines and stars (***: p<0.001) for the transfection efficiency, and by capital letters for cell viability,
with p<0.05. (n = 3, error bars indicate standard error)
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higher applied voltage. When the voltage was increased further, the transfection efficiency
decreased slightly, and cell death was significantly higher. Using 28 V resulted in the next-
to-highest transfection efficiency while maintaining the cell viability as high as possible.
We therefore used 28 V in the remainder of Paper I and in Paper II.

Next, the question of how cell density affects transfection efficiency was addressed. A
thought within the field had been that uncovered nanostraws could pose a problem during
nanoelectroporation by lowering the resistance of the porous substrate, thereby decreasing
cargo delivery [103]. One way to minimise the number of uncovered nanostraws is to max-
imise cell density. To test this, we varied the cell density in our samples, from very sparse
to more than a completely covered surface, as seen in Figure 4.3. Going from the highest

Figure 4.3: Optimisation of clonal β-cell density on the nanostraw substrate during nanoelectroporation. The
top panel show the transfection efficiency (green) and the cell death (grey) after transfection with YOYO-1-
stained plasmids. Below are microscopy images of three of the tested densities, as indicated by arrows. (n = 3,
error bars indicate standard error. Statistics: ANOVA and Tukey Post Hoc test, *: p<0.05).

cell density to the lowest, the transfection efficiency first increased and then reached a plat-
eau for densities below 2690 cells/mm2. We explained the lower transfection efficiency
at high cell densities by the fact that at higher densities, cells stack on top of each other
and are therefore not all in contact with the substrate, which means many cells cannot
receive any cargo. That indicated that as long as cells were in contact with the substrate,
the electrophoretic force exerted on the cargo was not dependent on the number of un-
covered nanostraws. From here on, the remainder of the experiments in this thesis were
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conducted using a cell density of 2690 cells/mm2 to balance scalability with achieving a
high percentage of transfected cells.

The buffer used to dilute the cargo molecules had not previously received much attention,
although several different buffers have been used in previous studies. We tested the effect
of buffer conductivity on transfection efficiency and viability, with conductivities ranging
from 0.001 mS/cm for MQ water to 78 mS/cm for 10x concentrated DPBS. The results are
displayed in Figure 4.4.

Figure 4.4: Optimisation of the plasmid buffer conductivity. Cells were injected with YOYO-1-stained plasmids
and analysed directly after transfection. Transfection efficiency is shown as green bars and cell death as grey
bars. (n≤3, error bars indicate standard error. Statistics: ANOVA and Tukey Post Hoc test with ***: p<0.001,
*:p<0.05).

Although the cell viability was unaffected, the transfection efficiency decreased with increas-
ing buffer conductivity. To explain this, we turned to simulations of the voltage drop across
the nanostraw substrate. The higher the voltage drop across the substrate, the stronger the
electrophoretic force exerted on the plasmids is. The simulation results showed that the
highest voltage drop was achieved with MilliQ water, while the lowest was with 10x DPBS,
which conformed to the experimental results.

The last part of Paper I involved a first comparison between nanopores and nanostraws. The
results can be seen in Figure 4.5. There was no significant difference in immediate transfec-
tion efficiency identified; however, a significantly larger fraction of cells expressed GFP 48
hours after transfection with nanopores compared to with nanostraws (Figure 4.5a). When
looking at the mean intensities in Figure 4.5b, nanostraws gave a higher intensity at both
time points, indicating that more plasmids were injected per cell. The observations that a
similar percentage of cells were transfected with both substrates, but nanostraws injected
more plasmids per cell, were contradictory to the lower cell percentage expressing GFP
after 48 hours. Because of the lower cell count 48 hours after transfection using nanostraws
compared to nanopores (Figure 4.5c), we speculated that this discrepancy could have two
explanations: either more cells died after transfection with nanostraws, or the cells prolif-
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erated less, inhibiting the translocation of the plasmids to the nucleus and thus preventing
expression [19]. At this point, we could not determine the cause of the discrepancy; how-
ever, this matter was further investigated in Paper II.

