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Abstract
Cell membranes are vital components of cells in or at which a large fraction of
cellular processes occur. Due to their complexity there is a drive to find reductionist model systems with which to address both fundamental biological questions
regarding the organization and function of membrane constituents, and to implement them in industrial processes such as sensing and drug discovery. For the
latter it is especially important to create membrane scaffolds that allow incorporation of functional membrane proteins.
Supported lipid bilayers (SLBs) are surface-associated, 2-dimensional scaffold constructs that mimic native cell membranes. These scaffolds have been studied for
close to five decades, as they could potentially provide a lipid membrane environment for the study of the abovementioned membrane proteins such as transporters
and G-protein coupled receptors (GPCRs). The main structural component of SLBs
is lipids, which are amphiphilic molecules that self-assemble into a bilayer structure upon contact with water. SLBs can be formed by a variety of methods, one of
which is the spontaneous rupture of liposomes (lipid bilayer vesicles with aqueous
interior) onto suitable surfaces such as silica and titania, and the further coalescence into a continuous SLB. SLBs formed via the rupture of liposomes are generally free of organic solvents that could affect the proper functioning of membrane
proteins within SLBs adversely.
SLBs are typically 4-5 nm thick; however membrane proteins of interest have
thicknesses of 7-8 nm, which when incorporated into the thinner SLBs may denature upon contact with an underlying substrate. In order to use SLBs as membrane
protein scaffolds, it is necessary to decouple the SLB from the surface. Nanopore
arrays etched into SLB promoting substrates provide an ideal platform for the
spontaneous formation of nanopore spanning lipid bilayers (npsLBs), by providing
both stability to the planar lipid bilayer and providing sufficient space for the incorporation of large membrane proteins. The patterning of such nanopore arrays
where the nanoscale feature size and nearest-neighbour separation can be controlled independently over large areas, but their subsequent fabrication however
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remains challenging.
SLBs can be characterized by a host of techniques such as fluorescence microscopy,
scanning probe microscopy, impedance spectroscopy, optical evanescent sensing
techniques and gravimetric sensing techniques. Most of these methods however
lack spatial selectivity to sense differences between SLBs on unstructured and
structured surfaces. Near-field probe techniques such as atomic force microscopy
that do have high spatial selectivity are slow in acquiring data and the probes used
may interact with the SLBs on the structured surfaces. Electrochemical methods
are typically very sensitive to defects in SLBs (defect-free SLBs are highly insulating), and hence leakage currents may be observed if the SLB is not completely
defect free, complicating the collection of data on arrays with less than total npsLB
coverage. There is thus a need for a characterization method that can be used
to detect npsLBs specifically over nanopores. The characterization method should
ideally not only be able to sense events occurring at the npsLB; for future measurements of transport across the npsLBs, the method must also be able to detect
changes within the nanopores. A possible sensing scheme is provided by nanoplasmonic sensor structures, whose geometries can be tuned to achieve these goals.
This thesis is divided into three interrelated sections. The first section describes
the fabrication of nanopore arrays in silicon nitride. High-aspect ratio nanopores
(20:1, height:diameter) in silicon nitride were patterned via particle lithography
and nanofabricated using standard cleanroom processes. The nanopores were shown to be through-pores via electron microscopy and cyclic voltammetry, and the
use of such substrates for combined waveguide spectroscopy and electrochemical
sensing for potential use as an npsLB sensor demonstrated.
In the second section, the efforts towards the formation of npsLBs via liposome rupture and fusion on silicon nitride nanopore arrays are described. Anionic vesicles
were allowed to rupture and form SLBs and npsLBs on the aforementioned silicon
nitride nanopore arrays and observed using gravimetric methods, near-field probe
methods and confocal fluorescence microscopy. Confocal fluorescence microscopy
proved to be the most reliable technique for the observation of npsLBs. Image
analysis was used to quantify the success rate of npsLB formation. A theoretical investigation of the thermodynamic equilibrium for lipid membranes on top
of nanopores and kinetic barriers to entry of membranes into nanopores based on
considerations of adhesion and bending energies for supported membranes is also
presented. These models attempt to explain the existence but not complete coverage of npsLBs over all the nanopores present.
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Finally, an embedded, asymmetric, nanoplasmonic structure that can be used in
conjunction with npsLB investigations is described. Nanocone-like structures were
deposited within the nanopores of the arrays mentioned above. Experiments confirmed by simulations showed that two plasmonic modes could be excited when the
structures are obliquely illuminated with polarized light. The two modes, which
are localized to different parts of the nanocone react independently to changes in
their respective local refractive indices, allowing the simultaneous sensing of interactions at two geometrically distinct parts of the sensor. The bulk refractive index
sensitivity of both modes were obtained from experiments with glycerol-water mixtures. A model biosensing experiment was also conducted, which exploited the dual
sensing capability, the size-selectivity offered by the sensor geometry and the possibility to chemically modify the nanocone and nanopores differently for specific
binding of lipid membrane structures to the nanocones.
Through the development of fabrication, molecular assembly and sensing concepts,
the work performed in this thesis offers unique strategies to form and sense solventfree npsLBs. The plasmonic sensor platform may then in a further future development be used to characterize the incorporation and function of membrane proteins
such as transporters within npsLBs.
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Zusammenfassung
Zellmembranen sind ein wesentlicher Bestandteil von Zellen wo ein großer Teil
der zellulären Prozessen auftreten. Aufgrund ihrer Komplexität herrscht der Bedarf zu reduktionistischen Modellsysteme, mit denen sowohl Antworten auf grundlegende biologische Fragen der Organisation und Funktion der Membranbestandteile zu finden sind als auch ihre Implementierung in industriellen Prozessen wie
Sensor-und Wirkstoffforschung zu untersuchen ist. Für die letzteren ist es besonders wichtig, dass die hergestellte Membranträger das Einfügen funktionellen
Membranproteinen erlauben.
Unterstützte Lipiddoppelschichten (uLD) sind oberflächenassozierte 2-dimensionale Gerüste, die natürlichen Zellmembranen ähneln. Diese Gerüste werden seit
fast fünf Jahrzehnten untersucht, da sie sich möglicherweise als ein potentielles
Lipidmembran-Umfeld für die Untersuchung von den obengenannten Membranproteinen wie Transporterproteinen und G-Protein gekoppelte Rezeptoren (GPGR)
anbieten. Die wichtigste strukturelle Komponente der uLD sind amphiphile Lipide, die sich bei Kontakt mit Wasser spontan in eine Doppelschichtstruktur organisieren. uLD können durch eine Vielzahl von Methoden hergestellt werden, wie
zum Beispiel durch spontanes Aufspalten von Liposomen (Vesikel aus Lipiddoppelschichten mit wässrigem Innenraum) auf geeigneten Oberflächen wie Siliziumdioxid und Titandioxid und ihre Verschmelzung zu einem kontinuierlichen uLD
zusammenwächst. uLD, die durch Aufspaltung von Vesikel gebildet werden, sind
in der Regel frei von organischen Lösungsmitteln, welche die Funktion von Membranproteinen negativ beeinflussen könnten.
uLD haben eine typische Dicke von 4-5 nm, die interessante Membranproteine
haben jedoch eine Dicke von 7-8 nm. Diese Membranproteine laufen deshalb Gefahr zu denaturieren wenn sie in die dünneren uLD eingefügt werden und mit dem
Substrat wechselwirken. Um uLD als Träger für Membranproteine zu verwenden
ist es notwendig die uLD von der Oberfläche zu entkoppeln. Nanoporenarrays
werden durch Ätzen in Materialien hergestellt, welche SLB Formation ermöglichen und bieten eine ideale Plattform für die spontane Bildung von Lipiddoppel-

xv

schichten, welche Nanoporen überspannen (npuLD), indem sie sowohl verbesserte
Stabilität der planaren Lipiddoppelschicht als auch ausreichend Platz für die Aufnahme von grossen Membranproteinen bieten. Die Entwicklung und anschliessende Herstellung solcher Nanoporearrays, welche die Strukturgrösse und den Abstand zur nächsten Nachbarstruktur unabhängig über grösseren Bereichen kontrollierbar macht, bleibt jedoch eine Herausforderung.
uLD können durch eine Vielzahl von Methoden wie Fluoreszenzmikroskopie, Rastersondenmikroskopie, Impedanzspektroskopie, optisch-evaneszente und gravimetrische Messtechniken charakterisiert werden. Die meisten dieser Methoden haben
jedoch in der Regel keine geeignete räumliche Selektivität um Unterschiede zwischen uLD auf unstrukturierten und strukturierten Oberflächen wahrzunehmen.
Nahfeldsondenmethoden wie Atomkraftmikroskopie, die eine hohe räumliche Selektivität aufweisen, sind langsam in der Datenerfassung und die verwendeten
Sonden könnten mit den uLD auf den strukturierten Oberflächen wechselwirken.
Elektrochemische Verfahren sind in der Regel sehr empfindlich auf Defekte in uLD
(uLD ohne Defekte weisen einen hohen elektrischen Widerstand auf) und könnten
somit zu Leckströme führen wenn die uLD nicht defektfrei sind und erschweren
dadurch die Datenaufnahme mit inkompletten npuLD über Nanoporen. Es besteht somit der Bedarf für eine Charakterisierungsmethode zur npuLD Erkennung, besonders für Nanoporen. Die Charakterisierungsmethode sollte im Idealfall nicht nur in der Lage sein Ereignisse direkt an npuLD sondern auch den
Transport durch npuLD und Veränderungen innerhalb der Nanoporen zu messen.
Ein mögliches Charakterisierungssytem um solche Ziele zu erreichen sind nanoplasmonische Sensorstrukturen mit abstimmbarer Geometrie.
Diese Dissertation ist in drei zusammenhängende Abschnitte unterteilt. Der erste Abschnitt beschreibt die Herstellung von Nanoporearrays in Siliziumnitrid.
Nanoporen mit hohem Aspektverhältnis (20:1, Höhe: Durchmesser) wurden durch
Partikel-Lithografie auf Siliziumnitrid hergestellt und mit Standardreinraumprozessen verarbeitet. Dass die Nanoporen durchgehend bis zum unteren Substrat
durchgeätzt waren wurde durch Rasterelektronenmikroskopie und zyklische Voltammetrie gezeigt. Auch die Nützlichkeit von solchen Substraten wurden durch
kombinierte Wellenleiterspektropie und elektrochemischen Untersuchungen auch
gezeigt.
Im zweiten Abschnitt wird die Bildung von npuLD durch Aufspalten von Liposomen auf Siliziumnitrid-Nanoporenarrays beschrieben. Anionische Vesikel wurden
verwendet um uLD und npuLD auf den obengenannten Siliziumnitrid-Nanoporearrays zu bilden und mittels gravimetrischer Methoden, Nahfeldsondenmethoden
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und konfokaler Fluoreszenzmikroskopie beobachtet. Konfokale Fluoreszenzmikroskopie erwies sich als die zuverlässigste Methode zur Beobachtung der npuLD.
Bildanalysemethoden wurden verwendet um die Häufigkeit der npuLD Bildung zu
quantifizieren. Eine theoretische Untersuchung des thermodynamischen Gleichgewichtes für Lipidmembranen auf Nanoporen und die kinetische Barrierenhöhe
für den Zutritt von Membranen in Nanoporen basierend auf Überlegungen der
Adhäsionsenergien und Biegeenergien von unterstützte Membranen wird vorgestellt. Diese Untersuchung versucht die partielle Existenz von npuLD über Nanoporen zu erklären.
Schließlich wird eine eingebettete, asymmetrische, nanoplasmonische Struktur,
die in Verbindung mit npuLD Untersuchungen verwendet werden könnte beschrieben. Kegelähnliche Strukturen wurden im Inneren der Nanoporen den in den
oben erwähnten Nanoporenarrays abgeschieden. Experimenten und Simulationen
zeigten auch, dass zwei plasmonische Modi angeregt werden könnten, wenn die
Strukturen schräg mit polarisiertem Licht beleuchtet werden. Die zwei Modi, die
an verschiedenen Teilen des Nanokegels lokalisiert sind, reagieren unabhängig auf
Veränderungen in ihrem jeweiligen lokalen Brechungsindex, sodass die gleichzeitige Erfassung von Interaktionen an zwei geometrisch verschiedenen Orten des
Sensors möglich ist. Die Empfindlichkeit von Brechungsindexänderungen der beiden Modi wurden anhand von Versuchen mit Glycerin-Wassermischungen bestimmt.
Ein Musterbiosensorikexperiment wurde ebenfalls durchgeführt, welches die Fähigkeit der Nanokegel aufzeigt, Veränderungen an zwei unabhängigen Orten zu
messen. Ausserdem wurde gezeigt, wie die Größenselektivität durch die Nanoporenöffnungen und die Präsenz eines Kegels in den Nanoporen zur unterschiedlichen
chemischen Modifizierung der Kegel und Nanoporen für bestimmte Zwecke ausgenützt werden kann.
Die Resultate solcher Nanosensorarrays, welche in dieser Arbeit präsentiert werden, bieten eine einzigartige Strategie lösemittelfreie npuLD zu messen und zu
charakterisieren. Das plasmonische Sensorplatform dürfte in Zukunft in der Lage
sein das Einfügen und die korrekte Funktion der Membranproteinen in npuLD zu
charakterisieren.
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1 Introduction
The ubiquity of lipids and their intimate relationship with cells and life at large
was first proposed at the end of the 19th century, coincidentally enough here in
Zürich [1–3]. What was considered to be akin to scientific heresy back then is today’s practical knowledge. Lipids and lipid structures have been the fodder for
much advancement in the fields of biology, biochemistry, biophysics and more recently, materials science. Lipids make up the natural scaffolding structure for all
types of cells. While the behavior of lipid molecules can be studied easily because
of their relative stability, the behavior of the natural scaffolding (lipid structures)
is still yet to be fully understood.
Buried within the lipid structures are nature’s other workhorses, namely proteins
and carbohydrates. Virtually all cellular processes involve interactions with proteins and carbohydrates. However, proteins (typically large membrane proteins)
tend to lose their functionality outside their native environment, making them difficult to isolate and study. Carbohydrates on the other hand are daunting molecules
to work with because of the difficulty involved in synthesizing and purifying them,
as well as to determine their structure from native extracts. Coupled with the fact
that there are numerous proteins and carbohydrates present within cells, all of
which play some vital role in the life and function of the cell, all of which also behave differently, it is still well nigh impossible to study every single known protein
and carbohydrate with today’s techniques. The emerging fields of proteomics and
glycomics are deeply intertwined with the knowledge of lipids and their membrane
structures.
The focus of this thesis is the behavior of lipid structures on nanofabricated arrays
which are to be used for the study of proteins and subsequently carbohydrates. A
component of the cell where all of these molecules naturally occur are cell membranes. This dissertation will thus begin with an introduction to the structure of
cell membranes, and the importance of isolating and understanding proteins and
carbohydrates within a cell membrane mimetic structure. Lipids and lipid structures of interest (vesicles and supported lipid bilayers) within the confines of this
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thesis will subsequently be described. The scaling down of size of the lipid structures being investigated, along with the scaling up of throughput in terms of the
number of such structures that can simultaneously be investigated will then be
discussed with nanopatterning for the development of lipid bilayer arrays. Finally,
the introduction will be rounded up with a review of the techniques employed to
investigate and characterize nanopatterned or nanoscale lipid membranes will be
presented.

1.1 Cell membranes
Cells are functional basic units of life. They were first observed by Hooke in 1665
when he investigated a sliver of cork using a self-built microscope [4]. The actual
insight that a cell is encapsulated by an osmotically permeable membrane was
provided by Pfeffer, after observing that plant protoplasma appeared to swell and
reduce with changes in osmotic pressure [5]. With the reports of Overton it was recognized that because the penetration rates of fluids into cells were well-correlated
to oil-water partition coefficients, the membrane had to consist of oily or lipid-like
structures [1–3]. The first investigations into the electrical properties of these cell
membranes were also conducted around this time period. Cell membranes were
indirectly shown to possess extremely high resistances by Höber in 1910, using
a suspension of red blood cells that had a high resistance despite the cytoplasm
having a high conductance [6]. The first accurate determination of the size of cell
membranes was made by Langmuir in 1917, using a balance that ultimately bore
his name, which could be used to determine the surface area at a gas-liquid or
liquid-liquid interface occupied by single molecules as a function of their surface
pressure [7, 8]. Following up on Langmuir’s research, Gorter and Grendel experimented on red blood cells and concluded that the area occupied by the molecules
themselves was twice as much as the area occupied by the cell membrane, leading
them to propose a bilayer lipid structure [9]. They further proposed that for a lipid
bilayer to exist, the lipids themselves must be amphiphilic (with hydrophilic (head)
and hydrophobic (tails) parts of the same molecule).1 With the advent of the electron microscope, Bangham and Horne provided the first images of cell membranes,
confirming observations spanning over 83 years prior [11].
1
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Incidentally, about 70 years later, researchers discovered that the work of Gorter and Grendel was
probably fundamentally flawed due to insufficient technical capabilities of the time, in that they
had not been able to extract every last lipid from the cells, and had underestimated the surface
area of the lipid bilayer [10]. Happily enough for them, these two flaws cancelled themselves out
such that the final conclusions were still correct.

Today we know that cell membranes are effective diffusion barriers, upholding concentration gradients of ions and molecules across the membrane. Through their
function as scaffolds for membrane proteins, membranes also control the selective
transport of molecules and ions across the lipid bilayer to create and modify ion
gradients by changing the local composition and distribution of lipids, membrane
proteins and carbohydrates very rapidly. Cell membranes are not only present as
the outer coverings of all cells, but also separate individual compartments within
eukaryotic cells. These membranes are differentiated through unique lipid compositions, as well as a plethora of associated molecules and proteins for different
organelles, leading to diverse physical properties and thus biological functions. A
schematic of a cell membrane is shown in Figure 1.1. Cell membranes are shown to
be “seas” of lipid bilayers interspersed with proteins, both transmembrane (spanning across the membrane) and membrane-bound, glycoproteins and glycolipids
and cholesterols. The picture of the cell membrane has evolved from when it was
first suggested by Danielli and Davson in 1935, who proposed a lipid membrane
covered only by hydrophilic globular proteins which would not assemble within the
lipid bilayer scaffold [12]. The famous Singer and Nicolson fluid mosaic model of
1972 then suggested that membrane proteins are indeed embedded to varying degrees within a homogeneous liquid layer of lipid bilayers due to the hydrophobic
portions of the proteins [13]. The latest view of the cell membrane is that it may
not be a homogeneous lipid bilayer spotted with lipids; it is liquid, asymmetric and
spatially inhomogeneous, consisting of lipid “rafts” (ø 20 – 200 nm, with lifetimes
ranging between 10-2 to 103 s), raft-associated membrane proteins and the nonrafted lipid matrix accounting in some cases for up to 50% of the lipid membrane
[14, 15]. Lipid composition is regulated by membrane proteins; by the same token,
membrane protein function is regulated by the composition of lipids around them.
Lipid rafts however are yet to be directly observed in cell membranes because of
their miniscule size and fleeting existence.
Membrane proteins, in particular transmembrane proteins, are the actual gateways through which material and information are transferred from within the
cell to its external environment and vice-versa. Currently, more than 60% of all
pharmaceutical drug targets are membrane proteins [16]. With the completion of
the human genome project, new methods in functional genomics and combinatorial chemistry allow for the identification and validation of further targets providing high potential for future drug development. Transmembrane proteins are
important for many vital cellular processes such as molecular recognition, energy
transduction and signalling cascades. However, intimate knowledge of the specific structure and function is still surprisingly lacking for almost all of of these
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Figure 1.1: Schematic of a cell membrane.
www.nigms.nih.gov, image #2524)

(Image

downloaded

from

proteins. Malfunction of G-protein coupled receptors (GPCRs), a type of transmembrane protein, has been linked to the onset of hypertension, congestive heart
failure, stroke and cancer [16]. Genetic disorders in ion channels have also been
shown to be the cause of cystic fibrosis and some types of paralysis [16]. As such it
is vital to investigate and understand how such membrane proteins function.
The stability of membrane proteins in a membrane is highly dependent on the
local chemical concentration of its surrounding molecules, implying that these proteins can only be studied within a cell membrane-like structure [15] being prone
to denaturing when extracted and isolated from the native cell membrane [17]. A
second reason for the lack of knowledge of the function of transmembrane proteins
is that many of these proteins may constitute just a small part of a larger network
of proteins, lipids and other molecules all of which may have to be activated simultaneously to start the signal cascade for a particular function. A single protein
extracted from within such a network may not display its native function.
In addition to proteins and lipids, carbohydrates, namely glycoproteins and glycolipids are also present as molecules associated with the cell membrane. Glycoproteins and glycolipids are present in high numbers on the exterior of cells at the
cell membrane as a dense polymer matrix and are referred to collectively as the
glycocalyx. The glycocalyx is typically negatively charged for most animal cells.
Glycoproteins are important functionaries to many biological processes such as fer-
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tilization, immune defense and inflammation [18]. Glycolipids on the other hand
provide energy and act as markers for cell-cell interactions. While their role in the
aforementioned field of drug discovery is not immediately apparent, it is obvious
that these molecules have to be studied with the same rigor as proteins to develop
a more in-depth understanding of cells.
Studying events at the cell membrane in vivo is quite challenging due to the high
turnover and number of its components as well as complexity of the molecules
involved. In vitro methods of studying cell membranes of live cells are typically
cumbersome, with very little chance of being able to reuse the same cells for a
second experiment. Both these approaches also typically suffer from a lack of reproducibility. One way to approach this problem is to start from the bottom-up, i.e.
instead of a cell, starting with one of the major components of the cell membrane,
and slowly add complexity to this model. The approach of this thesis is to start
with lipids and to make them into a scaffold for studying lipid-lipid interactions,
and eventually protein-lipid interactions using nanostructures and measurement
tools specifically tailored to this purpose.

1.2 Biomimetic lipid structures
1.2.1 Lipids
Lipids typically refer to a broad classification of molecules including waxes, sterols,
fats, glycerophospholipids, etc. These come in many shapes, forms and chemical
structures. Most lipids are amphiphilic, having a hydrophilic head group with
long, hydrophobic hydrocarbon tails. When in contact with polar solvents such as
water, the lipids form structures through which their interfacial energy is minimised. The type and size of the structure formed depends on the shape of the
starting molecule. Glycerophosphospholipids are an example of such lipids and are
the main structural component of cell membranes. For the lipid structures investigated during the course of this thesis, two main types of phospholipids were used:
1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC) and 1-palmitoyl-2-oleoylsn-glycero-3-phospho-L-serine (sodium salt) (POPS). The chemical structures of
these molecules are shown in Figure 1.2. The former has a zwitterionic head group,
and has a neutral dipolar charge above a pH of 3. The latter has an anionic head
group, with a net negative charge above a pH of 4. The area of a PC and PS
headgroup in a lipid bilayer has been determined by x-ray diffraction and nuclear
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magnetic resonance studies to be around 73 Å2 and 65 Å2 respectively [19].

Figure 1.2: Chemical structures of two main lipid species used in this thesis.
(Chemical structures downloaded from www.avantilipids.com). POPC
is zwitterionic above a pH of 3, while POPS is anionic above a pH of 4.
Both these lipids have a shape factor (dimensionless quantity independent of size
which numerically describes the shape of the molecule) of close to 1, i.e. the diameter of the hydrophilic head is approximately equal to the diameter of the hydrophobic tails (assuming a cylinder circumscribes the heads and tails). A bilayer
structure where the tails point towards each other will form when such lipids are
exposed to water. When the shape factors of the lipids deviate strongly from 1,
micelles are more likely to be formed. Micelles with the hydrophobic tails facing in
(positive curvature, see Figure 1.3 are formed when the shape factor of the lipids
is less than one (ø head >> ø tails), while micelles with hydrophobic tails pointing
outwards is typically formed by lipids with shape factors greater than 1 (ø tails
>> ø head). Figure 1.3 shows an example of 3 structures that form spontaneously
upon the lipids’ contact with water. Lipid bilayer structures (liposomes and lipid
bilayer sheets consisting of a proximal and a distal leaflet of lipids) are of interest
in this thesis as they can be assembled to mimic the cell outer membrane.
Lipid bilayers also exhibit phase behavior. For lipid bilayers consisting of a single
species of lipid, below the main transition temperature of the lipid bilayer, a gelphase is observed. In this phase, lipids are more tightly packed, have a lower mobility and the chains are highly ordered. Above the main transition temperature,
which is also known as the melting point, a liquid-crystalline phase is observed.
The lipids have long-range order, and can diffuse freely within their leaflet. Lipids
however rarely diffuse across leaflets. When they do, this is known as the flipflop motion; this process occurs over a timescale of weeks [20], unless assisted by
pore formation, in which case the lipids diffuse from leaflet to leaflet very quickly.

6

For the study of their bulk mechanical properties, lipid bilayers can be approximated as a continuous layer of lipids over experimental timescales. As a continuous layer, membranes can be deformed in a number of ways: stretching or compression, shearing and bending. These deformations can be conveniently described
by the mechanical theory for lipid bilayers suggested by Helfrich in 1974 [21].

Figure 1.3: Example of structures which form when phospholipids are exposed to
water. Vesicles and planar membranes have a bilayer structure, while
micelles are made up of a single layer of lipids. (Image downloaded
from www.wikipedia.org)
While newer biomimetic strategies not involving the use of lipid-based structures
have been discussed in the literature (such as the use of polymerosomes, capsosomes, etc.), these have mainly been discussed in the context of drug delivery vehicles rather than as scaffolds for the study of membrane proteins [22–24]. The
following section will focus solely on the use of lipid-bilayer based structures, and
how these have been used in biosensing with the ultimate aim of using these structures as scaffolds for membrane proteins.

1.2.2 Using lipid bilayer-based structures
1.2.2.1 Vesicles
Due to their physical and chemical similarity to cell membranes, lipid bilayer structures have been investigated as biomimetic cell membranes since the early 60’s.
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The oldest and most commonly investigated lipid structures have been multilamellar vesicles (MLVs). These are spherical shells of lipid bilayers which are formed
upon rehydration of dried lipids with a buffer. The lipids, in an effort to hide their
hydrocarbon tails from the water in order to minimize energy, swell into concentric
shells much like the layers of onion forming a solution of multilamellar solutions.
Control of sizes and bilayer density of vesicles is however very low for this method,
limiting its use in scientific studies. Nonetheless, MLVs are used in the cosmetic
industries and as drug delivery vehicles [25].
Closely related to multilamellar vesicles are unilamellar vesicles. These are vesicles surrounded only by one lipid bilayer and are classified according to size and
method of production. Giant unilamellar vesicles (GUVs) are typically larger than
1 �m in diameter; large unilamellar vesicles (LUVs) range between 50-1000 nm,
while small unilamellar vesicles (SUVs) have diameters of up to 50 nm. For the
manufacture of vesicles with diameters larger than 400 nm, methods such as detergent dialysis [26, 27], dilution from organic solvents [28], thin film hydration [29],
and electroformation [30] have been employed. For vesicles with nominal diameters of up to 400 nm in diameter, common preparation methods include sonication
[31] and extrusion [32]. Of these two methods, extrusion was solely used during
the course of this thesis. MLV solutions are typically extruded through doublestacked polycarbonate filters, resulting in vesicles with a narrow size distribution.
The vesicle size (unilamellar vesicles) can be varied between 30-200 nm with this
method; in this thesis, they have been varied between 70 nm and 140 nm.
GUVs are large enough to be observed using a light microscope and have thus
been used to study a variety of cytomimetic processes such as budding, healing
and endocytocis, with the advantage over live cells being the ability to control the
composition of the membrane components [33]. Raft formation was also identified
using GUVs [34–36]. GUVs have been used to investigate various aspects of lipid
bilayer mechanics such as bending [37], curvature effects through nanotube formation [38], and the behavior of proteins within a lipid bilayer [39, 40]. Additionally,
it has been shown that GUVs can act as reaction containers [41]. GUVs, while
being versatile to work with when tackling questions of cytomimetic processes and
the mechanics associated with these, are not useful as a general method for the
incorporation and study of membrane proteins. During the conventional process
of electroformation of these GUVs, there is a partial drying step which could damage incorporated membrane proteins [42]. Additionally, the use of buffers with
ionic strengths higher than 5 mM was not possible. Newer methods to incorporate
membrane proteins into GUVs have been developed, but it remains to be seen if
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these can be used for all types of membrane proteins [43].
SUVs and LUVs are well-positioned as model membranes for the study of membrane proteins. The SUVs and LUVs function as attoliter reaction containers. Incorporation of membrane proteins into these vesicles is also relatively straightforward such as the reconstitution of glycophorin into phosphatidylcholine vesicles
[44]. While observing these vesicles directly is challenging due to their size, a
number of surface-based sensing techniques can be employed to characterize these
vesicles and their embedded components. Vesicles can be adsorbed directly onto
surfaces [45]; however this may bring the incorporated proteins into close contact
with the surface. Tethering of vesicles is another approach - strategies to tether
the vesicles to surfaces include biotin-streptavidin couplings and DNA hybridization reactions [46–49]. In some reports, the tethered vesicles could also be formed
over mobile supported lipid bilayers [50, 51]. The tethered vesicles could then be
individually observed by the use of fluorescence labels, or, as in the case of DNA
tethered vesicles, could be allowed to diffuse freely over a 2-dimensional field, and
interact with other similarly tethered vesicles [50, 51].

1.2.2.2 Substrate supported lipid bilayers
Moving away from a 3-dimensional lipid structure to a 2-dimensional one, assembled planar lipid bilayers can be investigated as they interact with or modify
surfaces, the so-called surface supported lipid bilayers (SLB). The advantages of
forming planar lipid bilayers on surfaces include the enhanced robustness of the
lipid bilayer because of the underlying surface which can be selected to suit the
specific needs of the experiment, and the possibility to apply many surface-based
sensing techniques to study structure and interactions with or at the supported
membrane. SLBs can behave as inert scaffolds for the incorporation of biologically active molecules such as antibodies and proteins [52, 53]. SLBs prevent the
unspecific binding and surface-induced conformational changes of the immobilized
biomolecules, as long as these are smaller than the SLBs themselves. They also
have a long lifetime ranging from weeks to months [54]. SLBs can be investigated
using a variety of surface sensitive biosensing techniques, such as surface plasmon
resonance (SPR) [55–57], coupled plasmon waveguide resonance (CPWR) [58, 59],
localized surface plasmon resonance (LSPR, nanoplasmonic resonance) [60], dual
polarization interferometry (DPI) [61], quartz crystal microbalance with dissipation (QCM-D) [62–64], fluorescence recovery after photobleaching (FRAP) [65–69],
total internal reflection fluorescence (TIRF) microscopy [70–72], surface force ap-
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paratus (SFA) [73–75], and atomic force microscopy (AFM), just to name a few
[76–80].
The following list enumerates some important parameters for the ideal biomimetic
lipid membrane sensor.
• Stability: membranes should be stable for more than a day, to allow for meaningful screening experiments.
• Solvent-free membrane: formation of the membrane will require self-assembly
in the absence of solvents as these change the membrane mechanical properties, including stability, and interfere with membrane protein function.
• Membrane protein insertion: ideally it should be feasible to insert wide classes
of proteins and without the need for and reconstitution of each protein into
the membrane on the sensor, regardless of size of the protein.
• Arrays: it should be possible to miniaturize the platform onto a chip with
multiple sensing spots for parallel measurements both for multiplexed sensing and for parallel screening applications.
• Robustness: membrane sensor should be packageable and easily assembled;
the membrane should also be able to withstand brief air exposure during sample mounting.
• Cost: needs to be economically competitive compared with less informationrich methods such as fluorescence assays on cell fragments for drug screening.
This implies parallel measurements are necessary and that expensive reconstitution and handling of membrane components should be avoided.
Methods for the assembly of lipids into SLBs on surfaces are schematically presented in Figure 1.4. Self-assembly through vesicle fusion is a simple technique
in which unilamellar lipid vesicles rupture upon contact with a surface and form a
supported lipid membrane covering the interface (Figure 1.4(a)(i)) [77, 78]. Vesicle
(with the right lipid composition in the right buffer) fusion occurs spontaneously
on some hydrophilic substrates (e.g. silicon oxide and silicon nitride) to form stable
planar bilayers [77, 81]. A newly developed method of shear-driven formation of
SLBs is also based on fusion of vesicles to form SLBs, which are then subsequently
spread by the use of microfluidics [82, 83]. A big advantage of vesicle rupture and
fusion to form SLBs is the ability to form SLBs that are free of solvents and that
these are possibly the closest proxy to an actual cell membrane. However, SLBs
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do not form spontaneously on all types of surfaces equally well, and may not be
completely defect-free over large areas. Vesicle fusion can also occur on hydrophobic surfaces, for example pre-formed alkane-thiol monolayers (Figure 1.4(a)(ii)). In
this case, when vesicles are exposed to the hydrophobic surfaces, a lipid monolayer
is formed instead of a lipid bilayer [84]. This is an example of a hybrid bilayer;
the formation of a lipid monolayer on top of an alkanethiol self-assembled monolayer reduces the number of defect sites, and has been the architecture that is
most frequently used for electrochemical studies [55, 85]. More complex tethers
providing additional aqueous space under the self-assembled lipid layer such as
hydrophilic spacers with covalently bound lipids (Figure 1.4(a)(iii)) can be used to
drive liposome fusion [86]. The hybrid bilayers that are formed do not behave as
lipid bilayers in a cell membrane, i.e. they frequently show no or lower lipid and
membrane protein diffusion on the surface, reducing their biomimetic quality.

Figure 1.4: Schematic representations for the formation of supported lipid bilayers on various substrates. (a) Vesicle fusion (i) on hydrophilic surfaces
and (ii) on hydrophobic surfaces (e.g. pre-formed alkanethiol monolayers) (iii) with thiolipid tethers to form mixed bilayers. (b) LangmuirBlodgett/Langmuir-Schäfer deposition techniques. (c) (i) Detergent
dialysis, (ii) painting and solvent extraction [17].
Another method for the formation of lipid bilayers on surfaces includes the Langmuir-Blodgett technique. In this case, a motorised stage is used to move the substrate between an aqueous (green background) and a gas phase (white background)
(Figure 1.4(b)(i)). A lipid monolayer is held at a defined tension at the interface,
which controls the packing density. Using a hydrophilic substrate and starting in
solution, a lipid monolayer can be deposited by removal of the substrate from the
subphase [87]. Vertical reinsertion of the lipid monolayer formed in Figure 1.4(b)(i)
through the interface deposits a (second) monolayer on top, which results in a lipid
bilayer (Figure 1.4(b)(ii)). If the substrate is instead taken through the interface
horizontally the same result is achieved, but it is referred to as Langmuir-Schäfer
deposition or sometimes as ‘tip-dip’ when capillaries are used Figure 1.4(b)(iii) [88].
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The advantage with this method is its versatility - by virtue of the two-step deposition process, two different monolayers can be deposited on top of each other.
However, the membrane formation is very slow and the final membranes are also
rarely defect free, hence hindering its use as a platform for functional membrane
protein studies.
Detergent dialysis and painting may also be used to form lipid bilayers on surfaces.
In detergent dialysis (Figure 1.4(c)(i)), by forming micelles of lipids mixed with detergents, lipid material can be deposited from aqueous solution at a solid interface.
The detergent is continuously removed from the micelles by dialysis leading to decomposition of the micelles and the formation of a planar lipid bilayer at the interface [89]. For the painting and solvent-extraction method (Figure 1.4(c)(ii)) a drop
of organic solvent (solvent molecules depicted as green shapes in the membrane in
the figure) containing dissolved lipids is added to a surface in an aqueous phase.
The amphiphilic lipids will align at the solvent interface. When the solvent is extracted the lipids at the interface fuse to form a bilayer at the substrate–aqueous
solution interface [90]. This method has been regularly used by a number of groups
due to its ease of formation on virtually any surface (even over a lack of a surface,
such as micron-sized apertures); the method however suffers from solvents being
incorporated into the formeed membranes and its general lack of stability.
Of the methods mentioned above, SLB formation from vesicle fusion over hydrophilic inorganic substrates was pursued during this thesis, as it fulfilled the requirements of ease of formation and that the resulting SLBs are solvent free. SLBs
formed from other methods suffer from the severe drawback that they require the
use of solvents and detergents, which may hinder the subsequent incorporation
of membrane proteins, which is another advantage of lipid membrane formation
through vesicle fusion [17]. SLBs formed from vesicle fusion have a typical thickness ranging between 4 - 6 nm [61]. SLBs deposited on hydrophilic substrates are
not directly in contact with the surface, but rather, they are atop a thin water layer
with a thickness of 1-2 nm [91]. This water layer is thought to bestow a high lateral
fluidity to the lipid bilayer. While these thicknesses typically do not pose a major
problem for most investigations involving SLBs, the thickness of the SLB may preclude the incorporation larger membrane proteins, such as the GPCRs mentioned
in Section 1.1. Additionally, the 1-2 nm water layer is too thin to allow the accumulation of ions or material, hindering functional transport measurements [85].
A number of strategies to decouple the SLBs from the underlying substrate have
been investigated. This decoupling has been achieved primarily by forming a supported lipid bilayer on an oligoethylene oxide spacer with a lipid anchor (see Fig-
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ure 1.4(a)(iii)) [92]. The increased space of a few nanometers allows integration of
small membrane proteins such as α-hemolysin without undesired surface interaction, but the reservoir is still too restricted to monitor continuous ion transport and
the preparation can be difficult for solvent-free membranes [85, 92]. Membranes
can also be formed on top of hydrogels and other thicker (~ 10 nm) polymer cushions creating a greater reservoir, but there are few successful demonstrations of
successful transport measurements [93, 94]. To circumvent these issues, it would
be ideal to have free access to both sides of the lipid bilayer, which is not offered by
SLBs. Free access to both sides of the lipid bilayer would allow the incorporation
of larger membrane proteins, while simultaneously allowing transport measurements across the surface. The concept of spanning lipid bilayers over pores will
thus be discussed in the next section.

1.2.2.3 Black lipid membranes and pore-spanning lipid bilayers
The term black lipid membrane was first coined in 1963 to refer to the property of
lipid bilayers over apertures absorbing all light incident on them [95]. The lipid bilayers were prepared by painting (see Figure 1.4(c)(ii)) lipids dissolved in a solvent
such as decane across apertures with diameters of several hundred micrometers
across. The typical lifetimes of such BLMs was very low - in the order of a few
hours. Additionally the presence of decane in the BLM prevented the incorporation of proteins. It was thus imperative to improve the lifetimes of such BLMs and
also make them solvent free, in order to create a viable membrane protein scaffold.
Reducing aperture dimensions down to the nanometer range has been envisaged
as the most straightforward way to increase BLM stability [17]. Increased mechanical stability with reduced aperture size has recently been demonstrated by Simon
et al. who compared lipid bilayers formed by the Langmuir-Blodgett technique
across 1000 nm, 650 nm and 300 nm apertures in silicon [87]. The lipid bilayers
were tested under different mechanical stresses by increasing the force applied by
an atomic force microscope cantilever. As predicted, lipid bilayers spanned over
300 nm apertures were the most mechanically stable and had the longest lifetimes
of > 24 h. Tiefenauer et al. also recently tested free-spanning lipid bilayers over
apertures in the same size range produced by solvent spreading [90]. Membrane resistance sufficient for single ion-channel sensing was achieved for 3–4 days for 200
nm free-spanning membranes while 800 nm free-spanning membranes showed the
same resistance for 1–3 days. Although the membranes were robust and had high
resistance, this method did not produce solvent free lipid bilayers. These studies
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demonstrate that membrane stability is improved for a given membrane/substrate
system by reducing the diameter of the aperture and that fabrication of nanoporous
substrates for BLMs will yield high enough long-term stability (several days) for
screening applications.
Instead of single nanopores, Steinem et al. have developed a set of platforms based
on nanoporous array substrates in the nanometre range (ø 30 nm - 280 nm, with
a density of ~10 pores/�m2 ) [96–102]. The pores were etched in anodized alumina substrates and coated with a variety of different self-assembled monolayers
such as lipids, thiolipids and thiols with cholesterol linkers. Lipid membranes
spanning the apertures were formed by vesicle fusion (Figure 1.4a) and painting (Figure 1.4(c)(ii)). To form membranes by solvent-free vesicle fusion, the substrate had to be rendered hydrophobic by a self-assembled monolayer (SAM) of 1,2dipalmitoyl-sn-glycero-3-phosphothioethanol (DPPTE) or octadecanethiol (ODT).
The hydrophobic surface provides enough driving force for formation of a lipid
monolayer on top of the alumina scaffold and a lipid bilayer spanning the pores.
Membrane formation by painting also achieved good results on hydrophobized
substrates and yielded higher surface coverage and membrane resistance than
for vesicle fusion without notable loss of membrane stability. However, painted
membranes still contain organic solvents used during their formation. Large arrays of nanopore-spanning membranes were shown to be stable for tens of hours,
with sequential rupture of the membranes over the nanopores leading to only a
slow reduction of membrane resistance, although already rupture of one nanoporespanning membrane precludes single channel recording. Various channel peptides
and proteins have been studied with single-channel recordings on these platforms.
Favero et al. achieved comparable results on similarly hydrophobized nanoporous
substrates with non-solvent-free membranes [103]. Ion-channel and receptor protein functionality was measured for up to 10 h and the blocking capacity of the
membrane was observed for up to 6 days. Steinem and coworkers also recently
attempted to form nanopore-spanning lipid bilayers on surfaces patterned with
thiolated cholesterol linkers, which were expected to insert into the lipid bilayer.
However the results were inconclusive as to how good the formed membranes were
- multilayers were probably present over the nanopores [86, 104].

Précis
While vesicle-based sensors have their uses and have the advantage of being very
easy to form and assemble onto sensors, they do not provide as ideal a 2-dimension-
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al format for investigating membrane proteins as SLBs do. SLBs can be formed by
a variety of different methods on many types of surfaces, have a defined geometry
and are also compatible with a host of biosensing techniques. Both sides of the
membrane can also be potentially accessed. However, the incorporation of large
proteins into the formed SLBs has not been straightforward. SLBs are typically
not thick enough to allow the incorporation of large membrane proteins, hence
strategies to tether lipid bilayers or to form polymer-supported lipid bilayers have
been pursued, with varying levels of success. The investigation of nano-BLMs has
spurred the field to develop techniques for formation and measurements of porespanning lipid bilayers, however, as long as these nano-BLMs require the use of
solvents, manual painting procedures and in situ reconstitution of membrane proteins, it is unlikely that they will be a successful format as a scaffold for the incorporation of large membrane proteins. It is of great interest therefore to form
solvent-free SLBs which span across nanopores (hence called nanopore-spanning
lipid bilayers, npsLBs), which can then be integrated into an array format. For
the formation of these npsLBs preferably via liposome fusion, a patterned surface
promoting liposome rupture and SLB formation is required. In the next section,
the fabrication of such fusogenic array surfaces for the formation of nanopatterned
npsLBs will be analyzed.