(a) Transfection efficiency and cell viability (b) Mean fluorescent intensity (c) Cell count after 48 hours

Figure 4.5: Comparison of nanopore and nanostraw substrates for nanoelectroporation. Part of the cells were
analysed directly after transfection and some were cultured and assessed 48 hours later for GFP expression. (a)
Transfection efficiency, both immediately after transfection (light green) and 48 hours later (dark green). The cell
death immediately after, and 48 hours after, transfection is shown in light and dark grey, respectively. (b) The
mean fluorescence intensity of transfected cells, YOYO-1 in light blue and GFP in dark blue. (c) The cell count
48 hours after transfection when 8000 cells were seeded of each sample after transfection (indicated with black
horizontal line). (n≤3, error bars indicate standard error. Statistics: in (a) and (b) t-tests were used, and in (c)
ANOVA and Tukey Post Hoc test: ***p < 0.001, **p < 0.01, *p < 0.05).

4.3 Optimisation of substrate parameters - Results of Paper II

In this paper, we explored the effect of nanopore/nanostraw substrate parameters, such
as porosity, pore diameter, surface chemistry, and topography. Nanopores were used to
first evaluate the influence of porosity, diameter, and surface chemistry by transfecting
the pMAX plasmid stained with YOYO-1. Subsequently, nanopores and two types of
nanostraws were compared in terms of transfection efficiency, both immediately and 48
hours after transfection. These experiments were conducted with the larger eGFP plasmid.
The discrepancy found in Paper I, between the percentage of cells transfected immediately
and the fraction of cells that expressed GFP after 48 hours, was thoroughly investigated.
To do this, five types of nanosubstrates were fabricated, as shown in Figure 4.6.

First, the effect of porosity, pore diameter, and surface chemistry on nanopore electropor-
ation was evaluated. For the porosity experiments, three different porosities (with pores
covering 0.6%, 0.2%, and 0.06% of the substrate surface area) were tested and the results
showed that higher porosity yielded higher transfection efficiency (Figure 4.7a). A possible
reason for this was that, for the lower porosities, the distance between nanopores was large
enough for cells to interface with too few nanopores to receive a detectable amount of plas-
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(a) Nanopores-PC (b) Nanopores-PVP

(c) Nanopores-Al (d) Nanostraws-PC

(e) Nanostraws-Al

Figure 4.6: Schematics of the five different types of substrates used for the experiments in Paper II, with PC in
beige, polyvinylpyrrolidon (PVP) in orange, and alumina in grey. (a) Nanopores with a PC-surface (Nanopores-PC),
used as purchased. (b) Nanopores with a PVP coating (Nanopores-PVP), used as purchased. (c) Alumina-coated
nanopores (Nanopores-Al), (d) nanostraws with PC surface between the nanostraws (Nanostraws-PC), and (e)
nanostraws with alumina surface between the nanostraws.

mid. Next, a comparison of two nanopore diameters was conducted, which showed that
using 200 nm nanopores led to a higher amount of transfected cells, as well as higher cell
viability compared to when using 300 nm nanopores (Figure 4.7b). Lastly, three substrate
surface chemistries were compared: PC, PVP, and alumina (a, b, and c in Figure 4.6).
The highest transfection efficiency, by far, was observed for the alumina surface (see Figure
4.7c). From these results, we found that the best choice for nanopore electroporation was
nanopores-Al with 200 nm diameter pores and 0.6% porosity.

Since cell-surface interactions have been shown to play a significant role in achieving suc-
cessful nanoelectroporation, we explored whether this contributed to the substantial dif-
ference in transfection efficiency between the three surface chemistries discussed above.
Cells were imaged on the three substrates for 24 hours using phase holographic micro-
scopy. Cells on the various substrates after 20 hours of imaging can be seen in Figure 4.8.
The cells cultured on PVP and PC substrates clumped together and formed aggregates that
grew vertically, while cells on an alumina coated substrate spread out on the surface. The
tendency to form aggregates was already visible after 5 hours, and even after 1 hour, the cells
started to group on the PVP and PC. Since a good cell-substrate seal is required for effi-
cient nanoelectroporation transfection, the poor transfection efficiency observed for PVP
and PC may, at least partly, be explained by poor cell adhesion.

46



(a) Porosity (b) Diameter (c) Surface chemistry

Figure 4.7: Optimisation of substrate parameters. The effect of (a) substrate porosity, (b) pore diameter, and (c)
surface chemistry on transfection efficiency (green), cell death (grey), and mean fluorescence intensity of trans-
fected cells (blue). Cells were injected with YOYO-1-stained plasmids and analysed directly after transfection.
(n=3, the statistics were calculated with ANOVA and Tukey Post Hoc test with: ***: p<0.001, *: p<0.05).

Subsequently, the combined effect of surface chemistry and topography was studied by
comparing nanopores-Al, nanostraws-PC, and nanostraws-Al (see panels c, d, and e in
Figure 4.6). To assess the transfection efficiency, the eGFP plasmid was stained with YOYO-
1 before delivery. Part of the cells were analysed immediately using flow cytometry, while
8000 cells were seeded to be analysed 48 hours later. The immediate transfection efficiency
was higher for nanostraws-PC compared to nanopores-Al (Figure 4.9). Using nanostraws-

(a) Nanopores-PVP (b) Nanopores-PC (c) Nanopores-Al

Figure 4.8: Phaseholographic images of the cells cultured on (a) nanopores-PVP, (b) nanopores-PC, and (c)
nanopores-Al, respectively. The cells were seeded on the substrates in equal concentration and cultured for 24
hours. The images shown here are taken 20 hours after seeding.

Al provided an even higher fraction of transfected cells and we concluded that the alumina
surface between the nanostraws was, in fact, the reason why nanostraws-Al outperformed
nanostraws-PC. GFP expression after 48 hours showed a similar trend, but the percentage
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of GFP-expressing cells was lower than the YOYO-1-positive cells for all substrates. This
result was similar to the findings in Paper I and was now further investigated.

(a) Transfection results (b) Cell count after 48 hours

Figure 4.9: Comparison of three types of substrates with different surface chemistries and topographies. (a)
Transfection efficiency immediately after injection (light green), GFP-expression after 48 hours (dark green), as
well as cell death (grey) and mean fluorescence intensity (blue) at the two time points. Note that the high mean
fluorescence of the control at 0 h is due to the fact that the mean intensity is calculated from positive cells only.
As the control has very few positive cells, the mean intensity is, in this case, calculated from outliers. (b) Cell
count 48 hours after transfection and seeding of 8000 cells per sample, indicated by the black horizontal line.
(n=3, statistics: ANOVA and Tukey Post Hoc test with ***: p<0.001, **: p<0.01, *:p<0.05.)

As previously stated, the discrepancy in percentage between GFP-expressing cells and im-
mediately transfected cells could arise from lower proliferation or cell death, suggested by
the difference in cell count 48 hours after transfection (Figure 4.5 and 4.9a). When lower
proliferation was ruled out, cell death was instead indicated to be the cause. However, the
cell death assessed using flow cytomtry was low at both time points (Figure 4.9a). Another
possible explanation for the lower cell count was that cells detached from the substrate and
thereby were not included in the flow cytometry analysis. After acquiring time-lapse im-
ages of cells transfected with the various substrates using phase holographic microscopy, we
could conclude that this was indeed the case. For nanostraws-Al, a small fraction of cells
adhered properly and divided (forming small clusters), while most were not and detached
from the substrate. Additional fluorescence images showed that GFP-expressing cells were
rarely a part of the clusters of normally adhering and dividing cells. Control experiments
without plasmids indicated that the plasmids were the cause of the cell detachment. With
the highest transfection efficiency correlating with the lowest cell count (nanostraws-Al in
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Figure 4.9), there was possibly a dose-dependence as well, with more plasmids being more
cytotoxic. This showed that maximising cargo delivery may not always be the most suitable
goal. Instead, the amount of delivered plasmids should be adjusted to achieve the desired
effect while maintaining cell viability, in which cell count is an essential factor to consider.
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Chapter 5