1.3 (Nano)patterning surfaces and the behavior of
lipid structures on patterned surfaces
In the context of surface science and technology, a generalized description of a pattern is a template or model of molecules or structures that can be assembled on or
transferred to surfaces to bestow a degree of order to that surface. Implied is thus
a distinction between patterning a surface such that a 2-dimensional chemical,
biochemical or biological contrast can be achieved on the surface, and patterning
a surface for the subsequent physical 3-dimensional (nano)structuring of the surface. The combination of these two goals of patterning has resulted in patterns
of surface structures with a specific chemical, biochemical or biological contrast
that have extended the function and reached beyond either individual concept on
its own. Today, these techniques provide high fidelity, spatial and chemical control on surfaces, all at low cost. Patterning and nanofabrication techniques have
opened up avenues to explore biological questions, such as the workings of cells, cell
membranes and extra cellular matrices (ECM) [105–107]. Additionally, patterning
and nanofabrication offer the potential to design and manufacture high density

15

biosensor nanoarrays that can be efficiently manufactured, for multi-analyte, high
throughput screening studies.
Structured surfaces allow novel sensor concepts based on nanoscale elements such
as nanoplasmonics [46] to be applied to increase the sensitivity and lateral resolution of membrane measurements. Such structures reduce the amount of analyte
necessary and may also allow the implementation of combinatorial sensing techniques. Micro- and nanostructures on the surface also allow the in-depth study of
the effect of curvature in membranes. Lipids and membrane proteins are known
to control membrane curvature, but induced curvature may also control the distribution of lipids and membrane proteins and function [108]. To date, vesicles have
been used in most of the research to study the influence of curvature on lipid distribution, protein binding and function. However, membrane curvature could also be
controlled by the shape of surface structures to which it adheres with the advantage that the size and shape of such structures can be much better controlled and
be more uniform than with the curvature of liposomes. Still, the interplay of lipids
with nanostructures and the formation of SLBs on nanostructures in particular
are not well explored by any method.
In the following sections, various methods of patterning surface topography will
be explored. Subsequently, studies of the behavior of solvent-free SLBs on such
patterned substrates will be considered. As surfaces with nanotopography will
typically induce curvatures in SLBs, reports involving the study of solvent-free
SLBs on highly curved surfaces will also be reviewed.

1.3.1 (Nano)patterning for surface topography
Patterning techniques of structures at the nanoscale have emerged from the electronics and semiconductor industries, at the confluence of electrical engineering
and materials science [109]. Patterning techniques can be classified as being either
serial or parallel. Serial patterning techniques include “direct writing” technologies such as electron beam lithography (EBL) [110] and focused ion beam lithography (FIBL) [111] where nanopatterns are directly written into samples. The
advantage of such technologies is the complete freedom in the choice of structure,
where pattern sizes of down to tens of nanometres have been regularly achieved;
the process of writing itself is however relatively slow. These methods are used
where the importance of the pattern outweighs the cost involved in producing the
pattern, which for serial, high-end equipment is very high per area unit. Addition-
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ally, while arrays can be written, the scaling up of arrays rarely extend to large
areas, e.g. the size of standard silicon wafers, or to irregular substrates is difficult
and quickly becomes prohibitively expensive for biosensor chips.
Parallel patterning techniques on the other hand involve the processing of large
areas of surfaces at relatively low cost. Optical lithography techniques such as UVphotolithography have been the workhorse of the semiconductor industry in the
patterning of micron-sized structures over wafer-sized areas [112]. The working
principle is based on the exposure of photoresist layers through masks, which are
then used to transfer patterns to the underlying wafer. Newer methods based on
photolithography push the size of the features down to the low nanoscale, such as
in extreme ultraviolet interference lithography (EUV-IL) [113, 114]. Fourkas has
also recently published a review on photolithography techniques which use the
multiple interactions of visible light to form nanoscale features [115]. While conventional UV-photolithography is indeed cheap and effective for making patterns
over large surface areas, typically the smallest patterns that can be produced are
in the range of 1�m. For smaller patterns where EUV-IL could be useful, a synchrotron light source is required to illuminate the samples, which increases the
cost and availability sharply.
Another example of parallel patterning is nanoimprint lithography, which involves
the mechanical deformation of an imprint material such as polymethymethacrylate
by the use of a pre-fabricated master [116, 117]. The pre-fabricated masters have
to be produced via EBL. The masters are reuseable, which makes this technique
a very high throughput one, as long as no changes to the patterns are made. Patterns of down to 25 nm were reported already in 1996, making this an interesting
technique for high throughput industrial processes which require the fabrication
of small-sized features.
The methods that have been described so far can additionally be classified as topdown techniques. Top-down refers to techniques where patterns are imposed onto
a substrate by the technique being used. Bottom-up refers to the creation of patterns using the self-assembly of particles [118, 119], block-copolymers [120, 121] or
similar molecules, and do not require the use of pre-fabricated masters or masks.
The self-assembled structures on the surface form the mask that can be used for
further processing. Bottom-up processes like particle lithography can generate a
large range of pattern sizes (several hundreds of microns to few nm). Patterns can
also be changed easily in a single step. Generally, bottom-up processes are more
cost-effective than top-down processes, but suffer from a lack of long-range order
that top-down processes are more capable of. Bottom-up processes can be used to
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produce 3D structures in a single step, which normally requires multiple processing steps for top-down processes.
During the course of this thesis, particle lithography (a bottom-up, parallel process) has been used as the patterning method of choice for fabrication of surface
structures which have been used for the formation of lipid arrays. The ability of
particles to self-organize can be utilized to form ordered structures on any surface, and the parallel nature of the assembly process enables the rapid production of large numbers of different types of nanometre-sized features with different
densities over large (>1 dm2 ) surface areas [122–124]. This is particularly useful
for application areas in biosensors and biomaterials where very large numbers of
nanoscale features are needed for making substrates which produce detectable signals or responses. The approach was chosen also because of its low-cost and ease
of use and the lack of long-range order in the patterns was not seen as a drawback, as the main requirement on the final structures were that they needed to be
well-separated from one another with an average density of features such that the
features were individually observable in an optical microscope. In the following
section the efforts to produce patterns on surfaces and how these patterns have
been used for specific applications will be described.

1.3.1.1 Particle lithography: why does it work?
A range of particle patterning techniques have been developed in recent years.
The first report on the formation of colloidal structures on surfaces was published
in 1909, where Perrin measured sub-micrometre particles assembled on a surface
for the determination of the Avogadro number [125]. Iler then introduced the concept of adsorption of particles on surfaces for patterning in 1964, when colloidal
silica was deposited on alumina and colloidal alumina was deposited on silica, to
exploit the mutual attraction of charges (alumina positive and silica negative at
the chosen pH) [126, 127]. Deckman and Dunsmuir then coined the term natural
lithography in 1982 to the process they developed for forming large-scale patterned
areas of colloidal latex particles, via either dip or spin coating [128]. Van Duyne
and coworkers subsequently picked up natural lithography, and changed the name
to the more operationally relevant nanosphere lithography, where they deposited
latex particles on silica and Cu surfaces [129].
Particle lithography (or colloidal lithography) today has taken many different forms
from single layers to multilayers [124, 130, 131]. These include methods to orga-
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nize polymer [119, 131, 132] as well as inorganic [132, 133] particles. Many approaches have been aimed at making ordered colloidal crystals at interfaces in 2
or 3 dimensions. Processes that yield highly ordered structures have been demonstrated, but they are very sensitive to factors such as homogenous particle physicochemical properties [131]. It is especially important to have a narrow particle
size distribution to extend the pattern over truly macroscopic dimensions that are
necessary in most current biosensing applications [134].
In most of these approaches, particles are deposited onto a solid surface from a
liquid phase, i.e. the colloidal solution. The particles have to be completely hydrophilic so that they can be suspended in the liquid phase. In addition, the various
attractive and repulsive forces acting on the particles such as van der Waals forces,
Pauli repulsion, electrostatic, steric and gravitational forces have to be balanced
such that the particles do not float, sediment, flocculate or coagulate in solution
[135, 136].
The subsequent assembly of the particles on surfaces depends on the particles’
specific interaction with the surface, and how the particles are deposited on the
surface. For a monolayer array formation, the drying behavior of the suspension
typically determines the order of the particles on the surface. When a colloidal
suspension of particles is applied to a surface, three main forces determine the
self-assembly of particles: capillary forces, convective transfer of the particles from
the bulk to surface and water evaporation [123, 137] (see Figure 1.5). The particles
are brought to the surface by convective transfer due to a drying front. Lateral
capillary forces on the particles are induced by the thinning of the solvent layer to
reduce the deformation of the air-liquid interface and cause the particles to pack
close together, achieving an order close to hexagonal close packing [138, 139]. The
controlled drying (evaporation) of the solvent from the substrate allows the formation of well-ordered monolayers, or well ordered domains of bi- and trilayers [140].
Examples of hexagonally close packed patterns can be observed in the reports by
Ormonde [123], Dimitrov [137], Denkov [140] and Blättler [141], where the authors tuned the concentration of particles in the solution and the evaporation rate
to produce monolayers of hexagonally close-packed patterns, while controlled multilayer patterns were demonstrated in the report of Dziomkina [131]. To create
spaced-apart nanoscale features, hexagonally close-packed structures with a defined spacing between the individual features were demonstrated by Blätter et al.,
who formed these by reducing the size of the latex particles that were originally
hexagonally close packed by etching in O2 plasma [141].
For applications where hexagonally ordered patterns are not necessary or larger
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Figure 1.5: Three main forces which determine the self assembly of particles. A
convective flux of particles from the bulk to the surface is set up by
water evaporation at the drying front. Capillary forces cause particles
to pack closely together. By controlling the rate at which water is removed from the system, it is possible to form well-ordered monolayers,
or domains of bi- and trilayers.
feature distances are desired, Sutherland and co-workers have shown that the
electrostatic repulsion of polystyrene particles can be tailored through buffer conditions to assemble in colloidal films on oppositely charged surfaces. In a process
known as random sequential adsorption (RSA) (Figure 1.6) pseudo-random organization is obtained with a higher separation between the particles than is achieved
for hexagonal close-packing [119]. Particles are attracted to the surface due to the
difference of electric charge between the particles and the surface. The electrostatic
charge beween the particles and the surface is eventually balanced by the repulsion between the particles, leading to a monolayer of particles on the surface which
are spaced apart (saturation). The process can be interrupted before saturation
is reached, controlling the mean spacing between the particles, making it possible
to achieve short-range order between the mutually electrostatically repelled and
organized particles adsorbing at the interface. Important factors controlling the
saturation are salt concentration, pH of the colloidal solution, particle and surface charge, particle size and polydispersity. While it was shown that the particle
pattern does get disrupted during the drying step after assembly of the particles,
Sutherland and coworkers also showed that by heating the particles before the
drying step reduced the disruption to the particle order to a minimum.
Newer methods allow for this mean spacing between the particles to be controlled
by lifting surfaces through an assembly of particles at liquid-liquid interfaces [142].
Long-range , quasi-hexagonal order of up to 5 particle distances can be achieved
by this method as is demonstrated in Figure 1.7. Through a mixture of top-down
and bottom-up assembly processes it is even possible to give particles long range
order by directed self-assembly [143]. Directed self-assembly is not only restricted

20

Figure 1.6: Random sequential adsorption. Particles with a charge opposite to the
surface are randomly adsorbed to the surface until there are no unoccupied positions on the surface, after which incoming particles are
repelled from the surface.
to the formation of hexagonally close-packed or random patterns, but allows for the
formation of even arbitrary patterns.
From a fabrication point of view, particle films themselves offer a very limited
choice of structures and materials. It is thus desirable to use the particle film
as a mask to transfer the pattern into another material and/or structure. Hexagonally close packed particle structures have been used by, for example, van Duyne
and co-workers to make optically active metal nanodots for biosensing [132, 144].
Similarly, Sutherland and co-workers have used less dense random particle films
to produce both metal nanodots and holes in deposited metal films for biosensing,
catalysis and other purposes [145–147], as have Höök and coworkers [148, 149].
Topographical features have also been etched into the substrate by using reactive
ion etching (RIE) [150]. In these cases the particle layer itself is used as a mask,
which limits the aspect ratio of the structures that can be formed to < 1:2 as well
as the materials that can be used. A greater versatility of materials and structures
that could be fabricated have only recently been introduced [118, 141] combined
with the formation of pores with high aspect ratios (1:20, [118, 151], see Chapter 4
for more details).

Précis
Parallel processing methods have been shown to be useful in patterning large areas
of surfaces. Particularly, bottom-up approaches such as particle lithography can be
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Figure 1.7: Self assembly of particles at the liquid-liquid interface, transferred onto
a silicon wafer. SEM images of a) 500nm, b) 200nm, c) 100nm and d) 40
nm in average diameter amidine latex polystyrene particles deposited
on SiO2 . In b), superimposed to the particles, the outcome of a locating
algorithm which locates the centres of all particles is shown. The particles form a near perfect hexagonal crystal structure with long-range
order, as demonstrated by the fast fourier transform of the image in the
inset [142].
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used to obtain different patterns quickly easily and at low cost on a great variety of substrates. Depending on the types of patterns required, random patterns
and pseudo-ordered patterns can be reproducibly achieved. The drawback with
bottom-up approaches is the lack of long-range order, which may not necessarily
be a hindrance. Particles have also been shown to be able to form hexagonally
close-packed patterns, multilayer structures of these patterns and patterns such
that the individual particles are spaced apart. The patterned particle films are
typically used as masks to transfer patterns to another material or structure.

1.3.2 Behavior of SLBs on nanostructured and highly curved
surfaces
For the purposes of this section, structured surfaces will be broadly classified into
two categories, namely coarse surfaces and nanostructured surfaces. Coarse surfaces refer to those where the texturing on the surface is random, and the surface can be defined in terms of roughness measures such as the root-mean-square
roughness Rrms , the minimum roughness Rmin and maximum roughness Rrms . These
surfaces are typically not described as being porous and consist of the same material everywhere. Nanostructured surfaces are surfaces with structures that are
fabricated into the substrate to provide a clear height and shape distinction and,
in many cases, a variation of chemistry on different surfaces within the structure.
Highly curved surfaces in the context of the literature typically refers to the use of
microspheres, nanobeads and nanowires etc., which at first glance may not seem
relevant. The behavior of SLBs formed via vesicle rupture on a variety of such
curved surfaces can however be used to deepen the understanding of SLBs on
nanostructured surfaces, and hence merits mention.
Coarse surfaces (surfaces with an inherent random roughness) have only seldom
been used in conjunction with SLBs. Melzak and Gizeli introduced a method of condensing tetraethyl orthosilicate (TEOS) on various sensor surfaces to create both
coarse and smooth SiO2 surfaces using a sol-gel [152]. The coarse surfaces had a
roughness of Rrms ~ 10 nm, while the smooth surfaces had an Rrms ~ 0 nm. Vesicle
adsorption was observed on the textured surfaces, while formation of SLBs was observed on the smooth surfaces, as investigated by the surface acoustic wave (SAW)
technique and fluorescence recovery after photobleaching (FRAP). This result has
been contradicted by Lee and coworkers [153] using the same kind of substrates
and with the same roughness. They found that SLBs form both on the coarse and
smooth substrates, being formed faster on the coarse surfaces rather than on the
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smooth surfaces. Hovis and coworkers [154] presented an in-depth study on the
effect of surface treatment on the quality of the SLBs formed. Different surface
treatments changed the effective surface roughness. SLBs were formed from the
rupture of vesicles on solid glass supports which were subsequently either etched
in piranha solution for various times or annealed at 450 °C. It was shown that a
surface Rrms roughness variation of as little as 2.5% from smooth substrate (with
Rrms ~ 0.4 nm) changed the diffusion coefficient of the SLB by as much as 20% was
observed, indicating that the behavior of SLBs was very dependent on the supporting surface.
To quantify the influence of nanoscale topography on the formation of SLBs, Shreve
and coworkers [155] have studied the formation dynamics and the kinetics of SLBs
on a substrate patterned with grooves produced by interferometric lithography.
The grooves had a depth of 320 nm and width of 160 nm. SLBs were observed by
AFM and fluorescence microscopy (FM) to follow the substrate closely. An interesting finding was that the diffusion coefficient along the patterns within the grooves
was similar to that of the flat substrate, while the diffusion coefficient across the
grooves was lower even after taking the geometry of the surface into account. It
was proposed that the SLB conformed tightly to the surface, despite the presence
of the grooves. The SLBs across the grooves had a lower diffusion coefficient since
they had to traverse a larger distance in the field of view than the SLBs along
the grooves. This decoupling step could make experiments measuring the fluidity
of SLBs (eg. FRAP) far more descriptive in reflecting the state of the underlying
substrate.
In order to study vesicle fusion on patterned substrates, Zäch and coworkers [156]
fabricated 110 nm and 190 nm diameter pits, 25 nm deep in SiO2 sputtered on
gold-coated QCM-D crystals. Vesicles of 30 nm and 110 nm diameter were allowed
to adsorb to the surface and monitored using QCM-D and AFM. SLBs were formed
in all cases. The authors argued that SLBs were formed all over the substrate, with
the edges of the pits, that is to say areas of high curvature increasing the speed of
bilayer formation. The interconnectivity of the SLBs was however not discussed in
the paper with no strong indication that the SLB was continuous. This indicated
that it is very challenging to form a defect-free bilayer on a structured surface.
In a follow-up report, the same authors attempted to form SLBs across pits whose
walls were made of SiO2 and bases were deposited with Au [157]. This chemical
difference allowed the authors to functionalize the Au surfaces with biotinamidocaproyl labeled bovine serum albumin (BBSA), which repelled SLBs from it. The
authors showed that it was possible to form SLBs across these pits via AFM, but
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did not discuss how often those events were observed. QCM-D studies were also
conducted, whose interpretation was deemed as not straightforward, as the influence of liquid within the pits was already included in the reference signal, making
it difficult to decouple this signal from the formation of SLBs over the pores. Calculations based on the bending rigidity across sharp pit walls were presented which
suggested that for the dimensions of the pits used (ø 107 nm and height 25 nm),
and given the high curvature of the walls of their pits, the most likely configuration
was for the formed lipid bilayer to span across the pits.
The behavior of SLBs on curved surfaces were first investigated in the early 1990s.
Bayerl and Bloom used sub-micron glass microbeads in order to measure the diffusion coefficients of deposited lipids [91]. Whilst their results indicated that they
were measuring a single SLB layer it was not until Brisson and coworkers [158]
had conducted cryo-transmission electron microscopy (TEM) measurements on 110
nm silica particles coated with SLBs that the existence of such curved SLBs covering the particles was conclusively proven.
Instead of using particles in solution, Minko and coworkers [159, 160] adsorbed
SiO2 nanoparticles of diameters between 1 nm and 140 nm on smooth SiO2 surfaces in order to create substrates with controlled roughness. In all cases, as investigated by FRAP, an SLB was predominantly present. AFM revealed that pores
in the SLBs were formed around particles between 1.2 nm and 22 nm in diameter, while a continuous bilayer was formed over particles with diameter less than
1.2 nm or larger than 22 nm (Figure 1.8). However there was no proof of whether
bilayer fragments on top of particles larger than 22 nm were connected with the
surrounding SLB showing that the influence of nanoscale roughness on SLB formation and interconnectedness was found to be large and varied.
Another example of the interaction of SLBs with curved surfaces as substrates for
studying the formation and behavior of SLBs was the use of polysilicon nanowires,
by Noy and coworkers [161, 162]. The wires were 5 �m in length, and 20-200
nm in diameter. The lipids were observed to diffuse on the wires. However, due
to their small width, diffusion was treated as occurring in one dimension along
the wires, neglecting the diffusion across the wires. Mixed 1,2 dioleoylphosphotidylcholine/phosphotidylethanolamine (DOPC/DOPE) vesicles formed continuous
SLBs as elucidated by FRAP measurements. The mobile fractions were in the
range of 90-100%. The membrane mobility along the nanowire also seemed to increase with increasing curvature. To further quantify the results, the effect of curvature was modeled using the free space diffusion model [163]. The model provided
a good description of the effect of lipid mobility on curved surfaces for wire diam-
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Figure 1.8: Illustration of the various results presented by Minko and coworkers
[160]. The SLB covered particles smaller than 1.2 nm completely. For
particles between 1.2 nm and 22 nm pore formation in the SLB around
the particle was observed. For smooth particles that were larger than
22 nm, defect-free SLBs were formed on the particle but it was not
clear if the SLB on the particle and around the particle were connected
as depicted in the original artwork from the authors.
eters between 50 nm and 200 nm, but breaks down for a size range of ~20-50 nm,
indicating that this could be a size range where the SLBs are strongly influenced
by the curvature of the underlying substrate.
Groves and coworkers used a photolithographically patterned and etched fused
quartz substrate to show that membrane curvature can control lipid phase separation [164]. Lines were anisotropically etched into the substrate and smoothened
by an HF wet etching step. In order to rule out effects of asymmetric direct interaction of lipids and substrate, a dual SLB system was also employed. After the
formation of the first SLB through small vesicle fusion, a second SLB was formed
on top by rupture of giant vesicles. Phase separation seemed only occur with a
curvature higher than 0.8 �m-1 implying that domain ordering could be controlled
by the structure of the underlying substrate and suggesting that the properties of
the SLB change with high curvature.