Results - Modification of gene
expression using nanoelectroporation

The third paper revolves around applying the nanoelectroporation method towards an ap-
plication within diabetes research, i.e. altering insulin gene expression in clonal β-cells.
This was achieved using the CRISPRi system (described in section 2.4), with a repressor
called Super Krüppel-associated Box Domain (SKD) bound to the CRISPR-dCas9 [104].
This system represents a first step toward epigenetic editing, for which the CRISPRi system
can be used to develop a protocol and act as a proof of principle.

5.1 Downregulation of Ins1 gene expression - Results of Paper III

The CRISPRi complex was transfected in two parts: one plasmid coding for the sgRNA
(3.5 kbps) and one for the dCas9-SKD (8 kbps). Based on the results of papers I and II,
alumina-coated nanopores were chosen for this project. Before transfecting the CRISPRi
system, some optimisation was first carried out to adapt the method to the dCas9-SKD
plasmid, which was considerably larger than the cargo molecules we used in Papers I and
II.

First, the optimal nanopore diameter and voltage for the dCas9-SKD plasmid alone were
investigated (see Figure 5.1), because it was the largest plasmid used in the CRISPRi system
and hence the most difficult to transfect. Moreover, the transfection efficiency for a plasmid
in the same size range as the sgRNA plasmid was established already in paper II (Al-surface
chemistry in Figure 4.7c).

Figure 5.1 clearly shows that a larger pore diameter led to higher cell death for both 22 V and
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Figure 5.1: Optimisation of nanopore size and voltage for the dCas9-SKD plasmid stained with YOYO-1. The
same DNA concentration as in Papers I and II was employed (200 ng/μl). The percentage of transfected cells and
dead cells immediately after transfection is shown in green and grey, respectively. (n=3, statistics: ANOVA and
Tukey Post Hoc test with ***: p<0.001 and **: p<0.01)

28 V. Therefore, a pore diameter of 200 nm was chosen for further experiments. Regarding
voltage, 28 V was the better choice, since it only had a slightly lower cell viability compared
to when applying 22 V, while the transfection efficiency was significantly higher. Hence,
for the remaining experiments, we used a 200 nm pore diameter and applied 28 V across
the nanopore substrate.

Next, we tested the transfection efficiency when two plasmids of different sizes, similar to
the CRISPRi system were transfected simultaneously and whether the transfected cells pro-
cessed the plasmids during the 48 hours between transfection and analysis (same period as
for the upcoming experiments on gene expression modification). To assess this, the dCas9-
SKD plasmid was transfected together with the pMAX plasmid used in previous papers.
The pMAX plasmid had the same size as the sgRNA plasmid, with the advantage that it
encodes a GFP with more reliable expression. It therefore mimicked the sgRNA plasmid,
but with a strong fluorescence reporter, which made analysis easier. The resulting GFP-
expression, assessed 48 hours after transfection, can be seen in Figure 5.2. Approximately
24% of the cells showed a GFP signal. This meant that 24% of the cells were transfected
with and processed the pMAX plasmid when transfected together with the dCas9-SKD
plasmid. However, since the dCas9-SKD plasmid did not have a reporter, this result did
not say anything about the transfection efficiency of that plasmid. Yet, the results shown
in Figures 5.1 and 5.2 gave an indication of the transfection efficiency to expect for the
CRISPRi system (around 25% of transfected cells).