Précis
Many groups have been working to experimentally determine the influence of surface topography and curvature of surfaces on the formation of SLBs. Surface roughness induced by nanostructures appears to affect the formation of SLBs by liposome fusion. SLBs appear to conform tightly to most surfaces on which they form,
despite the presence of nanotopography on the surface. Curvature effects inducing
lipid segregation in SLBs by the underlying surface have only recently been consid-
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ered. In summary, a predictive model for the assumed configuration and assembly
of a lipid membrane on nanostructures with high curvature is still lacking.

1.4 Characterization of nanopatterned lipid bilayer
arrays
The development of tools to observe, characterize and/or sense lipid bilayers that
have been assembled on nanopatterned surfaces has been very rapid in recent
years. A host of common techniques which have been used in conjunction with observing and characterizing SLBs have already been mentioned in Section 1.2.2.2.
Many of the optical sensing techniques (SPR, CPWR, DPI) and gravimetric techniques such as QCM-D can be considered mean field sensing techniques, as they
lack spatial sensitivity to changes at the interface across the whole surface. As
such, there is a tendency for effects on the SLB due to nanostructuring of the
surface to be averaged away (as alluded to in Section 1.3.2), thus making them
unsuitable in their current form to be used for sensing nanopatterned lipid bilayer
arrays.
In this section, techniques which have been used successfully to characterize supported lipid bilayers on nanostructured surfaces will be reviewed. The main requirement for observation/sensing techniques is the ability of the techniques to
observe/sense the formation of SLBs on these nanopatterned arrays, changes to
the patterned lipid bilayers such as incorporation of molecules to the lipid bilayer
as well as transport of molecules through them locally. The respective advantages
and limitations of the discussed techniques with respect to the observation and
sensing requirements will be highlighted.

1.4.1 Atomic Force Microscopy
Atomic force microscopy (AFM) is a surface topography probing instrument that
provides a nanoscale 3D topography of a surface [165]. The method of operation
will be discussed in Chapter 3. The AFM can be used in force spectroscopy mode to
determine the mechanical properties of objects on the surface. Due to its versatility,
the AFM has been routinely used in conjunction with nanopatterned lipid bilayers
[166, 167]. AFM has also been used to image SLBs and characterize them by force
spectroscopy [76]. AFM can also be used to probe lipid bilayers suspended over
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nanostructures allowing the concurrent study of the mechanic stability of such
suspended lipid bilayers [87, 166].
A drawback of the AFM is its low speed of acquisition. If taken in analogy to the
serial vs. parallel patterning argument described in Section 1.3.1, the AFM serially
scans lines of a single image, making image acquisition rather slow. For example,
it takes 16 min to scan a single 5 �m × 5 �m image of a bilayer with high resolution,
which is very long in comparison to a confocal microscope image acquisition (10 s).
Additionally, in the modes where the probe is in contact with the lipid bilayer over
nanostructures, tip-interactions with structures on the surface may cause artefacts
in the acquired image of the lipid bilayer due to the insufficient speed of the data
feedback [160].

1.4.2 Electrochemical methods
The general term of electrochemical methods encompasses all forms of membrane
resistance measurements, such as cyclic voltammetry (CV) [168], electrochemical
impedance spectroscopy (EIS) [90, 169], amperometric single channel measurements [170] and the changes in resistance to nanowires due to the adsorption
of molecules on them [161]. The setup normally consists of a 3-electrode system
(counter electrode, working electrode and reference electrode), where potentials are
measured against a reference, which allows comparisons between results. SLBs
possess a very high resistance to ionic currents [171], with resistances of up to 106
�cm2 and capacitances of 0.7 �F/cm2 being reported for SLBs formed from vesicle
rupture and fusion [54]. Electrochemical methods were used for the characterization and sensing of lipid bilayers both on unpatterned and patterned surfaces,
as small changes to the membrane resistance and capacitance via incorporated
molecules can be easily detected [86, 96, 99, 104].
A major challenge of the use of electrochemical methods with lipid membranes in
general however is the need for a perfectly insulating layer, as defects in the lipid
membrane can lead to leakage currents, hampering the measurement of the lipid
bilayer [85], implying that the lack of an intermediate measure of success where
some features may present insulating SLBs while others do not makes electrochemistry less suitable for use with a dense network of nanopores. To counter this
problem, electrochemistry has also been used in conjunction with scanning probe
microscopy to image the presence of lipid bilayers spanning over nanopores, using
a method know as scanning ion conductance microscopy [172]. Here, individual
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pores were imaged and measured, allowing pore-spanning to be evaluated at an
individual pore level, relieving the need for a sealing SLB across all pores.

1.4.3 Optical microscopy
Optical microscopy is perhaps the most widely used observation technique in biology. As such it has also been heavily used in the study of supported and nanopatterned lipid bilayers, and has also been heavily used within this thesis. Optical
microscopy is not a label-free technique, while the two previous methods are labelfree. Optical microscopy methods are also beholden to the diffraction limit of light
as was observed by Abbe in 1873, implying that fine structures which are close together cannot be resolved, depending on the wavelength of light and the numerical
aperture of the objective used (for most microscopy applications, this value is taken
to be ~ 250 nm) [173].
Lipid bilayers are visualized through the addition of a small amount of fluorescently tagged lipids, whose fluorescence emission, location and mobility can be
observed. Label-free methods are preferable as incorporated labels are typically
large enough to affect the chemical and physical properties of the molecules they
are tagging, which may lead to artefacts in the micrograph readouts. For lipid
membranes where small fluorophores can be hidden in the hydrophobic membrane
interior, this concern is less critical. Thus, despite the concern over the use of labels, fluorescence, optical microscopy remains an indispensable tool for the study
of lipid bilayers on unpatterned and patterned substrates (for the visualization
of lipid bilayers on patterns, it is necessary to know the spatial distribution of the
patterned surface itself). Even at the maximum achievable resolution, fluorescence
microscopes have a relatively high field of view, high acquisition speed and a low
drift of the image.
Apart from pure observation of lipid bilayers, measurements which are routinely
conducted include fluorescence recovery after photobleaching (FRAP), where the
mobility of labeled lipids in the lipid bilayer are measured [76, 168]. Jönsson et
al. recently observed the formation of lipid bilayers which spanned over nanowells
as observed by fluorescence microscopy by comparing the intensity of fluorescently
tagged SLBs on unpatterned and patterned SiO2 [174]. For SLBs which followed
the contours of the nanowell walls, the fluorescence signal was observed to be on
much higher on average than the fluorescence of SLBs on unpatterned SiO2 . For
cases where the SLB spanned the nanowells, the fluorescence intensity of SLB
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over nanowells and over unpatterned SiO2 were comparable. Thus fluorescence
microscopy was able to distinguish between spanning and non-spanning events
on the macroscale from the average fluorescence intensity from lipid membranes
deposited on the surface.
Recently, newer high-resolution microscopy techniques such as stimulated emission and depletion microscopy (STED) have been developed which have been shown
to overcome this fundamental resolution limit and have allowed for the localization
of lipids to areas that are many times smaller than the diffraction limit of light
(resolution ~ 90 nm) [175–177]. Near-field scanning optical microscopy (NSOM), a
scanning probe microscopy technique has been used to acquire simultaneous fluorescence and topography images of SLBs, allowing the study of domain formation
in SLBs (resolution ~ 20 nm) [178]. These high-resolution techniques are however
not yet widespread due to their immense cost.

1.4.4 Nanoplasmonics
Nanoplasmonic sensing (more commonly known as localized surface plasmon resonance sensing) is a relatively new addition to the family of optical label-free
biosensing techniques, and is derived from an effect that was first observed and
reported by Faraday in 1857 [179].2 The sensing principle is based on the behavior
of plasmons. A plasmon is an incompressible wave motion of the free electrons in a
solid material, mostly occurring in metals. Each metal has a characteristic plasma
frequency; electromagnetic radiation with frequencies higher than the plasma frequency are transmitted through the metal, while frequencies that are lower are
reflected.
As nanoparticles that are smaller than the wavelength of light are illuminated with
light, the electric field of light interacts with the free electron charge distribution of
the atoms of the particles. The ionized atoms then act as a counter-balancing force
to this interaction, inducing a collective oscillation of electrons which is localized
to the particle. This effect is commonly referred to as a localized form of surface
plasmon resonance [180, 181], but will be referred to as nanoplasmonic resonance
here. Plasmon lifetimes are typically in the range of 10 fs [182]. For radiative
decay of plasmons, the process can be considered to be elastic, which means that
2

Before the publication of this report during the Bakerian Lecture of 1857, plasmonically active
particles were used to prepare elixirs by alchemists in China and by the Romans for glass making. In fact, the stained glass windows of medieval churches derive their color because of plasmonically active metal particles mixed into the glass they were made from.
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the incident photons are either absorbed or scattered.
Nanoplasmonic resonance is dependent on the size [183] and shape of the particle [184]. Symmetric particles typically support only a single excitation, while
asymmetric particles typically support several excitation modes, as shown with Au
nanorods [185]. The polarization of the incoming light affects the plasmon modes
that can be excited. Typically, an evanescent field that extends to a few tens of
nanometres from the structure is induced by the irradiation of light. This evanescent field reacts to changes of the refractive index at the surfaces of the nanoparticles [186], and is the property that is used for nanoplasmonics-based sensing [187]
as adsorbed molecules within the evanescent field will change the local refractive
index. Nanoplasmonics-based sensing has been implemented, e.g., with colloidal
Au solutions and with surface-based Au colloids for binding studies [188, 189].
Although the effect of nanoplasmonic resonance had been known for well over a
century, the first demonstrated example of plasmon-based sensing was SPR [190,
191]. The main difference between SPR and nanoplasmonic resonance is that the
plasmons in SPR propagate along the surface of the metal film where they occur,
while the plasmons are localized for the latter. This implies that in SPR, photon energy and momentum have to be transferred to the plasmons, which then propagate
for few 10s of nm. The evanescent field extends to ~ 250 nm into the bulk, compared to an evanescent field of 10-20 nm for nanoplasmonic resonance. The bulk
refractive index sensitivity is thus much higher than for nanoplasmonic resonance,
due to the higher probing volume given by the decay length of the evanescent field.
Despite the larger probing volume of SPR compared to nanoplasmonic resonance,
it cannot be automatically assumed that SPR-based sensors have higher sensitivity to biomolecular binding than nanoplasmonic resonance based sensors. Most
biomolecules form films that have thicknesses that are much lower than ~ 250 nm,
implying that only a small fraction of the entire probing volume is being used for
SPR-based sensors. In nanoplasmonic resonance-based sensors, biomolecular films
occupy a large fraction of the probing volume, and conformational changes to the
molecular film itself can thus be better monitored. Another advantage of nanoplasmonic resonance-based sensors is the simplicity of the setup: since momentum
need not be conserved as is the case with SPR, there is no need for a specific angle of incidence, polarization and specifically no need to use prisms or gratings
for coupling the incident light to the plasmon mode of the metal film. The use of
nanostructures also allows the creation of sensor platforms whose geometries are
specifically suited to achieve the goals of specific experiments, such as the effect of
size-exclusion, flow into nanoscale channels, using materials contrast around the
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sensor structure or probing conformational changes of adsorbed molecular assemblies which cannot be achieved with conventional SPR sensors. Due to the unique
geometries of surface sensors that can be created, nanoplasmonic resonance-based
sensing is more suited to the detection of lipid bilayers on patterned surfaces than
other competing label-free techniques.
Nanoplasmonic sensors have despite this only rarely been applied to lipid membrane sensing, but a few examples have been reported by Höök and coworkers
[60, 192]. In these experiments, the formation of SLBs in Au nanowells coated
with SiO2 was followed. Researchers from the same group also showed that it was
possible to capture liposomes within Au nanowells, and suggested the possibility
of sensing changes within the liposome [46].

Précis
There are a variety of methods available to observe and sense the behavior of lipid
membranes on nanopatterned surfaces. The choice of method should be based
solely on the experimental question that needs to be answered. AFM and other
scanning probe techniques are useful for observing membranes over nanostructures, but may not be suitable for imaging large numbers of features due to the
speed of data acquisition. Conventional electrochemical sensing methods are extremely sensitive to changes to the electrical properties of lipid membranes through
the incorporation of e.g. ion channels, but is hampered by the need for a defect-free
lipid membrane, making it difficult to investigate membranes over large arrays of
features. Optical microscopy and farfield methods such as nanoplasmonics-based
sensing on the other hand appear to be more suited to the task as they do not
perturb the lipid membrane.

1.5 Conclusions
In this chapter, the motivation for the study of membrane proteins using cell membrane mimics have been highlighted. Lipid membranes are especially important
to accomplish this task as they can provide an ideal biomimetic environment. Several lipid structures that can serve as such mimics were introduced, with particular
focus on supported lipid bilayers and their advantages and disadvantages for incorporation and investigation of membrane proteins. Various methods of formation of
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supported lipid bilayers were discussed, however, in order to form solvent-free lipid
bilayers, which could be an important requirement for membrane protein scaffolds,
the formation of supported lipid bilayers from vesicle rupture and fusion was seen
to be the most ideal.
Supported lipid bilayers are however too thin to be used as they are for the incorporation of large membrane proteins. Taking the inspiration from the study of black
lipid membranes (free-spanning membranes), a possibility is the use of nanostructured surfaces, which could provide sufficient space for the membrane proteins in
nanoscale apertures, while maintaining enough stabilizing surface area for formation of a surrounding supported lipid bilayer. Formation of an SLB should be
promoted by the top surface as explored for smooth and rough surfaces in the literature, and the stability of the free-spanning membranes can be increased by decreasing the aperture size. Furthermore, a survey of the literature on SLB formation on nanostructured surfaces highlighted the need to increase the understanding of lipid membranes on nanostructured surfaces with high curvatures and the
potential to use high curvatures to reduce membrane adherence to the underlying
substrate. Methods to structure surfaces were discussed, with a special emphasis
on particle lithography, a parallel, bottom-up patterning technique which can be
adapted to the formation requirement of lithographically defining nanostructured
surfaces over large areas in substrates which promote SLB formation.
Finally, a summary of methods available for the study of nanopatterned lipid membranes on structures was provided, highlighting the challenges to characterize
membrane presence and conformation on nanostructures in the 100 nm size range.
In particular, it was discussed from the literature that a trade-off between sensing large areas with good statistics but with local sensitivity to nanostructures vs.
detecting the membranes on a nanostructure but without statistics collected over
large areas typically exists as techniques are compared. Similarly, there is often
a trade-off between introducing a local probe such as a scanning probe tip or label
to detect the presence of a membrane which might perturb the measurement, or to
not have sufficient sensitivity to demonstrate the presence and conformation of the
membrane on the nanostructure.
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2 Scope of the Thesis
As discerned from the overview in Chapter 1, miniaturizing free-spanning membranes to nanopore arrays has the potential to provide an important new tool for
cell membrane research as well as for industrial applications such as drug screening, in particular if it is combined with an integrated, label-free sensor capability
suitable for probing membranes. The overall scope of this thesis was thus to develop a nanopore array platform that could be used for the formation and sensing of lipid structures. Specifically, the aim was to characterize the formation of
solvent-free nanopore spanning lipid bilayers (npsLB) formed through liposome
rupture and fusion on these nanopore arrays. New characterization, analysis and
sensing techniques were also required to quantify the success in the formation
of these npsLBs, as currently available assessment techniques could not conclusively be used to distinguish between npsLBs and non-spanning events on large
nanopore arrays. A secondary aim was thus to establish characterization and sensing methodology suitable for probing nanopore spanning lipid membranes. Reflecting the aims of developing sensor substrates, functionalize them with lipid
membranes and adding sensor capability suitable to probe said membranes, the
results section of this thesis is divided into three major sections: (i) fabrication of a
nanopore array; (ii) formation of nanopore-spanning lipid bilayers on the nanopore
arrays; (iii) development of a nanoplasmonic sensor substrate for the sensing of
lipid structures on nanopore arrays.
In Chapter 4, I will describe the fabrication of nanopore arrays in silicon nitride.
High aspect ratio nanopores (depth of nanopore >> diameter of opening of nanopore)
were etched into silicon nitride to form through pores to the underlying substrate.
The nanopores were separated from one another such that they could be individually observed using a confocal microscope. The feasibility of the substrates as
porous waveguides and electrochemical sensors was also investigated.
Chapter 5 describes the experiments conducted to investigate the solvent-free formation of npsLBs on nanopore arrays in silicon nitride. Confocal microscopy was
used as the main technique for the observation of npsLBs. New image quantifica-
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tion methods for the confocal microscopy images were developed to allow for the
discrimination between lipid membranes that were spanning and those that were
following the contour of nanopores. The frequency of nanopore spanning was thus
investigated for a range of pore sizes, vesicle sizes and surface chemistries.
Finally, in Chapter 6, the development of a new nanoplasmonic structure is described. Nanoplasmonic menhirs were deposited within nanopores (fabrication of
the nanopores were previously discussed in Chapter 4). Due to the orientation and
the asymmetry of the nanomenhirs, two plasmonic modes could be simultaneously
excited. The two plasmonic modes were sensitive to changes to the local refractive
index (i.e. mass adsorption) at the surface of specific regions on the nanomenhirs. A model sensing experiment exploiting the dual-sensing properties of the
nanomenhirs is also presented and discussed.

36

3 Materials and Methods
In this chapter, materials and methods which were used for the fabrication and
characterization and surface modification of the nanopore arrays with supported
lipid bilayers are presented. The individual chapters will include additional experimental details if necessary.

3.1 Materials
3.1.1 General materials
Water
Ultrapure water was used for all buffers, suspensions and to wash all substrates.
Regular tap water was cleaned in a Milli-Q Gradient A 10 from Millipore (Switzerland). It was equipped with the Elix 3 (three step purification process) and an ultraviolet lamp for photo-oxidation. The resistivity and total organic carbon (TOC)
were in the range of 18.2 M�cm and <5ppb, respectively.

Ethanol, Acetone, 2-propanol, Toluene
Ethanol, acetone, 2-propanol and toluene (> 99 % purity) as purchased from Fluka
Chemie, Switzerland were used to clean substrates and rinse containers. 2-propanol
(gradient grade for liquid chromatography) from Merck, Germany was also purchased and used for the dilution of colloidal particles.

37

Glycerol
Glycerol (> 99 % purity) was purchased from ABCR Chemie, Germany and used to
adjust the refractive index of pure water. 5 wt% - 35 wt% was dissolved in ultrapure
water to obtain refractive indices ranging from 1.33303 to 1.37740.

Poly(diallylmethylammoniumchloride) (PDDA)
Poly(diallylmethylammoniumchloride) medium molecular weight (20 wt% in water) was purchased from Sigma-Aldrich (USA) and diluted to 2 % v/v for coating
the substrates with a charged polymer layer.

Ethylene glycol
Ethylene glycol > 99 % purity was purchased from Sigma-Aldrich, Switzerland and
used as purchased.

n-hexane
UV spectroscopy grade n-hexane was purchased from Sigma-Aldrich, Switzerland
and used as purchased.

Sodium dodecyl sulfate (SDS)
2 wt % SDS solution was prepared by dissolving 10 g SDS purchased from Fluka,
Switzerland in 500 g water.

Chromium wet etch
Balzers Cr etch #4 was mixed together as follows: 35 ml of 98% glacial acetic acid
(CH3 COOH) was dissolved in 700 ml ultrapure water. 200 g cerium ammonium nitrate (Ce(NH4 )2 (NO3 )6 ) was added and stirred for 10 minutes until solution turned
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clear. Ultrapure water was added until total solution volume was 1000 ml.

Solution for cyclic voltammetry
2 mM K4 Fe(CN)6 (Sigma-Aldrich, USA) and 100 mM KCl (Sigma-Aldrich, USA)
were added to ultrapure water to make a sufficiently conductive solution for cyclic
voltammetry measurements.

Dimethyl formamide (DMF)
N,N-Dimethylformamide (≥ 99% purity) was purchased from Sigma-Aldrich, Switzerland. and was used as purchased.

Aluminum chlorhydrol (ACH)
Aluminum chlorhydrol (ACH-321) crystals were purchased from Summit Reheis
(USA) and was used as purchased.

Buffers
Tris buffered saline (TBS) preparation protocols
Tris(hydroxymethyl)-aminomethane (Tris) was obtained from Alfa Aesar GmbH
(Germany). TBS was prepared at 10 mM concentration with additional 150 mM
NaCl (Fluka, Switzerland) and adjusted to pH 7.4 with 2 M HCl (Fluka, Switzerland). 3 mM Ca2+ containing buffer was obtained by addition of CaCl2 •6H2 O
(Fluka, Switzerland) to TBS. In this work the described buffers will be abbreviated
as TBS and TBS Ca respectively. All buffer stock solutions were filtered through
0.2 �m single use non-pyrogenic syringe filters purchased from Sartorius Stedim
Biotech (Switzerland) prior to use.
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Fluorescent buffer preparation protocols
5(6)-carboxyfluorescein purchased from Fluka, Switzerland (CF) was used to make
the buffer fluorescent. CF was added to either TBS or TBS Ca (10 mg CF in 10
ml solution) to form a super saturated solution. The fluorescent buffer was then
filtered (0.22 �m) prior to use. In this work, the fluorescent buffers will be denoted
with the suffix CF.

HEPES buffer protocols
4-(2-hydroxyethyl)piperazine-1-ethane sulfonic acid (HEPES) was obtained from
Fluka, Switzerland. HEPES buffer was prepared at 10 mM concentration and
adjusted to pH 7.4 with 6 M NaOH (Fluka, Switzerland). The buffer stock solution
was filtered before use.

Poly-(L-lysine)-graft -poly(ethyleneglycol) (PLL-g-PEG)
PLL-g-PEG was purchased from SuSoS AG, Switzerland. The architecture of the
polymer consisted of a 20 kDa PLL backbone with 2 kDa PEG chains with a grafting ratio of 3.6. The polymer was dissolved in HEPES buffer to 1 mg/ml and kept
in the refrigerator at 4°C.

Streptavidin
Streptavidin was purchased from Invitrogen (Switzerland). Upon delivery, the protein was dissolved in HEPES buffer to 1 mg/ml, and kept in the refrigerator at 4°C.

Hydrofluoric acid
40% HF was purchased from Sigma-Aldrich, Switzerland. The HF was diluted
to concentrations of 7% and 0.7% in water. The etch rates of silicon oxide were
approximately 500 Å/min and 120 Å/min respectively.
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HF etching protocols
HF etching was conducted in a clean room using a bench specially reserved for this
purpose. Samples were placed in the appropriate acid solution for the required
duration of time. Samples were then thoroughly rinsed in ultrapure water and
dried with N2 gas.

3.1.2 Lipids
The following lipids were purchased from Avanti Polar Lipids (USA) and were delivered dispersed in CHCl3 .
1. 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC)
2. 1-palmitoyl-2-oleoyl-sn-glycero-3-phospho-L-serine (sodium salt) (POPS)
3. 1,2-dioleoyl-sn-gycero-3-phosphoethanolamine-N-(lissamine rhodamine B sulfonyl) with ammonium salt (DOPE-RhoB)
4. 1-oleoyl-2-[6-[(7-nitro-2-1,3-benzoxadiazol-4-yl)amino]hexanoyl]-sn-glycero-3phosphocholine (NBDPC)
5. 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphoethanolamine (POPE)
6. 1,2-dipalmitoyl-sn-glycero-3-phosphoethanolamine-N-(cap biotinyl)(sodium salt) (DPPE-biotin)

3.1.2.1 Vesicle preparation protocols
Vesicles were prepared according to the Barenholz method [29]. The types of vesicles, the compositions and the filter sizes used are given in Table 3.1. Briefly, the
corresponding lipid solutions were mixed in a clean glass flask (5 mg in total).
The lipids were dried for at least 60 min under a constant flow of N2 to remove
traces of CHCl3 . 1 ml of TBS was added to hydrate the lipid film forming vesicles.
The resulting vesicle suspension was extruded 31 times through double-stacked
polycarbonate filters with nominal diameters of 50 nm, 100 nm and 200 nm using
protocols described elsewhere [32]. The lipid concentration of 5 mg/ml is a nominal
value as minor lipid loss may have occurred in the filter and in the syringe walls
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during extrusion. The vesicle suspensions were used within 2 weeks of production.
Table 3.1: Types of vesicles produced listed with corresponding charge, constituents and filter sizes used
Vesicle
Constituents
Filter size [nm]
zwitterionic
100% POPC
100
zwitterionic
98% POPC; 2% NBDPC
200; 100; 50
anionic
70% POPC; 30 POPS
100
anionic
68% POPC; 30% POPS; 2% NBDPC
200; 100; 50
anionic
69.8% POPC; 30% POPS; 0.2% DOPE-RhoB
200; 100; 50
anionic
69.8% POPC; 30% POPS; 0.2% Atto-POPE
200; 100; 50
zwitterionic
95% POPC; 5% DPPE-biotin
200; 50

3.1.2.2 Atto-POPE preparation protocols
Atto 647N (644/669 nm excitation/emission) was purchased from Atto-tec, Germany. For experiments using stimulated emission and depletion microscopy and
4pi microscopy, atto-POPE was synthesized in-house using the following protocol
provided by Atto-Tec, Germany :
100 µg of NHS-ester tagged Atto dye was dissolved in l ml of anhydrous, amine-free
DMF to 0.1 mg/ml. 170 µg of 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphoethanolamine (POPE) was dissolved in DMF in 340 µl to 0.05 mg/ml. Both solutions were
mixed and allowed to react for 2 hours at room temperature thus resulting in POPE
carrying the atto dye covalently bound to the head group. DMF was evaporated
away in vacuum. The residue was resuspened in 850 µl CHCl3 to make 0.2 mg/ml
of Atto-POPE with excess POPE solution (2:1 POPE:Atto).

3.1.3 Substrates
Wafers for control experiments
Silicon wafers (p type boron, polished, ø = 100 nm) were purchased from Si-Mat
(Germany). Double polished p type wafers pre-deposited with 300 nm Si3 N4 via
low pressure chemical vapour deposition were provided by Leister GmbH (Switzerland). Wafers were cut into smaller samples using a dicing saw.
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Substrates for coupled plasmon waveguide resonance (CPWR) measurements
LaSFN9 glass slides (with a refractive index n = 1.844 89 at the HeNe laser line
of λ = 632.8 nm) for coupled plasmon waveguide resonance measurements were
purchased from Schott (Germany).

Borosilicate glass cover slips
#1 borosilicate microscopy glass cover slips (24 mm x 24 mm) were purchased from
Assistent GmbH (Germany) and were used for all confocal microscopy experiments.
#5 borosilicate microscopy glass cover slips (18 mm x 24 mm) were purchased
from Menzel GmbH (Germany) and were used for nanoplasmonic sensing measurements.

Sensors for quartz crystal microbalance with dissipation (QCM-D)
measurements
Au-coated and SiO2 -coated quartz sensor crystals for quartz crystal microbalance
with dissipation measurements were purchased from Q-Sense AB (Sweden).

3.1.3.1 Substrate cleaning protocols
Diced wafers were sonicated in toluene, 2-propanol, ethanol and ultrapure water
for 15 minutes each in a bath sonicator (Blackstone-Ney, Germany), and blown
dry with a steady stream of nitrogen. New LaSFN9 glass slides and borosilicate
glass cover slips were sonicated in acetone, ethanol and ultrapure water for 15
minutes each and blown dry with a steady stream of nitrogen. New QCM-D crystals when used as such were only rinsed with ultrapure water and blown dry with
nitrogen. All samples were placed in a pre-warmed UV/Ozone chamber (UV/Ozone
Procleaner, Bioforce Nanoscience, USA) for at least 30 minutes prior to use.
When using processed samples before and after experiments with lipids, samples
were sonicated in 2 wt% SDS, ethanol and ultrapure water for 15 minutes each before being blown dry with nitrogen. Samples were placed in the UV/Ozone chamber
for at least 30 minutes prior to use.

43

3.1.4 Particles
The particles used in this thesis are presented in the following tables (Table 3.2 and
3.3). All particles were purchased from Interfacial Dynamics Corporation (USA)
and were delivered as surfactant-free stock solutions suspended in water. Particles
were diluted in ultrapure water to the required concentration just prior to the mask
deposition.
Table 3.2: Table of sulfate latex particles used for particle depositon
Surface charge
Concentration for
Particle ø (nm) Actual ø [nm]
density of SO4 2particle assembly
-2
[µCcm ]
(w/v)
60
61 ± 5
-0.5
0.05 %
100
92 ± 4
-0.7
0.05 %
110
105 ± 5
-1.0
0.1 %
200
210 ± 6
-1.3
0.05 %
1000
986 ± 14
-5.3
0.1 %

Table 3.3: Table of amidine latex particles used for particle depositon. Values were
provided by the manufacturer.
Surface charge
Concentration for
Nominal ø (nm) Actual ø (nm)
density of NH2
particle assembly
-2
[µCcm ]
(w/v)
40
44 ± 5.6
19.7
0.00025 %
80
78 ± 11.1
13.2
0.001 %
100
92 ± 7.5
5.2
0.001 %
200
220 ± 9.5
4.3
0.016 %
500
510 ± 23.4
3.4
0.032 %

3.2 Cleanroom processes
3.2.1 Plasma enhanced chemical vapour deposition (PECVD)
PECVD is a method to deposit thin films through chemical reaction of two or more
gaseous precursors and the subsequent surface absorption of the products on a
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target substrate. It is widely used in the electronics industry to deposit oxides and
nitrides as passivating films on integrated circuits. The main advantage of PECVD
over other CVD methods such as low pressure CVD (LPCVD) is the lower processing temperature. By using radio frequency (RF) plasma to aid the decomposition of
the gases, the substrate only needs to be heated to a temperature of about 300°C.
Volatile byproducts are then transported away from the substrate in the form of
exhaust waste.
Examples of processes which are carried out in this particular technique include
the deposition of α-Si, Si3 N4 and SiO2 . Si3 N4 is deposited according to the reaction:

3 SiH4 (g) + 4 NH3 (g)−→Si3 N4 (s) + 12 H2 (g)

(3.1)

SiO2 is deposited according to the reaction:

SiH4 (g) + 2 N2 O(g)−→SiO2 (s) + 2 N2 (g) + 2 H2 (g)

(3.2)

3.2.1.1 PECVD deposition protocols
PECVD depostions were carried out using a Nextral ND200 (Unaxis, Switzerland)
and a Plasmalab 80+ (Oxford Instruments, UK). Typical processing parameters
and settings are described in Tables 3.4 and 3.5.
Table 3.4: Table of processing parameters and
on various substrates.
Process parameter
SiH4 (2.5 % in N2 )
NH3
Process temperature
Process pressure
HF pulse
LF pulse

settings for the deposition of Si3 N4
Setting
800 sccm
10 sccm
300 °C
900 mTorr
20 W, 20 s
20 W, 10 s

3.2.2 Metal evaporation
Evaporation can be used to deposit a large range of metals and dielectrics. The
working principle is based on the evaporation of materials in a low pressure en-
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Table 3.5: Table of processing parameters and settings for the deposition of SiO2
on various substrates
Process parameter
Setting
SiH4 (2.5 % in N2 )
340 sccm
N2 O
710 sccm
Process temperature
300 °C
Process pressure
1000 mTorr
HF pulse
20 W, continuous
LF pulse
20 W, 10 s
vironment, where the mass deposition rate is at its maximum when the chamber
pressure P→0. It is a line-of-sight deposition technique, in that material is only
deposited on regions of the surface which have an unobstructed path to the target.
Surfaces that are to be deposited must be placed sufficiently far away from source,
to ensure good uniformity of the deposited film. The uniformity of the deposited
metal film via evaporation is given by the Equation 3.3:
d
1
=
3
d0
[1 + ( hl )2 ] 2

(3.3)

where d is the actual thickness of metal deposited, d0 is the thickness of metal
deposited according to the thickness monitor, l is the distance rom a point on the
substrate from its centre of rotation and h is the distance of the substrate holder
from the source.
Two slightly different versions of evaporation as a deposition technique exist - thermal evaporation and electron beam (e-beam) evaporation. The former involves the
heating of a W crucible until the material melts and evaporates. For the latter
process, electrons are accelerated from a W filament and directed onto the source
target to heat up the material directly.

3.2.2.1 Metal evaporation protocols
A home built thermal evaporator, Edwards Auto 306 e-beam evaporator and a Leybold Univex 500 E-beam evaporator (Oerlikon Leybold, Switzerland) was used.
The rates of evaporation used are presented in Table 3.6.
For a 100 mm wafer substrate holder where the substrate holder is approximately
500 mm away from the source, the difference in thickness between the edge of the

46

Table 3.6: Table of evaporation rates for e-beam evaporation of metals
Metal Rate [Å/s]
Cr
2
Au
2
Ti
2

wafer and the centre of the wafer is approximately 1.5 %, according to Equation
3.3. For the substrates used during the thesis, the difference in thickness across
the substrate surface was less than 0.05 %.

3.2.3 Reactive ion etching (RIE)
RIE is a plasma-based method for dry etching in microfabrication that is used to
transfer masked patterns into the underlying substrate. The chemically reactive
plasma is generated under low pressure by an electromagnetic field that is created
between two plate electrodes. The etching gas of choice, when excited into the
plasma state creates high energy ions which react with the substrate. The plasma
is maintained by a DC bias which builds up due to a difference in mobilities of gas
molecules, ions, and radicals with respect to electrons.
Material is removed in the RIE via a combination of physical sputtering and chemical etching. Physical sputtering involves the bombardment of surfaces with high
energy ions to remove material from the surface, a highly anisotropic process with
low selectivity. Chemical etching uses plasma and corrosive gases gases to cause
a chemical reaction between the gases and the surface layer, which is a highly
isotropic process with high selectivity. RIE combines these benefits of directionality and selectivity.

3.2.3.1 Reactive ion etching protocols

All dry etching steps were carried out in the Plasmalab 80+ (Oxford Instruments,
UK). Typical etching parameters for Si3 N4 and SiO2 are presented in Tables 3.7
and 3.8.
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Table 3.7: Typical process parameters and settings for the reactive ion etching of
Si3 N4 .
Process parameters Settings
CHF3
50 sccm
O2
5 sccm
Chamber pressure 10 mTorr
Forward power
70 W
DC Bias
~ 340 V
Table 3.8: Typical process parameters and settings for the reactive ion etching of
SiO2 .
Process parameters Settings
CHF3
25 sccm
Ar
25 sccm
Chamber pressure 10 mTorr
Forward power
85 W
DC Bias
~ 380 V

3.3 Fabrication protocols for nanopores and
nanomenhirs in nanopores
A schematic diagram showing the various deposition, stripping and etching processes is given in Figure 3.1. The individual steps are described in the following
sections.

3.3.1 Deposition of Si3 N4 and SiO2
Substrates were first cleaned according to the protocols described in Section 3.1.3.1.
PECVD Si3 N4 and SiO2 were deposited directly onto glass and silicon wafer surfaces according to the protocols stated in Tables 3.4 and 3.8. To increase the adhesion of the PECVD layers onto Au, 2 nm of Ti was first evaporated onto the Au
coated substrates.

3.3.2 Assembly of particles
Various assembly protocols were used during the course of this thesis. The random
patterns were most often used as these protocols did not require the use of a linear
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Figure 3.1: Schematic of nanopore and nanomenhir fabrication. A - Particle assembly using random deposition or self-assembly at liquid-liquid interface
deposition. B - Cr deposition via metal evaporation. C - Particle stripping via tape stripping or sonication. D - Nanopore etching via reactive
ion etching. For plain nanopores, the samples from D are placed in Cr
etch solution to remove the metal mask (step F without Au). E - deposition of Au nanomenhirs in the pores and Au on top of the Cr mask via
metal evaporation. F - removal of Cr mask with Au on top via sonication in Cr etch solution.
motion drive, and could be performed in a short amount of time (~ 10 min per
sample)

3.3.2.1 Random assembly of negatively charged particles
The protocol described here is similar to the one used by Hanarp and coworkers
[119] and by myself [151]. Si3 N4 and SiO2 were exposed to UV Ozone for at least
30 min. The negatively charged nitride surface was dipped into 2 % PDDA solution
for 30 s and then thoroughly rinsed with ultrapure water and blown dry with N2
gas. Diluted colloidal solutions of negatively charged sulfonated latex particles
(see Table 3.2) were then pipetted onto the surface and rinsed. Substrates were
carefully dried with N2 by creating a single drying front across the surface.

3.3.2.2 Random assembly of positively charged particles
Si3 N4 and SiO2 were exposed to UV/Ozone for at least 30 min which rendered
the surface negatively charged. Diluted colloidal solutions of positively charged
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amidine latex particles (see Table 3.3) were pipetted directly onto the surface and
rinsed. Substrates were carefully dried with N2 by creating a single drying front
across the surface.

3.3.2.3 Dense random assembly of negatively charged particles
The protocol described here is similar to the one used by Jonsson et al [193]. Si3 N4
and SiO2 were exposed to UV Ozone for at least 30 min which rendered the surface
negatively charged. 5 wt% ACH was subsequently pipetted onto the surface and
allowed to adsorb for 1 min, before being rinsed away with ultrapure water and
dried in N2 . 0.1 wt% 110 nm sulfonated latex colloidal solution was then pipetted
onto the surface and allowed to adsorb for 1 min. Heated ethylene glycol (heated
to ~ 160° C) was then poured onto the substrate to fix the particles in position. The
ethylene glycol solution was subsequently rinsed away in ultrapure water and the
substrate was dried with N2 .

3.3.2.4 Self assembly of particles at the liquid-liquid interface (SALI)
The protocol for self assembly of particles at the liquid-liquid interface (SALI) is
described in a recent publication [142]. Substrates were cleaned and placed on a
holder at an angle attached to a linear motion drive in polypropylene 50 ml centrifuge tubes filled partially with ultrapure water. Liquid-liquid interfaces were
created by adding n-hexane to the water, creating two immiscible phases. Prior
to injection at the interface, the amidine latex particle solutions (see Table 3.3)
were diluted appropriately in a 6:4 ultrapure water : isopropanol solution. After
injection of the particle solution at the interface and waiting for ~ 15 min, the
substrates were lifted through the liquid-liquid interface, transferring the pattern
onto the substrate.

3.3.3 Control of particle size
After deposition of the particles on the surface, the particle size was controlled by
the length of time the substrate was exposed to UV/Ozone, using the UV/Ozone
Procleaner from Bioforce Nanosciences, USA. The longer the particles were exposed, the smaller the particles became due to reduction of the latex particle sizes.
Where no exposure time were mentioned, particle patterns were used as deposited.
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3.3.4 Deposition of metal mask
Cr was evaporated onto the surface using an e-beam evaporator to create a dry etch
mask. Cr was chosen because it has almost zero etch rate for the RIE processes
used to etch dielectric materials like Si3 N4 and SiO2 . The layer of Cr deposited
according the rates presented in Table 3.6, and was thinner than half the height of
the particles defining the pattern to allow subsequent particle lift-off.

3.3.5 Particle lift-off
The particles were removed to open holes in the chrome mask. Particle lift-off was
achieved by applying sticky scotch tape (3M, USA) and mechanically removing the
particles sticking to the tape by peeling. Tape stripping was followed by sonication
in ultrapure water to completely remove all particles.

3.3.6 RIE etching of nanopores in Si3 N4 and SiO2
Substrates with Cr masks were then dry etched for an appropriate amount of time
using RIE depending on the thickness of the underlying layer according to the
protocols described in Tables 3.7 and 3.8. The etch rate was determined to be ~ 30
nm/min for PECVD silicon nitride and ~ 28 nm/min for PECVD silicon oxide. The
etching depth was controlled by time. A slight overetch relative to the thickness of
the deposited layer (measured using ellipsometry) was always used to ensure that
the pores were etched through.

3.3.7 Removal of the metal mask
Etching of the pores was followed by removal of the Cr mask. The substrates were
stored in a diluted Balzers Cr etch (described in Section 3.1.1) solution for up to 1
hour and then thoroughly rinsed with ultrapure water and blown dry with N2 gas.
X-ray photoelectron spectroscopy measurements were conducted at regular intervals after Cr removal and showed no residual Cr and a silicon oxide rich overlayer.
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3.3.8 Deposition of Au nanomenhirs and removal of metal mask
For the fabrication of Au nanomenhirs, Au layers were deposited via metal evaporation before the removal of the Cr mask. Au was deposited as a continuous film on
top of the Cr mask, but as nanomenhirs within the nanopores. In order to remove
the Au film, the substrate was sonicated in Cr etch solution for 2 hours. Sonication
did not dislodge the nanomenhirs within the nanopores or damage the overlayer
in any other way. The samples were subsequently rinsed thoroughly in ultrapure
water and blown dry with N2 gas.

3.4 Imaging and analytical techniques
3.4.1 Scanning electron microscopy (SEM)
Scanning electron microscopy (SEM) is a fast and effective ultra-high vacuum
imaging technique which acquires images by the sequential scanning of a sample
using a focused electron beam [194–197]. The incident electron beam irradiates
the sample causing a range of emissions which include secondary electrons and
backscattered electrons [194]. Secondary electrons provide topographical information while backscattered electrons, which are dependent on the atomic number of
the sample, give some information about the materials contrast. SEM requires
the use of conductive surfaces, however the ease of use and ability to scan large
sample areas (cm2 ) with resolutions down to < 10 nm quickly made this a popular
technique for the observation of sample surfaces.

3.4.1.1 Protocols for SEM
A Zeiss Ultra-55 (Carl Zeiss, Germany) digital field emission scanning electron
microscope was used. Samples were imaged either after the Cr deposition step in
the process flow, after the RIE step with the Cr mask still intact or after sputter
deposition of a thin (few nm) layer of Pt using a Baltec SCD 050 sputter coater
(Leica Microsystems, Germany). Images were mainly taken in-lens (backscattered
electrons) with an acceleration voltage of 10 kV.
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3.4.2 Focused ion beam combined with scanning electron
microscopy (FIB/SEM)
FIB systems operate in a similar fashion to SEM systems, with the main difference
being the type of beam used (ion beam instead of electron beam) [198, 199]. In
FIB, a fine Ga+ ion beam is used to raster scan across a sample surface. This
is a destructive technique, which sputters or mills material away based on the
strength of the ionic current. At very low currents the FIB can be used for imaging
surfaces, presenting an advantage over the SEM in that conductive surfaces are
not an absolute requirement. FIB can also be used to assist deposition of material
on the surface. The FIB can also be used to mill samples with a beam size of 5 nm,
allowing the observation of cross-sections of samples.

3.4.2.1 Protocols for FIB/SEM
A Zeiss Nvision 40 FIB/SEM (Carl Zeiss, Germany) was primarily used to image
cross sections of nanostructures. FIB was used to mill substrates at a 90° incident
angle, while eucentric SEM imaging was achieved at a 54° tilt of the surface. Samples were generally coated with Cr or Pt ex situ for SEM imaging. Carbon was
deposited in situ when imaging Au nanostructures as Au is preferentially milled
over Si3 N4 .