Lastly, the rat clonal β-cells were injected with the CRISPRi system to achieve downreg-
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Figure 5.2: GFP expression (green) and cell death (grey) 48 hours after transfection with dCas9-SKD and pMAX
plasmids. The GFP reporter is located on the pMAX plasmid.

ulation of the Ins1 gene expression, evaluated using qPCR. Two types of control samples
were used to assess the downregulation: untreated cells and cells transfected with a dCas9
with a No Effector Domain (NED) instead of SKD. The dCas9-NED was almost identical
to dCas9-SKD except that it did not contain a transcription factor and should, therefore,
not affect the expression of Ins1. These two controls, together with the reference gene Hprt1
(a gene coding for an enzyme that recycles building blocks for DNA and RNA, that is as-
sumed to be stably expressed across different samples), were then used to determine the
relative gene expression of Ins1 between samples and controls as described in section 3.4.5.
The result can be seen in Figure 5.3. In Figure 5.3a, the mean relative expression of all ex-
periments (n=19) is displayed, while in Figure 5.3b, the pairs of control (dCas9-NED) and
sample (dCas9-SKD) for each experiment are indicated.

There was a significant downregulation of the Ins1 gene expression for cells transfected
with SKD compared to NED. This result demonstrated that the CRISPRi system worked
- the sgRNA guided dCas9 to the correct location, and SKD had its intended effect in the
Ins1 gene expression. The difference in mean relative expression was, however, not very
large. That was most likely due to a majority of the cells not being successfully transfected,
as indicated in Figures 5.1 and 5.2. Sorting cells that are successfully transfected, using
fluorescence-activated cell sorting (FACS), could possibly improve the results. In addition,
the Ins1 gene is highly expressed in this cell type and even after downregulation, there
could be many mRNA copies left in the cell. Despite these challenges, Figure 5.3b shows
that downregulation was achieved in 15 out of 19 experiments. These results shows that the
CRISPRi system can be used to downregulate gene expression, which opens up for using
it to test the effect of different epigenetic modifications on cell function in the future.
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(a) Mean relative expression (b) Pairs for each experiment

Figure 5.3: Relative gene expression of clonal β-cells transfected with plasmids coding for dCas9-NED and sgRNA
(NED+sgRNA), or dCas9-SKD and sgRNA (SKD+sgRNA). (a) Mean relative gene expression of all experiments
(n=19). (b) Paired results for NED and SKD from each experiment. The indicated p-values of 0.03 and 0.06 were
calculated with a Wilcoxon test.
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Chapter 6

Conclusion and outlook

In this doctoral thesis, I have explored the use of nanoelectroporation as a transfection
method towards an application within diabetes research. More specifically, the potential
to use nanoelectroporation to epigenetically modify gene expression of clonal β-cells could
open for studying specific molecular changes related to type 2 diabetes and for using it
in therapeutic applications. Nanoelectroporation offers a gentle and efficient approach
for delivering molecules directly to the cytosol of cells, circumventing the endolysosomal
pathway. Although nanoelectroporation has been used on several cell types with various
applications in mind, so far, no one has targeted β-cells. That gap is what I aimed to fill
during my five years of research. My work can be summarised into three main parts: the
optimisation of the nanoelectroporation method parameters, the investigation of how the
method affects the long-term viability and cell count, and a proof of principle for regulating
insulin gene expression.

Since nanoelectroporation had not been used on rat clonal β-cells before, many parameters
needed to be optimised. Some of the parameters we optimised focused on the adaptation
of the method for use on rat clonal β-cells, such as voltage and cell density. The results
showed that selecting the optimal voltage requires finding the balance between transfection
efficiency and cell viability. Moreover, cell density should be chosen such that all cells are
in contact with the substrate while as many cells as possible are available for subsequent
analysis. Investigating the effect of the cargo buffer conductivity provided us with a better
general understanding of the method. Previously, the cargo buffer conductivity had been
chosen arbitrarily; however, in my thesis, we found it to have a significant effect on the
transfection efficiency of plasmids due to the large differences in voltage drop across the
substrate for different conductivities, affecting electrophoresis. The highest voltage drop
was achieved using MQ water, which was subsequently used as the cargo solution. Con-
cerning parameters related to the substrate, we demonstrated that the porosity needed to be
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high enough for cells to interface with a sufficient number of nanopores/nanostraws, that
a larger pore diameter led to higher cell death, and that surface chemistry had a dramatic
impact on transfection. The addition of an alumina coating on the substrates considerably
increased the transfection efficiency compared to PC or PVP surfaces. Time lapse images
of cells on the different substrates showed superior cell adherence on alumina substrates,
suggesting that the better transfection efficiency on these substrates is due to a tighter seal
between cells and substrate.