3.4.3 Confocal laser scanning microscopy (CLSM) and
fluorescence recovery after photobleaching (FRAP)
CLSM is a widespread optical microscopy technique that was conceived in the
1950s and popularized in the 1980s [200]. Confocal microscopy is so named because the light is detected through a pinhole, restricting the photons reaching the
detector to just those emanating from a single optical section. In CLSM, a laser
is used and the sample is rastered, much like in the SEM and the image reconstructed in a computer. By successively scanning different focal depths, it is also
possible to reconstruct 3D images of samples from stacks of their 2D counterparts.
FRAP is a technique used to investigate the lateral mobility of molecular layers,
such as a planar lipid bilayer [65, 68, 69, 163]. It requires the use of fluorescently
labeled species with poor photostability. A small, well-defined area of the fluores-
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cent layer is bleached using high intensity illumination. Diffusion of unbleached
fluorophores from outside of the bleach spot into the bleach spot will gradually replace the bleached fluorophores and vice-versa. The time taken for the diffusion
to occur and the amount of replacement can be used to determine diffusion coefficients and mobile fractions present on the planar lipid bilayer. The mobile fraction
of the probe molecules can be calculated from the percentage of recovered fluorescence intensity from within the bleach spot.

3.4.3.1 Protocols for CLSM and FRAP experiments
For all experiments, the Leica SP5 (Leica Microsystems, Germany) CLSM setup
was used with a 100X with a numerical aperture NA of 1.4 oil immersion objective.
An Ar laser (488 nm, 514 nm) and 2 He-Ne lasers (561 and 632.8 nm) were used
to visualise substrates and excite fluorophores. Two channels were simultaneously
recorded: the reflection channel and the fluorescence channel. Dyes used for the
CLSM experiments are as follows:
1. 7-nitro-2-1,3-benzoxadiazol-4-yl (NBD): excitation maximum at 460 nm and
emission maximum at 534 nm. NBD was used in conjunction with FRAP measurements on supported lipid bilayers (SLBs). Due to its poor photostability,
it was easily bleached and its recovery could be conveniently observed.
2. lissamine rhodamine B sulfonyl (RhoB): excitation maximum at 557 nm and
emission maximum at 571 nm. RhoB is much more photostable than NBD
and was used when imaging supported lipid bilayers with multiple frame
averaging.
3. 5(6)carboxyfluorescein (CF): excitation maximum at 494 nm and emission
maximum at 520 nm. CF was used to label the buffers in which vesicles
were suspended due to its low permeability through supported lipid bilayers.
Cleaned #1 microscope glass cover slips coated with unstructured or structured
silicon nitride, or unstructured silicon oxide were placed in an open cell to allow
for the easy exchange of solutions via dilution with pipettes. Index matching fluid
was used to bridge the air gap between the objective and the glass cover slip. For
experiments with vesicles, the vesicle solution (typically 0.5 mg/ml concentration)
was directly added to the substrate surfaces. After 15-30 minutes of incubation,
the vesicle solution was diluted with excess buffer while ensuring that the surface
never dried out.
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For FRAP measurements, two fluorescence images of the fluorophores at the surface were first obtained. A bleach spot (ø ~ 15 �m) was then defined, and the laser
was allowed to image the spot at high intensity, bleaching the fluorophores within
the bleach spot (typically 50 scans). The bleach spot was then imaged at short time
intervals (< 1 s) for the first 20 s, which was followed by an image every 10 s for
100 s, and finally an image every minute until the recovery appeared to stop within
the bleach spot. The diffusion coefficients and mobile fractions of the SLBs were
evaluated according to the method proposed by Jönsson et al [201].

3.4.4 Stimulated emission depletion microscopy (STED)
The diffraction limit of light is typically treated as a fundamental limit of resolution
in optics. In optical microscopy, the diffraction limit refers to the smallest distance
between features that a microscope can distinguish as two separate entities. The
resolution d is given by d = 2NλA , where λ is the wavelength of light and NA is the
numerical aperture of the objective. For the CLSM mentioned before, this would
give a resolution limit of about 250 nm.
STED microscopy is a relatively new fluorescence optical microscopy technique
which breaks the diffraction limit of light [175–177, 202]. The principle is based on
the use of two lasers. The first laser excites the fluorophores. A second laser which
is sufficiently red-shifted is shone through a doughnut shaped diaphragm to deplete fluorescence all around the the centre of the first beam spot. The second laser
causes the fluorophores around the central beam spot to return to a metastable
ground state, effectively “switching off” their fluorescence. The substrate is then
scanned in a raster pattern as mentioned before. Lateral (xy) resolutions of down
to 90 nm are routinely achieved, while most recently a resolution of 5.8 nm was
achieved in the imaging of nitrogen vacancy centres in diamond [203].

3.4.4.1 Protocols for STED microscopy experiments
This work was conducted in collaboration with A. Egner, Department of Nanobiophotonics, Max Planck Institute for Biophysical Chemistry, Göttingen, Germany.
STED images were collected using a Leica TCS STED microscope (Leica Microsystems, Germany) utilizing two pulsed lasers for excitation (diode laser 635 nm,
pulse width < 90 ps) and stimulated emission (Ti:Sa, 750 nm, pulse width ~300
ps). Both lasers were running at a repetition rate of 80 MHz and synchronized
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to each other in order to ensure optimal STED efficiency in the focal plane of the
100X oil immersion objective (NA = 1.4). Cleaned #1 microscope glass cover slips
coated with structured silicon nitride were placed in an open cell configuration as
was described in Section 3.4.3.1. POPE labeled at the headgroup with the atto dye
(excitation maximum at 647 nm and emission maximum at 667 nm) were used due
to their extremely high photostability and ease of depletion. Vesicle solutions (0.5
mg/ml) were allowed to adsorb on the surfaces for 15-30 minutes before being diluted away with excess buffer, and subsequently imaged. Resolutions of ~ 90 nm
were achieved.

3.4.5 4pi microscopy
4pi microscopy is primarily used to improve axial (z) resolution [204, 205]. The
4pi microscope is made up of two opposing high NA objectives whose incident laser
sources are coherent to increase the solid angle for illumination and detection to
approach the ideal case of a sphere (4π). The sample is placed between the two
objectives and focused to the same geometrical location while minimising optical
path lengths. Fluorophores in that geometrical location are illuminated and excited coherently from both objectives. The emitted photons are also collected by
both objectives coherently and are allowed to superimpose at the detector. This
technique improves the axial resolution from 500-700 nm to 100-150 nm. By using the STED technique in combination with 4pi to illuminate the samples, the
resolution has been improved further to 50 nm.

3.4.5.1 Protocols for 4pi and 4pi STED microscopy
This work was conducted in collaboration with R. Schmidt, Department of Nanobiophotonics, Max Planck Institute for Biophysical Chemistry, Göttingen, Germany.
4pi images were collected in a home built system (Department of Nanobiophotonics, MPI Göttingen, Germany). Samples were placed between two opposing 100x
oil immersion lenses (NA = 1.47). Two pulsed lasers were used for excitation (diode
laser 635 nm, pulse width < 90 ps) and stimulated emission (Ti:Sa, 750 nm, pulse
width ~300 ps). Both lasers were running at a repetition rate of 80 MHz and
synchronized to each other in order to ensure optimal STED efficiency in the focal
plane. Atto-POPE labelled vesicles (0.2 wt% Atto-POPE) (Atto-Tec, Germany) were
used for all 4pi STED measurements.
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Cleaned #1 microscope glass cover slips with structured silicon nitride were placed
in a petri dish. A few drops of vesicle solution were pipetted onto the glass cover
slips and allowed to adsorb for 15-30 minutes before flooding the petri dish completely with excess buffer. A second glass cover slip with an evaporated Al mirror
(Leica GmbH, Germany) was placed on top of the glass cover slip and removed from
the petri dish such that a uniform layer of buffer was present between the silicon
nitride and the Al mirror. The edges of the glass cover slip were sealed with nail
varnish to prevent the buffer layer from evaporating away. Index matching fluid
was used to bridge the air gap between the objectives and the glass cover slips.

3.4.6 Atomic force microscopy (AFM)
Atomic force microscopy is a surface topography probing instrument that provides
a nanoscale 3D profile of a surface[165]. It measures the forces exerted by a probe
(radius < 10 nm) attached to a cantilever when the probe is a short distance away
(0 - 10 nm probe-sample separation). The deflection of the probe/cantilever is determined by means of a laser which illuminates the back of the cantilever when it is
measuring the surface. The tip or the sample is mounted on a piezoelectric scanner
which keeps the deflection/oscillation of the cantilever constant using a feedback
loop.
There are 3 primary modes of AFM imaging: (i) contact - where the probe is brought
into contact with the surface and the cantilever is kept at a constant deflection;
(ii) intermittent contact or tapping - cantilever is kept oscillating constantly at its
resonant frequency and gently taps the surface at the bottom of its swing producing
an image; and (iii) non-contact where the tip interacts with the attractive Van der
Waals forces. The tip or the sample is mounted on a piezoelectric scanner which
keeps the deflection/oscillation of the cantilever constant in the z-direction. The
change in the z-direction of the cantilever is measured for each xy position, creating
the 3D profile of the surface.

3.4.6.1 AFM protocols
AFM images were collected using the Asylum AFM MFP-3D-SA (Asylum Research,
USA) setup in contact and tapping modes. Si tips and Si3 N4 tips with spring constants of 0.8 - 0.11 N/m (NT-MDT, Switzerland) and 0.58 N/m (Veeco, USA) were
used for contact measurements, while Si3 N4 tips with a resonant frequency of 110
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kHz and spring constant of 0.1 N/m (Olympus, Japan) were used for the tapping
mode images.
Cleaned Si wafer pieces with unstructured and structured silicon nitride and silicon oxide were fixed onto a petri dish with UV glue. For experiments conducted in
air, the samples were directly imaged either using contact mode or tapping mode.
For experiments conducted in liquid, after addition of the liquid to the petri dish,
the AFM head was lowered into the liquid and allowed to thermally equilibrate
for 30 minutes before scanning. For experiments with SLBs, the samples were
exposed to vesicle solutions for 15-30 minutes before diluting the excess vesicle
solution with pure buffer.

3.4.7 Quartz crystal microbalance with dissipation monitoring
(QCM-D)
QCM-D is a gravimetric surface-sensing method which is widely used in biosensing
[64, 81]. Its working principle is based on the monitoring of changes in the resonant frequency oscillation of a piezoelectric quartz crystal in real time when loaded
with a material of interest. Additionally, the quartz crystal microbalance with dissipation monitoring allows for following the change in dissipation of stored energy
in the oscillator, which is affected by the viscoelastic properties of the adsorbed
film. The QCM-D is particularly effective in distinguishing between adsorption of
liposomes and planar lipid bilayers to the surface due to their different amounts of
coupled water and effective layer viscosity [81].

3.4.7.1 Protocols for QCM-D

For all experiments an E4 QCM-D (Q-Sense AB, Sweden) was used. Materials of
interest (SiO2 , Si3 N4 ) were deposited and structured on Au coated quartz crystals.
4 experiments were concurrently conducted in batch-flow. The crystals were placed
in flow-cell and exposed to buffer. After stabilization of the baseline (typically 2-3
hrs) a dilute vesicle solution (0.1 mg/ml) was introduced into the flowcells. The
excess vesicle solutions were rinsed away after 30 minutes with pure buffer.
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3.4.8 Cyclic voltammetry (CV)
CV is a potentiodynamic electrochemical measurement technique where a potential range is scanned at a given rate while the current is recorded. It is used to
study the interaction of analytes in solution with the electrode/electrolyte interface. The electric potential is linearly ramped with time. Potential is controlled
between the reference and working electrodes, while the current is measured between working and counter electrodes. A graph of current vs. potential is then
plotted to observe the changes to the voltammogram, indicating the presence of
redox reactions at the interface.

3.4.8.1 Protocols for CV
The redox couple Fe(CN)6 4- /Fe(CN)6 3- (ferrocyanide/ferricyanide) is a well established additive to amplify the current signal for an electrochemical response. The
redox couple was used to gauge the accessibility of the surface. Cyclic voltammetry
was conducted using an Autolab PGSTAT302 (The Netherlands) in a home-built
Teflon cell using a Pt counter electrode and an Ag/AgCl electrode anodized in KCl
solution. Repeated scans were made at scan rates of 50 and 100 mV s-1 , respectively, in 2 mM K4 Fe(CN)6 and 100 mM KCl.

3.4.9 Plasmonics based sensing
Two types of plasmon resonances have been used for sensing: surface plasmon
resonance (SPR) and localized surface plasmon resonance (LSPR, nanoplasmonic
resonance). Surface plasmon resonance occurs when p-polarized incident light
transfers its momentum to plasmons at a continuous metal-dielectric interface to
achieve resonance at a given wavelength and angle. This induces an evanescent
field which decays from the interface into the dielectric which a decay length that
is roughly half the incident wavelength. The distinction with nanoplasmonic resonance is that when light is incident upon a metallic nanoparticle smaller than
the wavelength of the incident light, the free electron charge distribution gets displaced. The ionized atoms act as a restorative force in the other direction, resulting
in a movement of the conducting elctrons, generating an evanescent field. For both
types of plasmonic sensing, the evanescent field that is generated is highly sensitive to the changes in the refractive index at the interface. This phenomenon
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has been successfully used in biosensing applications such as the direct molecular
absorption onto the plasmonic sensing surface [56, 206].
As an extension of surface plasmon resonance sensing, a waveguiding layer can be
deposited on top of the plasmonic metal layer. Known as coupled plasmon waveguide resonance (CPWR) sensing, it can be used to sense surface-based phenomena
on top of the waveguiding layer[58, 59, 207–210]. The plasmons are coupled into
the waveguide, and the evanescent field extends from the surface of the waveguiding layer. A major difference between SPR and CPWR is that for CPWR both
planar and perpendicularly polarized light can be used for sensing, allowing a second independent measurement of the movement of the angular reflectance dip.

3.4.9.1 Protocols for coupled plasmon waveguide resonance sensing

Waveguide spectra were obtained on a home-built setup (MPI-P Mainz, Germany)
employing a 632.8 nm HeNe laser (5 mW Class IIIb) according to protocols described by Knoll et al [211]. The sample and detector are mounted on separate
goniometers (Huber, Germany) and can be moved independently for recording the
reflected intensity from the sample mounted in the Kretschmann configuration
over the full angle spectrum. The incident angle was varied between 23° and 70°
to find the waveguide modes, characterized by a dramatic loss of reflectance at
certain angles. This was done for p-polarized light and occasionally checked for spolarization as well. Polarizations were manually selected and intensity controlled
by the adjustment of two polarizers. A lock-in amplifier and chopper (Scitech 300C,
Germany) were used to reduce noise from other optical sources. The angle spectra
were analysed using Winspall software (freeware from MPI-P Mainz, Germany),
which calculates the reflectance angle spectrum given a homogeneous optical layer
structure.
Cleaned LaSFN9 slides with Ti/Au/unstructured and structured silicon nitride
were mounted into a flowcell. Scans were first conducted in air to identify reflectance dips in air and to measure the thickness of the deposited silicon nitride
by comparing the measured reflectance dip to simulated values. Scans were subsequently conducted in ultrapure water to investigate how the reflectance dips shift
upon changing the bulk refractive index.
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3.4.9.2 Protocols for nanoplasmonic sensing

A home built setup (courtesy of A. Dahlin, Laboratory for Biosensors and Bioelectronics, ETH Zürich, Zürich, Switzerland, [46, 149]) was employed (see Figure 3.2).
The white light source (B&WTek BPS101) illuminated a ~12 mm2 spot bundled
together on the sample by collimators on either side of the setup, while about 1x2
cm of the surface was in contact with the electrolyte. Transmitted light was analyzed by the spectrometer (B&WTek CypherX) designed for high light throughput
and maximal dynamic range. All extinction spectra represent only contributions
from the nanoplasmonic structure, i.e. the reference spectrum included contributions from e.g. measurement cell and glass support are subtracted away. The dark
spectrum was recorded continuously by blocking a part of the detector using a long
pass filter. The spectrometer was controlled via software code written in MATLAB.
The transmission spectra of the nanomenhir sensor array were recorded and plotted using extinction (in absorbance units) against wavelength for a range between
500 nm and 950 nm (for biosensing experiments, only wavelengths between 500
nm and 800 nm were considered, to eliminate effects due to the flowcell). For the
biosensing experiments, only the shift in the position wavelength of the main absorption peak(s) was considered. The peak wavelength(s) was tracked by means of
a centroid that was calculated from a polynomial function fitted to the data [212].
Cleaned nanofabricated nanoplasmonic menhir arrays on #5 glass cover slips were
directly clamped when measuring transmission spectra in air. Samples were clamped
either orthogonally or obliquely (45°) in the plane of the incident beam of light. The
incident light was plane or perpendicularly polarized via the use of a polarizer.
For calibrating the bulk refractive index response of the nanomenhirs, the samples
were fixed into a flowcell. The sensor response upon introduction of glycerol-water
mixtures ranging from 0 wt% to 35 wt% glycerol was measured by tracking the
movement of the extinction peaks. The solutions were introduced into the flowcell
in steps of 5 wt% glycerol every 10 minutes.
For the model biosensing experiment, the nanomenhir substrate was first fixed in
the flowcell and incubated with HEPES buffer overnight to achieve a stable baseline. 1 mg/ml PLL-g-PEG in HEPES buffer was introduced into the flowcell and
allowed to adsorb to the surface for 30 minutes, after which the excess PLL-g-PEG
was rinsed away with HEPES buffer. 1 mg/ml streptavidin in HEPES buffer was
subsequently introduced and excess the streptavidin rinsed away after 30 minutes.
Finally, 1 mg/ml biotinylated vesicles were added into the flowcell and allowed to
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(a) Photograph

(b) Schematic

Figure 3.2: Measurement setup for nanomenhir sensor substrates.
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adsorb for 30 min. Excess vesicles were subsequently rinsed away in excess HEPES
buffer.

3.5 Quantitative image analysis
The images obtained from high resolution confocal laser scanning microscopy was
quantitatively analyzed. The quantitative image analysis was performed by customwritten algorithms in IDL based on the seminal particle location and tracking
method introduced by Crocker and Grier [213]. An example of the analysis routine is described below.

Figure 3.3: A) Raw reflection image of 200 nm pores with DOPE-RhoB 200nm vesicles (same as Figure 5.3A). Each pore was identified by the automatic
algorithm described above and the center coordinates are overlaid to
the image. The pores close to the image edges were removed from
the analysis. B) Corresponding confocal fluorescence image. Each fluorescent feature corresponding to a pore in the reflection image was
extracted. C) Background image with the intensity of the pores subtracted away.
A raw reflection image (Figure 3.3A) was first inverted in order to obtain that the
pores look like bright spots on a dark background. Secondly, a bandpass filter was
applied to the inverted image. The purpose of the filter is to remove high-frequency
(pixel by pixel) instrumental noise as well as long wavelength intensity variations.
Since features are identified as local intensity maxima, intensity variations with
wavelengths greater than one particle diameter are filtered out. A feature location
algorithm was then run on the filtered image. The algorithm looks for intensity
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maxima within a square box whose size corresponds to the largest object in the
image. The coordinates of the feature centers thus obtained were further refined
with a centroiding procedure that fits the intensity profiles around the maxima in
order to find the intensity-weighted center of mass of each feature. This procedure
is able to yield sub-pixel accuracy in locating the centre of circular objects, with a
typical accuracy given by ∆/N , where ∆ is the pixel size in nanometers and N is
the diameter of the object in pixels. By adjusting the imaging parameters in the
confocal microscope (zoom, pixel size, image offset and gain, etc.) nanometer accuracy in locating the pores was always ensured. Once the procedure was finished,
the coordinates of all pore centers in the reflection images (Figure 3.3A) were obtained.
At this stage, the reflection and the fluorescence images were compared and the
features located in the former were identified in the latter. Around each feature
a pore size-dependent square box is extracted and the total intensity of the fluorescence signal within the box was calculated and stored (Figure 3.3B). Only the
background image was left, where each pore has been removed. Spurious contributions to the actual fluorescence background coming from the lipid bilayer adhering
to the silicon nitride support were removed by thresholding the background image
(Figure 3.3C). Finally, the fluorescence signal (contrast) corresponding to each pore
is calculated.
The values of the contrast of the single features (ci ) are calculated as follows:
ci =

Iitot
Asquare

−

tot
Ibg

Anon−zero−pixels

(3.4)

where Iitot is the total intensity of feature calculated over a square and Asquare is the
area of the square which encloses the feature.
The background signal I bg is calculated as follows:

I

bg

=

tot
Ibg

Anon−zero−pixels

(3.5)

tot
where Ibg
is the total intensity of the background in an image and Anon-zero-pixels is
the area of the image with non-zero intensity pixels. The values of ci were computed
for each feature in each image and signal probability distributions were obtained.
Typical distributions were calculated on several thousands of pores for every pore
and vesicle size.
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4 Fabrication of Nanoporous
Biosensor Substrates via Particle
Lithography
4.1 Introduction
Current research in biomaterials and biosensing is pushing the development of
novel methods to fabricate nanometre-sized patterns and structures [214]. Examples where methods for making reproducible patterns on the nanometre scale over
large areas are important include substrates for emerging optical sensing techniques like local surface plasmon resonance (LSPR) [144] and surface enhanced
Raman scattering [215]. Structured electrodes for electrochemistry that allow direct electron transfer from e.g. enzymes and substrates with a defined sub-micron
structure [216] and chemistry [217] for controlling cell behavior on biomaterials
also require such patterns.
The main goal of this thesis is to investigate the occurrence of nanopore-spanning
lipid bilayers (npsLBs) on nanopore arrays (cf. Chapter 5). The requirements for
such nanopore arrays are: (i) easy and efficient patterning of structures reproducibly over large areas with high throughput at low cost; (ii) a uniform coverage
of pores whose nearest-neighbours are separated by at least the diffraction limit of
light to facilitate investigation via optical microscopy; (iii) pores with high aspect
ratios; (iv) pores whose edges are sharp and walls are vertical. Requirements (iii)
and (iv) are meant to provide an unfavorable bending energy to prevent supported
lipid bilayers from entering the nanopores.
With conventional nanopatterning methods like EBL [110], it is possible to pattern
surfaces with almost any feature shape with the added bonus of long-range order.
However, due to the difficulty and costs involved in patterning a large enough surface (sensor substrates, whole wafers or bigger) with a sufficient density of fea-
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tures, this method was not used during the course of this thesis. Furthermore, for
the studies involving the occurrence of npsLBs, circular pores were preferred over
other more exotic shapes as these could be easily visualized and characterized, and
the production of circular pores did not demand the use of EBL.
Colloidal particle self-assembly offers a number of attractive properties for the parallel patterning of large areas in a large size-range on any kind of surface [131]. It
is also inherently low-cost. The ability of particles to self-organize can be utilized
to form ordered structures, and the parallel nature of the assembly process enables the rapid production of large numbers of nanometre-sized features over large
surface areas. The applications of colloidal lithography were similarly extended to
making high aspect ratio structures in photoresist layers [118] in parallel with the
work described in this chapter.
This chapter describes the efforts to develop a patterning and fabrication method
for the production of nanopore arrays which fulfil the conditions set forth above.
The nanopore arrays were fabricated in silicon nitride, a robust, transparent, high
refractive index dielectric material that can be used for lipid membrane studies.
Porous waveguides for biosensing that also allow for electrochemical measurements through an underlying electrode were patterned and fabricated. The individual features of the arrays were separated by a minimum distance from one
another such that each feature could be identified in an optical microscope. The
fabrication process itself and the approaches to tune of the density, diameter and
depth of the pores in the silicon nitride waveguide films independently will also
be described. These same strategies were applied to the fabrication of nanopore
arrays in silicon nitride on microscope glass cover slips, which will be mentioned
in Chapter 5.

4.2 Results
4.2.1 Fabrication process
The fabrication process is outlined in Figure 4.1. The data that will be discussed
in this chapter is mainly for the fabrication of CPWR waveguides which could also
be used in conjunction with electrochemical investigations, but the process is independent of the substrate used as long as the deposited overlayer (Si3 N4 , SiO2 ,
TiO2 etc.) can be anisotropically etched with a suitable dry etch protocol. The
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substrates used were LaSFN9 slides coated with 2 nm Ti, 48 nm Au, 1 nm Ti via
e-beam evaporation (Section 3.2.2) before deposition of Si3 N4 via PECVD according to the protocol described in Section 3.3.1. Particles involved in this study were
assembled according to the process described in Sections 3.3.2.1 and 3.3.2.2. The
latex particle sizes were reduced after assembly, i.e. on the substrate surface as
required by the use of UV/Ozone (Section 3.3.3).
Cr was subsequently evaporated onto the surface using an e-beam evaporator to
create a dry etch mask (Sections 3.2.2 and 3.3.4). A 10-30 nm thick Cr layer was
typically used as these thicknesses facilitated the next step of processing (particle
lift-off). It was noted that if the Cr mask layer was thicker than 1/2 the radius of
the particles used, particles could not be lifted off. After the particles were lifted off
by a combination of tape stripping and ultrasonication (Section 3.3.5), the exposed
regions of the Si3 N4 were etched down to the underlying Au anisotropically by
reactive ion etching (RIE) (Section 3.3.6). The Cr mask was finally removed by
exposing the substrate to Cr etch solution, and subsequently rinsed in ultrapure
water and dried in a steady stream of N2 (Section 3.3.7).
The same process was applied to make nanoporous films in SiO2 (also deposited by
PECVD) and Si3 N4 deposited by low pressure chemical vapor deposition (LPCVD)
of equally high aspect ratio nanopores. Colloidal patterns were also transferred
into Si-wafers where the native oxide was first dry etched. In this case only low
aspect ratio pores could be obtained due to that available RIE processes could not
produce highly anisotropic etching.

4.2.2 Quality of deposited layer (Si3 N4 )
Si3 N4 was grown to the desired thickness (100 - 1000 nm) using PECVD according
to the protocols described in Table 3.4. The refractive index of the thus formed
Si3 N4 was measured by ellipsometry on a Si wafer to be 2.0 - 2.2 for the PECVD
process, indicating a slightly hydrogen rich, but dense, silicon nitride layer. Silicon
nitride deposited in the PECVD had an Rrms roughness of surface of approximately
2.1 nm with a maximum roughness Rmax of approximately 17 nm as measured by
AFM over 25 �m2 . The surface appeared grainy and rough as can be seen in Figure
4.2a. LPCVD deposited silicon nitride (Figure 4.2b) on the other hand was less
rough, with Rrms ≈ 1.2 nm and Rmax ≈ 11 nm. Grains with a low aspect ratio (ø ≈
200 nm, h ≈ 10 nm) were also present on the LPCVD silicon nitride surface.
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Figure 4.1: Schematics of the manufacturing process of a porous plasmon-coupled
waveguide/nano-array electrode. (a) A high refractive index glass slide
is coated with an Au-layer using a thin Ti-layer for improved adhesion.
On top of the Au-layer a dielectric film of desired thickness and refractive index is grown by PECVD. After 30 s immersion in PDDA and thorough rinsing and drying, a sulfonated latex colloidal film is deposited
on top of the Si3 N4 ; when using amidine latex particles, the PDDA immersion step was avoided. The mean spacing of the particles is set by
a combination of exposure time and ionic strength of the solution. (b)
Optional step for shrinking the particles using UV/Ozone etching of the
polystyrene. (c) A 10-30 nm Cr layer is deposited on top of the particle
film. (d) The particles are lifted off mechanically using tape stripping
or by a combination of tape stripping and sonication in ultrapure water
after shrinking of the particles. (e) RIE with a high anisotropic etching
rate for the Si3 N4 and a low etching rate for Au and a negligible etching
rate for the Cr is used to etch through the dielectric film at the exposed
holes in the Cr mask. (f) The Cr -mask is removed by wet etching.

4.2.3 Particle assembly and control of particle size
4.2.3.1 Negatively charged sulfonated latex particles
The particle assembly process on Si3 N4 is based on the previous work of Hanarp
et al of random sequential adsorption (RSA) of particles on surfaces [119]. Before
the deposition of negatively charged sulfonated latex particles onto Si3 N4 surfaces,
the surfaces were exposed to the positively charged PDDA. Treatment of the negatively charged surfaces with PDDA deposits a few Å thick film of PDDA on the
surface, rendering the surface net positively charged and creating a strong surface
attraction for the subsequent deposition of negatively charged particles [119].
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(a)

(b)

Figure 4.2: AFM images of silicon nitride surfaces. a: Si3 N4 deposited via PECVD;
b: Si3 N4 deposited via LPCVD. Note that PECVD Si3 N4 appears much
rougher than LPCVD Si3 N4 . Rrms ≈ 2.1 nm for PECVD Si3 N4 and Rrms
≈ 1.2 nm for LPCVD Si3 N4 .
In order to optimize the nanopore arrays for waveguide application, low density
patterns were opted for, and thus the colloidal adsorption was performed in ultrapure water where the electrostatic repulsion was the largest and thus particle
spacing the highest [119]. Using the starting concentrations stated in Table 3.2
with the adsorption time below 1 min, the particle concentration on the surface
was reduced to low densities as determined from SEM images. After particle assembly and deposition of the Cr layer (described in Section 4.2.1), particles were
stripped and pores were etched into the underlying Si3 N4 . SEM images of an example of a sample processed with 60 nm sulfonated latex particles is shown in Figure
4.3. The latex particles were mostly distinct, but some particle dimers and trimers
were still present on the surface. Surface coverages of up to ~ 5 % were achieved
using this method.

4.2.3.2 Positively charged amidine latex particles
A simpler method whereby the occurrence of dimers could be reduced relative to the
assembly of negatively charged particles was sought after. Amidine latex particles
were deposited on silicon nitride and processed according to the protocols described
in Section 4.2.1. When using diluted colloidal solutions of positively charged amidine latex colloids, substrates were not dipped in PDDA, and the particles were
directly deposited onto the substrates as the positively charged particles were inherently attracted to the negatively charged surfaces. By keeping the adsorption
time of the particles to below 1 min, low coverages (up to ~ 5 % surface coverage)
of particles could be reproducibly obtained for 500 nm, 200 nm, 80 nm and 40 nm
amidine colloids with starting concentrations described in Table 3.3.

69

(a)

(b)

(c)
Figure 4.3: SEM images of substrates at various stages of processing with 60 nm
sulfonated particles according to the protocols described in Section
4.2.1. a: particle assembly after deposition of Cr; b: Cr mask after
sonication; c: RIE etched surface. Some particle dimers and trimers
are present on the surface. Particles are however mostly well-spaced
from each other.
The rate of particle dimer and trimer occurrence was reduced as compared with
the sulfonated latex particles. Figure 4.4 shows SEM images of samples of Si3 N4
layers after particle assembly, mask deposition, particle stripping and nanopore
etching. For nanopores that were fabricated from particles with diameters less
than 100 nm (Figures 4.4a and 4.4b), a polydispersity in the sizes of the nanopore
openings which arose due to the polydispersity of the diameters of the particles in
the starting colloidal solution was observed. The homogeneity of the patterns also
differed slightly for the various sizes of particles used due to the different charge
densities of the particles used (cf. Table 3.3).
While particle films could be assembled on all types of surfaces, the quality in terms
of defined particle spacing could vary with choice of substrate. Figure 4.5 shows
an image of 40 nm amidine latex particles deposited on an Si wafer with an Rrms
< 0.5 nm over 25 �m2 . Comparing Figure 4.5 (the sample could not be processed
to form nanopore arrays as mentioned above) and Figure 4.4a, the particle pattern
on smooth Si has a more clearly defined nearest-neighbour distance. Attempts to
achieve such patterns as in Figure 4.5 were unsuccessful on PECVD directly after
deposition, but were more successful with LPCVD Si3 N4 . It was hence surmised
that since the PECVD deposited Si3 N4 , LPCVD deposited Si3 N4 and Si wafers had
very different Rrms values (2.1 nm, 1.2 nm and 0.5 nm respectively), this mea-
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(a)

(b)

(c)

(d)

(e)

Figure 4.4: SEM images of various sizes of pores after patterning Si3 N4 with corresponding amidine latex particles. (a) 40 nm pores; (b) 80 nm pores; (c)
100 nm pores; (d) 200 nm pores; (e) 500 nm pores.
sure of roughness may have also determined the quality of the adsorbed particle
film. Since the deposition processes inherently limited the minimum roughness
that could be achieved for the Si3 N4 films, chemical etching of the deposited Si3 N4
was attempted to smoothen the surface. After deposition of Si3 N4 , samples were
placed in hydrofluoric acid to smoothen the surfaces according to protocols in Section 3.1.1). HF did not have the desired effect, i.e. it did not smoothen the Si3 N4
and was hence not pursued further as a way to improve upon the particle pattern
homogeneity.

4.2.3.3 Shrinking particles in UV
Nanoparticles with diameters less than 100 nm deposited on surfaces were observed to be polydisperse in their diameters (cf. Figures 4.4 and 4.5). To address
the problem of polydispersity in the starting colloidal particle solution, methods to
reduce the size of the latex particles after deposition of the particles on surfaces
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Figure 4.5: 40 nm amidine latex particles on Si wafer. Note the defined nearestneighbour distance, despite the polydispersity in the particle diameters.
were investigated. Shrinking of the particles was achieved by using a UV/Ozone
cleaning chamber as described in Sections 4.2.1. Figure 4.6 shows a plot of the
variation in the size of the particles according to the length of time they were exposed to UV. Diameters were measured from SEM images of the particles before
and after exposure to UV. Particles were shown to retain their spherical shape after shrinkage and could be reproducibly shrunk to up to ≈ 50 % of their original
diameters for 200 nm particles and down to 1/3 of the original diameters for 100
nm particles. Below their respective minimum sizes (defined by the etching time
of 4 min in the used UV/Ozone chamber), the particles appeared to melt onto the
surface (results not shown), which made particle lift off impossible.

Figure 4.6: Plot of reduction of particle diameter with exposure time to UV. The red
squares refer to 200 nm particles and the blue squares refer to 100 nm
particles. Inset - (a) 200 nm particle before UV exposure, (b) 200 nm
particle after UV exposure for 4 min. Particle in (b) has a diameter of
130 nm.
Hanarp et al. [146] and Blättler et al. [141] showed that the size of latex parti-
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cles could be controlled via O2 plasma treatment after deposition on surfaces. O2
plasma for the reduction of latex particle diameters was attempted on the particle
films described here, however it was observed that the particles could not subsequently be lifted off. An example of a 200 nm particle that was shrunk to ~ 100 nm
using O2 -plasma is presented in Figure 4.7. The particle was no longer spherical,
and is rougher than the UV/Ozone shrunk particle in Figure 4.6.

Figure 4.7: 200 nm particle shrunk to ~ 100 nm in diameter using O2 plasma. The
particle appears rougher and less spherical than the particle shrunk in
UV/Ozone (cf. Figure 4.6).

4.2.4 Shape of the pore walls
Substrates were dry etched for an appropriate amount of time using RIE depending
on the thickness of the underlying silicon nitride as described in Section 4.2.1 with
the protocols described in Table 3.7. An average etch rate value of 30 nm/min
for homogeneous layers of Si3 N4 was determined by ellipsometry. The shapes of
the pore walls during and after completed etching were determined by means of
sectioning the sample using FIB or by manual cleaving of the sample and observing
it in the SEM. Pores had sharp top edges, straight walls and flat bases. PECVD
pore walls were also rougher than LPCVD pore walls, as can be seen in Figures
4.8 and 4.9. Pores were slightly overetched (i.e etched for longer than required
from the determined etch rate to etch through the entire thickness of the dielectric
overlayer) and the underlying the substrate was used as an etch stop in order to
ensure that the bases of the pores were flat. Figure 4.10 shows an SEM image of
a pore that was not etched through to the underlying base. Straight walls at the
pore opening and a conical etch profile at the bottom of the pore is evident.
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(a)

(b)

(c)
Figure 4.8: FIB/SEM images of pores in PECVD silicon nitride. a: 1 �m pore sectioned in FIB; b: 200 nm pore sectioned in FIB; c: cleaved 100 nm pore.
Pores in PECVD silicon nitride have straight, rough walls and sharp
edges.

(a)

(b)

Figure 4.9: FIB/SEM images of LPCVD silicon nitride. a: 200 nm pores; b: 80 nm
pores. Pore edges are sharp and pore walls are straight and smooth.

4.2.5 Waveguiding properties of nanopores
Figure 4.11 shows the optical stack used in the CPWR waveguiding experiment
in the Kretschmann configuration [218]. Figure 4.12 shows angle spectra of the
reflectance of a 700 nm thick Si3 N4 porous waveguide sample with a refractive
index of 2.1 (~ 5% area coverage of pores with 40 nm diameter, obtained by using
a mask of 100 nm particles reduced in size, thickness and refractive obtained from
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Figure 4.10: FIB/SEM image of pore that is not etched completely. Note that the
pore walls are slanted with a conical etch front.
ellipsometry). Simulations of the expected positions of the reflectance dips were
performed using the Winspall software (MPI Polymerforschung, Mainz, Germany).
Adjusting the nominal thickness of 700 nm for the Si3 N4 waveguide to 720 nm, a
very good fit between experimental results and theoretical simulations as shown in
the red and black curves in Figure 4.12 is obtained with the measured waveguide
modes for a simulated refractive index of the waveguide of 2.017.
Keeping the thickness fixed while changing the bulk medium to water, the shift
of waveguide modes observed in the experiment (blue curve in Figure 4.12) were
reproduced by simulation (navy blue curve in Figure 4.12). A slight increase in the
refractive index of the waveguide layer to 2.2 is also obtained for this fit, in agreement with a bulk medium change and a corresponding increase in the refractive
index within the nanopores, constituting 5 vol% of the waveguide.

Figure 4.11: CPWR Kretschmann waveguide configuration. The thicknesses of the
layers are not according to scale. A prism is clamped together with
the substrate, and the resulting air gap between the prism and the
substrate is filled with an index matching oil.
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Figure 4.12: The angle spectrum of a SPR-coupled waveguide with 40 nm open
pores (made using a mask of 100 nm colloids reduced in size to 40 nm)
in air, using a 632 nm laser. The black solid line is a fit to the spectrum
assuming a thickness of the film of 700 nm, yielding a refractive index
of 2.017. In blue is the same waveguide measured in ultrapure water.
A new fit is established (navy blue solid line) by assuming a bulk refractive index of water and increasing the effective refractive index of
the waveguide to compensate for the change in refractive index inside
the pores.

CPWR was also conducted on larger nanopores in air to study the effect of scattering due to the presence of nanopores. Figure 4.13 shows a series of two graphs of
reflectance dips obtained for silicon nitride waveguides in air with a 2 % volume
fraction of 100 nm nanopores in the waveguiding layer. In Figure 4.13a, CPWR
angle scans of non-porous (solid black line) and porous (solid blue line) silicon nitride waveguiding layers with p-polarized light are presented. The dotted black
and blue lines indicate the scans of porous and non-porous waveguiding layers
simulated using the Winspall software. Two reflectance dip peaks are observed,
similar to angle spectrum in Figure 4.12. The nanopores in the silicon nitride layer
cause a reduction in the angles where light is incoupled (difference between the
black and blue solid lines), which agrees with the expected reduction obtained by
simulation of a waveguide with an effective refractive index reduced by the volume
fraction of etched pores. Figure 4.13b shows the CPWR scans of the same samples with s-polarized light. The black solid line shows the scan of the non-porous
waveguiding layer, while the blue sample solid line shows the scan of the porous
waveguiding layer. Only one reflectance dip is observed for both the porous and
non-porous layers which as for the p-polarized modes can be reproduced by the
Winspall simulations.

76

(a)

(b)
Figure 4.13: CPWR scans of 100 nm nanopore arrays with 2 % volume fraction.
a: scans in air with p-polarized light. The black solid line and the
blue solid lines are the scans obtained in the CPWR experiments for
porous and non-porous layers respectively, while the black and blue
dotted lines are the simulated scans obtained for the porous and nonporous layers in the Winspall software. b: scans in air with s-polarized
light. The black and blue solid and dotted lines were acquired under
the same conditions as in (a).
The increased losses from scattering by the pores of the light coupled into the
waveguide modes compared to the non-porous waveguide can be characterized by
the dips’ full width at half maximum (FWHM) values. The FWHM of each individual reflectance dip in Figure 4.13 is displayed in Table 4.1.
Table 4.1: Full width half maximum values for reflectance dip peaks in Figure 4.13.
Figure 4.13a (p-polarization) non-porous (black) porous (blue)
Dip 1 (~ 30 °)
1.2 °
1.5 °
Dip 2 (~ 60 °)
2.5 °
3.5 °
Figure 4.13b (s-polarization) non-porous (black) porous (blue)
Dip 1 (~ 48 °)
2°
3°
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4.2.6 Electrochemical properties of nanopore
ultramicroelectrode

In order to establish that the pores were indeed etched through the entire Si3 N4
film, cyclic voltammetry (CV) measurements were conducted using a ferro/ferricyanide charge transfer mediator redox couple. Measurements were conducted on the
bare Au electrode before deposition of the PECVD dielectric layer. This is shown
as the black line in Figure 4.14. CV could not be conducted after deposition of
a Si3 N4 film because the dielectric layer is completely insulating. CV was once
again possible after opening up of nanopores through etching as described before.
An example is shown as the dash-dotted line in Figure 4.14 for pores opened in a
650 nm thick Si3 N4 film using a <5% surface coverage mask of 100 nm particles
reduced in size to ~ 50 nm. The suppression of the ferro/ferricyanide oxidation and
reduction peaks and the transformation of the voltammogram into a more s-shaped
curve are typical for micro/nano electrode behavior [219].

Figure 4.14: Cyclic voltammogram showing the response of a macroscopic Au electrode in 2 mM K4 Fe(CN)6 containing 100 mM KCl solution at 50 mV/s
(black line) and for the nanoporous Si3 N4 -coated Au electrode (dotted
line) under the same conditions. The nanopores in the sample curve
are etched in a 650 nm thick Si3 N4 film and are ~ 50 nm in diameter. Before etching the Si3 N4 layer is completely non-conducting. The
etched porous film shows a clear change towards a sigmoidal curve
typical of nano/micro-electrode behavior.