Comparing nanopores and nanostraws showed that, while nanostraws delivered more plas-
mids per cell, the fraction of cells expressing the plasmid after 48 hours was lower than for
nanopores. This comparison raised the issue of long-term viability. Our results showed that
transfection did not always result in an equal number of cells expressing the plasmid as the
number of cells immediately transfected. Additionally, 48 hours after delivery, all trans-
fected samples had a significantly lower cell count than untreated cells, with nanostraws
resulting in a lower cell count compared to nanopores. We found that the lower cell count
was caused by cytotoxicity from excessive delivery of plasmids. A combination of time-lapse
images and fluorescent images showed that many of the transfected cells detached and were
not included in the final analysis due to washing steps. Lastly, control experiments without
plasmids showed that the nanoelectroporation method in itself did not cause any cell de-
tachment. The fact that nanostraws delivered more plasmids to the cells than nanopores,
and resulted in a higher number of detached cells, suggested that our initial aim, to max-
imise plasmid delivery, may not always be the appropriate objective.

In the last study, we investigated whether we could downregulate insulin expression by
injecting the CRISPRi system in clonal β-cells using nanoelectroporation. The CRISPRi
system consisted of an sgRNA, a dCas9, and an artificial transcription factor that inhibited
gene expression (repressor). This system was injected in the form of two plasmids, with
one plasmid coding for the sgRNA and one for the dCas9 and repressor. The plasmids
in this project were larger than those we previously used. After some optimisation, we
found that the estimated transfection efficiency was roughly 25%. When injecting CRIS-
PRi, we achieved a decrease in relative expression of Ins1 in a majority of the experiments
(15 out of 19), confirming that the CRISPRi system worked. This resulted in a significant
downregulation of Ins1 gene expression compared to cells injected with the same plasmids
without the repressor. The difference in mean relative expression was relatively small; how-
ever, considering the estimated 25% transfection efficiency, the achieved downregulation
is quite striking. Indeed, the Ins1 gene is highly expressed in this cell type, and although
possibly 75% of the cells have normal expression levels, the downregulation is significant.
With these results, we showed that nanoelectroporation can deliver the CRIPRi system in
the form of large plasmids to affect gene expression, which could be further developed to
be used for epigenetic editing.

Looking forward, to further improve our nanoelectroporation setup, I believe the homo-
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geneity and fine-tuning of delivery need to be addressed. The amount of delivered cargo,
although probably most critical for plasmids, should be possible to adjust while still trans-
fecting the same number of cells. Changing the top electrode geometry, from a wire to a
stub, might help make the transfection more homogeneous [81]. Also, the random distribu-
tion of pores in the track-etched PC membranes might cause cells to interface with different
numbers of nanopores/nanostraws, contributing to the varying amount of delivered cargo.
Instead, using a substrate with regularly spaced nanopores or nanostraws would allow the
pitch to be tuned to increase the homogeneity.

Although downregulation of gene expression using an artificial transcription factor is a
result in itself, the end goal is to replace it with an epigenetic modifier, such as an DMTE
(which methylates DNA). By doing so, the effect of epigenetic changes related to type 2 dia-
betes can be further explored, and the cause-and-effect relationship between the disease and
epigenetic modifications better determined. By using nanoelectroporation, the negative
safety aspects associated with viral transduction would also be circumvented, thereby open-
ing the possibility for therapeutic applications of epigenetics in type 2 diabetes. Moreover,
nanoelectroporation is not limited to β-cells and could also be used for epigenetic modi-
fication in other cell types and diseases.
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