78

4.3 Discussion
4.3.1 Particle assembly
4.3.1.1 Influence of the surface on particle assembly
The type of substrate on which the particle films were deposited appeared to play
a role in the quality of the particle film in terms of consistent nearest-neighbour
distance. The best results were achieved with amidine latex particles on Si wafers
(with a native SiO2 layer on them). One possible explanation for this could be that
the interaction between particles and various surfaces could be different. A measure of the interactions between particles and surfaces is given by the Hamaker
theory of surface interactions between spheres and walls [220]. The Hamaker constants of Si3 N4 and SiO2 in the presence of water (from which the particles are
assembled) are 45 and 1.6 zJ, which represents an order of magnitude difference
between the two materials [221].
It is however unlikely that there is necessarily a stronger interaction between the
amidine latex particles and the Si3 N4 surfaces than between the particles and
the SiO2 , as suggested by the Hamaker theory, as particles must always adhere
strongly to the surface in order to form particle patterns with a defined nearestneighbour distance according to the RSA theory [146] discussed in Section 1.3.1.1.
Furthermore, oxidized Si3 N4 (samples were placed in UV/Ozone prior to patterning) also shows a high surface oxygen content, making the surface chemically similar to SiO2 [222]. As such, the Hamaker constant is possibly not the reason why a
difference in the patterns achieved on SiO2 and Si3 N4 exists.
The Hamaker constants for PECVD and LPCVD Si3 N4 are likely to be similar,
however the roughness of these films as defined by their Rrms was different, as is
the Rrms roughness of the SiO2 . It was thus assumed that the surface roughness as
defined by the Rrms could play a role in the pattern assembly. PECVD Si3 N4 , where
gases were reacted at 300 °C in the presence of plasma, exhibited a characteristic
roughness in the order of Rrms ≈ 2.1 nm over 25 �m2 as measured by AFM. Rrms
did not change significantly by changing the deposition conditions. It was hence
surmised that this was the inherent roughness of Si3 N4 produced by PECVD. The
roughness of Si3 N4 could not be significantly reduced by chemical etching using hydrofluoric acid. On the other hand, LPCVD Si3 N4 was much smoother with an Rrms
of ≈ 1.2 nm over 25 �m2 . This can be attributed to the method of nitride deposition.
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In this case, the gases were reacted at a temperature of ≈ 800 °C, which seemed to
consistently produce smoother films than with PECVD. This observation has also
been reported by Yota et al. [223]. In that study, they compared the wet etch rates
in hydrofluoric acid of silicon nitride films produced by PECVD and LPCVD, and
showed that LPCVD Si3 N4 was indeed more dense, resulting in smoother deposited
films.
LPCVD however cannot be used to deposit Si3 N4 on metalized substrates due to
high processing temperatures and a contamination risk to the LPCVD setup. Also,
LaSFN9 and borosilicate glass cannot withstand temperatures of > 800°C, which
are the typical deposition temperatures in LPCVD and hence could not be coated
in this way. Thus, LPCVD could not be used to produce similar films for other
purposes. Low aspect ratio grains were also observed on LPCVD Si3 N4 as observed
in Figure 4.2. These grains were suggested to have different stoichiometry to the
surrounding Si3 N4 (Vansco et al.1 , unpublished data).
Two approaches to further reduce the surface roughness of Si3 N4 are reported in
the literature. The first is a post-processing step known as chemical-mechanical
polishing (CMP) which involves the mechanical polishing of substrates using silica
based slurries in the presence of ammonium hydroxide or acetic/nitric acid [224,
225]. The final roughness of the surfaces was reported to be Rrms ≈ 0.2 nm. The
second possibility is the use of a different deposition Si3 N4 system, as reported by
Molinari and coworkers [226]. Their method, known as nitrogen-ion-beam assisted
evaporation, produces silicon nitride surfaces with a roughness of Rrms ≈ 0.2 nm.
These options were however not available during the course of this thesis and could
therefore could not be tested.

4.3.1.2 Quality of particle films from negatively charged sulfonated latex
particles vs. positively charged amidine latex particles
Two slightly different schemes of particle assembly have been proposed in this
work: the use of negatively charged sulfonated latex particles and positively charged amidine latex particles. The former is a more common route, having been
used extensively before [118, 119, 134, 149]. All previous studies have reported
the use of a polyelectrolyte layer using PDDA (as discussed before) or using ACH.
1

The Vansco group in the University of Twente, the Netherlands, investigated the growth of polymer brushes by ATRP from initiator monolayers formed by silanization of LPCVD surfaces that
I provided. They observed that the brush growth was inconsistent when comparing the grains
and the regions around the grains, with less brush growth on the grains themselves.
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Three factors determine the pattern obtained in the particle deposition process
- the specific control of interparticle distance to obtain crystalline arrangements,
the closely related problem of agglomeration of particles into dimers, trimers or
larger agglomerates, and the polydispersity of the particles. The first two problems
will be discussed in this section while the last problem will be discussed in the next
section.
All particles were deposited from suspensions in ultrapure water, as the interparticle repulsion and hence particle spacing on the surface would be at its highest. A
high interparticle spacing would facilitate the use of optical microscopy to observe
the nanopores (cf. Chapter 5). Interparticle distance was controlled in this work
by changing the concentration of the colloidal suspension and its time of exposure
to the substrate, with higher concentrations and higher exposure times resulting
in higher surface coverage. Hanarp et al. [119, 134] showed that by increasing the
ionic strength of the solution, it was also possible to increase the saturation surface
coverages of particles. When attempted during this work however, the fraction of
particle agglomerates drastically increased, with particles presumably aggregating already in solution, which might be due to factors such as lower stability of the
colloidal latex solutions that were used.
It was also observed that the rate of agglomeration of sulfonated latex particles was
much higher than for amidine latex particles, independent of the the nominal diameter of the particles. These agglomerates probably arise due to the PDDA layer
that is required for deposition of sulfonated latex particles but not amidine latex
particles. As the Si3 N4 is not atomically flat, the PDDA layer is also not defectfree, and particles are hence most likely rearranged during the harsh washing and
drying steps. Another possibility is the migration of the high molecular weight
PDDA onto the deposited particles, which could reverse the surface charge of the
particles and, attracting oppositely charged particles to it and hence form dimers
or trimers on the surface. In the case of the amidine latex particles, as there is
no mediating adhesive layer between the particles and the surface that may also
influence the adsorption of particles to the surface, particles are free to arrange
themselves based on their mutual long-range repulsion, with the final adhesive
contact to the substrate formed by the electrostatic attraction and strong van der
Waals attraction.
Controlled arrangement of particles with defined nearest-neighbour distances can
be obtained by other deposition methods. L. Isa and myself have shown that it
is possible to achieve long-range order in the deposition of particles on surfaces
through self-assembly of particles at liquid-liquid interfaces [142]. In this case, the
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particles are allowed to arrange themselves at the interface of hexane and water.
By controlling the number of particles added to the interface, the interparticle distance can be tuned from 3 to 10 particle diameters. The particle assembly at the
liquid-liquid interfaces was then transferred to a substrate by lifting the substrate
through the liquid interface, capturing the pattern of the particles (see Figure 1.7
and [142]).

4.3.1.3 Shrinking of particles using UV ozone

The third problem (cf. Section 4.3.1.2) to contend with as is apparent from Figure
4.3 is the polydispersity of the diameters of the particles. This led to a polydispersity in pore sizes when using particles with nominal diameters less than 100 nm
for processing. To counter the problem of polydispersity, UV/Ozone was successfully used to shrink particles to up to ~ 50 % of their original diameters. Hanarp et
al. have previously shown that O2 -plasma treatment can be used to shrink the size
of the particles in situ and found a non-linear relationship between plasma etching
time and polystyrene particle diameter [119]. Blättler et al. later showed that also
hexagonally close packed particles could be individually shrunk in O2 -plasma with
a linear etch rate, and showed that 1 �m particles could be reduced to 100 nm [141].
Although a similar shrinking of the particles when subjected to O2 -plasma was observed, it was not fully reproducible in terms of correlation between exposure time
and size reduction. Furthermore, it became increasingly hard to strip the particles
from the surface after shrinking the particles substantially (more than 50 %). The
likely reason for this is that the additional polymerization caused by the plasma increases the inhomogeneity of the particles, thereby leading to the non-uniform etch
rates across the particles and increasing the adhesion to the surface (cf. Figures
4.6 and 4.7). Thus a similar but milder approach was opted for, with the additional
bonus of less sputtering effect on the substrate and particles that is caused by the
O2 plasma. In a UV/Ozone chamber, UV light is used directly and also through
the creation of oxygen radicals to oxidize hydrocarbons and remove them from the
surface. With the gaseous oxygen radicals providing the major oxidation effect, the
etching could be expected to be more uniform and less directional than for the O2 plasma. Thus large size reduction using the UV/Ozone cleaning chamber yielded
less morphology change and facilitated stripping compared to using O2 plasma substantially. As expected from non-directional etching, the particle size was observed
to decrease linearly with exposure time.
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4.3.2 Shape of pores

The shape of the pores is determined by two factors - namely the type of material that was etched (in this case Si3 N4 ) and the RIE processing conditions. The
main difference between the types of Si3 N4 used in this work was the density of
the layers. PECVD Si3 N4 was more porous than LPCVD Si3 N4 as determined
by ellipsometry. The effect of the porosity on the samples is apparent from the
FIB/SEM characterizations conducted (see Figures 4.8 and 4.9). While the etch
profile remained the same, this led to PECVD Si3 N4 pores having rougher walls
than LPCVD Si3 N4 . Within the resolution provided by SEM this did not affect the
sharpness of the pore edges or the straightness of the pore walls, as the edges are
defined by the integrity of Cr mask.
For the etching of both PECVD and LPCVD Si3 N4 a gas mixture of CHF3 and O2
(10:1 flow rate) was used [227]. This gas mixture was chosen after efforts to etch
Si3 N4 with the more common CF4 /O2 gas mixture failed to produce straight-walled
pores [228]. A further complication is the variability in RIE systems and their
effects on etch rates and etch profiles. Etching conditions therefore have to be tailored for each RIE machine and material individually. The etching conditions in
this work consisted of a relatively low forward power and low chamber pressure,
to strike a balance between anisotropic etch of Si3 N4 which relies on the directional bombardment of ions in the RIE and a low etch rate for the Cr mask. The
etch profile always had a conical front, possibly due to orthogonal angle of attack
(anisotropic) of the reactive etch species. This implied that samples had to be consistently overetched to ensure that the pore was etched with straight walls all the
way to the bottom. This could be achieved using a suitable etch-stop e.g. Au at the
bottom of the pore.
When etching nanometer-sized pores with high aspect ratios, the etching rate was
probably non-uniform and decreased (or fluctuated) with etch depth within the
pore. 30 nm/min was thus only used to calculate a minimum time for the etching. Although the dependence of the decrease in etching speed with increasing
etch depth was never exactly verified, the effective etch rates up to 850 nm for
40-100 nm pores were found to decrease by less than 30%. That the pores were
etched through to the bottom was demonstrated by conductivity measurements of
the underlying electrode showing conduction through the etched pores (cf. Section
4.2.6)
A final note on examining the shape of pores using the FIB/SEM combination: the
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pore openings appear to be consistently slightly larger than the pore bases. This
is an artefact due to arrangement of the FIB and the electron beam. The FIB is
arranged perpendicular to the substrate, while the electron beam points at surface
at an angle of 54°. This slope angle, if not accurately positioned, can lead to what
looks like milling differences across the thickness of Si3 N4 . These differences can
only be corrected for to a certain extent. Different angles of the electron beam (53°
and 55°) proved that the apparent differences were indeed artefacts.

4.3.3 Waveguiding properties of nanoporous substrates
As mentioned in the introduction, one of the aims of making high aspect ratio
nanopores was to create a sensing platform which could be used to discriminate
between events occurring on top of the platform and events occurring within the
nanopores. A first technique that was investigated for this purpose was CPWR
spectroscopy [59]. The advantage of CPWR over conventional SPR is the possibility to use both p and s polarized light for measurements on adsorbed overlayers.
The inherent sensitivity of CPWR was shown by Lau et al. to be enhanced by
the possibility of sensing events within nanopores of porous waveguiding layers
[209]. In that report, the authors used low refractive index porous anodic alumina
as a waveguiding layer, with little control over the density of their pores. The
process of creating high aspect-ratio nanopores in waveguide layers using particle
lithography gave the possibility to tune the size and density of the nanopores independently and could therefore be used in tailoring the biosensors to specific needs,
such as high aspect ratio pores over large areas (> 1 dm2 ).
An optical waveguide senses adsorption events occurring at the surface due to the
adsorbed molecules’ influence on waveguide mode propagation through the evanescent field at the interface. That is, the refractive index within the evanescent field
of the waveguide is increased by the adsorption of molecules at the interface. This
can be visualized in Figure 4.15, where the grey molecules represent the adsorption of an adlayer to the silicon nitride surface. Adsorption of molecules occurring
within nanopores (red molecules) however should to a first approximation affect
the waveguide mode propagation through a change in effective bulk waveguide
refractive index [229]. In this way, it was expected to be possible to discriminate between events occurring within the nanopores and events occurring on the
waveguide surface, since a waveguide bulk refractive index change and an interfacial refractive index change (which changes both thickness of the waveguide and
its interfacial refractive index within the additional thickness) affect the relative
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change in different waveguide propagation modes differently. That is, orthogonally,
linearly polarized waveguide modes will shift by different relative incoupling angles depending on where molecules adsorb. With pores in the nanometer range,
this structure was also expected to work as a size-selective filter for recognition
events specifically of molecules smaller than the size of the pore openings, or if a
membrane across the opening of the pore regulated transport into and out from the
pore.

Figure 4.15: CPWR sensing on top of and within nanopores. The differently
coloured molecules (grey and red) refer to the same molecules, which
are however sensed differently.
The dip-peaks in the reflectance plot displayed in Figure 4.12 are the waveguide
modes coupled via the prism to the waveguide silicon nitride film. Through this
coupling, a loss in reflected intensity is observed. By assuming that the thin
film structure is homogeneous with a given dielectric constants and thicknesses,
simulations of the waveguide modes can be compared with experimental results.
Thus, it can be determined how the effective refractive index of the nanoporous
waveguide layer has changed upon changing the bulk, pore or interfacial refractive index. The initial tests (see results in Figure 4.12) confirmed the hypothesis
that the change in refractive index of the medium within the nanopores leads to a
change in the effective refractive index of the waveguide medium, indicating that
the nanopores had a discernible effect on the effective refractive index of the porous
Si3 N4 layer, which corresponded to the 5 % volume fraction of pores. The disappearance of one angle reflectance dip and the shift of the of the other reflectance dip
corroborate this observation (Figure 4.12, red curve (air) and blue curve (water)).
While the results provided a good fit to theoretical calculations in terms of reflectance dip positions, the sharpness of the reflectance dips and hence the sensi-
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tivity of the porous CPWR sensor was not as high as was simulated as seen from the
graphs in Figure 4.12, although the shift in the dip position of the reflectance was
accurately modeled. The difference in the widths and depths of the reflectance dips
was probably due to the fact that the incident light was scattered at the pores and
hence compromised the sensitivity of waveguide in this measurement format. The
reason for this scattering is likely that each pore acts as a particle which scatters
light incident on it in agreement with Mie scattering theory [230], a phenomenon
that can be observed when the particle size is about 10% of the incident wavelength. As light is scattered away because of the inhomogeneities in the waveguide
layer, it does not reach the detector, registering as shallower reflectance peaks.
Using a nanopore size that was ~ 2.5 times as large as the nanopores previously
used, it was noted that the effects of scattering due to the nanopores were present
also for a lower volume fraction of nanopores (2%) (shallower dip depth, wider dip
width). The sensitivity of the porous CPWR sensor was lower than the non-porous
CPWR sensor in air, as shown by the increase in the FWHM of each reflectance
dip when comparing the non-porous sample to the porous sample (Figure 4.13 and
Table 4.1) for both p and s polarizations. The increase in the FWHM and reduction
in reflectance dip depth meant that the sensitivity of the porous waveguide sensor
to small changes within the nanopores would most likely be suppressed, a problem
that was compounded as the pore fraction was increased further and would limit
the use of this platform as a biosensor. Similar tests were conducted for commercially available optical waveguide lightmode spectroscopy (OWLS) setup, which
gave similarly low improvement in sensitivity (results not shown), further confirming this expectation. Experiments using CPWR on nanopore arrays in Si3 N4
were hence not pursued further, in favor of the less cumbersome and more versatile nanoplasmonics approach described in Chapter 6. However, the possibility
remains that for low pore size and long excitation wavelengths the scattering could
be reduced sufficiently to exploit the dual sensitivity to overlayer adsorption and
transport into pores for, e.g., membrane sensing.

4.3.4 Electrochemical properties of nanopore
ultramicroelectrodes
In Figure 4.14, the cyclic voltammogram on bare Au and porous Si3 N4 are presented. Si3 N4 is inherently a very good insulator, with a resistivity of 5 × 1013 � cm
reported [231]. The cyclic voltammetry traces therefore proves that the nanopores
were etched all the way to the underlying electrode as electrochemical contact with
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the electrolyte solution was established to the underlying Au electrode. The shape
of the cyclic voltammogram has also changed drastically from having clear oxidation and reduction peaks to a suppressed sigmoidal curve.
The suppressed peaks can be explained by that the underlying gold electrode for
nanoporous Si3 N4 acts as an ultramicroelectrode (UME) array [219]. The bare Au
electrode before silicon nitride deposition behaves as macroelectrode, for which the
mass transport of the redox species couple occurs perpendicularly to the electrode.
This corresponds to mass transport in a 1-dimensional diffusion field. In the case of
the nanoporous Si3 N4 , the total surface area of the electrode has been reduced to ~
5 % of its original surface area. Conventional thinking would suggest that current
density would scale linearly with area. However, the small size of the electrodes (~
50 nm) gives rise to the UME phenomenon. UMEs are electrodes that have at least
one critical dimension that is in the micrometer range or less. Due to their small
size, the diffusion layer thickness is much bigger than the electrode size, and the
(quasi) steady state current dominates the current contribution for a planar electrode, resulting in higher-than-expected current densities [219]. For disk-shaped
UMEs, a hemispheric high current density spatial diffusion field develops. In the
case of these UMEs (which can also be assumed to be disk-shaped UMEs), the diffusion to the UMEs is further limited by presence of the nanopores leading to the
UMEs. Hence a reduced current density due to a reduction of effective electrode
surface area combined with suppressed UME behavior are observed, resulting in a
sigmoidal cyclic voltammogram in the presence of redox species.

4.4 Summary
The main goal of this chapter was to establish a reliable process for the fabrication of nanopore arrays. Silicon nitride surfaces which were patterned via particle
lithography and subsequently etched through a metal mask were produced. Two
types of particles were primarily used for creating particle films via RSA, namely
negatively charged sulphate latex particles and positively charged amidine latex
particles. Although many competing methods for the deposition of particles on surfaces are reported in the literature apart from RSA, these reported methods did not
show any improvement in the patterns of particles smaller than 100 nm in diameter. Consequently, in the interest of keeping the experimental conditions constant
in terms of patterning of all types of particle sizes, random adsorption of particles
on the surface was chosen.
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Nanopores with aspect ratios of up to 1:20 were with densities of ~ 5 % coverage of
nanopores were reproducibly achieved. The nanofabricated porous silicon nitride
substrates with their high refractive index (n ~ 2.2) and high resistivity were tested
for their for waveguiding and electrochemical properties. A drawback of the silicon
nitride surfaces produced by PECVD was a high surface roughness (Rrms ≈ 2.1 nm
across 25 �m2 ), which caused an inconsistent nearest-neighbour distance between
the particles. Despite this problem, it was still possible to assemble particles such
that the frequency of dimer and trimer formation was reduced to a minimum.
The etching of through-pores was shown to proceed with a conical front, until
reaching the underlying etch stop (silicon wafer, glass slide or Au layer). Also for
the etching, a quality difference was observed between PECVD and LPCVD grown
silicon nitride, where the higher porosity of the former resulted in rougher side
walls of the nanopores. The nanoporous array displayed UME behavior when subjected to cylic voltammetry, which showed conclusively that the pores were etched
through to the underlying substrate. The results of the waveguiding experiments
on the nanoporous array showed a good fit to theoretical calculations, suggesting
that these substrates could be used for discriminatory sensing on the surface and
within the nanopores, but that the sensitivity of such sensors to detecting small
changes within nanopores may be limited.
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5 Solvent-free Formation of
Nanopore-spanning Lipid Bilayers
5.1 Introduction
In this chapter, experiments that determine the behavior of supported lipid bilayers (SLBs) on nanoporous supports will be discussed. Measuring membrane
protein function is a desired biosensor format in particular for drug screening, but
traditional black lipid membranes (BLMs, lipid membranes spanning across apertures with diameters in the range of hundreds of microns) have several weaknesses
that have prohibited their implementation for biosensing and other applications
that require robustness and use of delicate membrane proteins. Combining the
ample space for protein incorporation and limited sensor area of BLMs with the
robustness, ease of formation and longevity of supported lipid bilayers would constitute a major leap forward for membrane and membrane protein sensing [17].
The lifetimes of planar lipid bilayers have been shown to increase with decreasing pore size [90, 99, 169]. Other approaches to form lipid bilayers free from solvents have been attempted [86, 104] but have had very meagre success due to the
methods of formation that were chosen. Direct manipulation of SLBs through microfluidics was also attempted [82, 83, 174], but this involved the use of high pH
buffers that might affect integrated membrane protein structure and function, and
restricts the production of arrays and performing assays to microfluidic devices.
At present, this approach has not solved the problem of incorporating membrane
proteins into the membrane.
A desirable process to form nanopore-spanning lipid bilayers (npsLB) for a range of
sensor applications would instead be through exploiting vesicle rupture and fusion
as is commonly done for SLBs. The problem of incorporating membrane proteins
into membranes could also be adequately addressed through fusion of proteoliposomes on surfaces. However, the formation of npsLBs requires that a number of
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necessary conditions be met. Namely, the substrate, the nanostructure, the lipid
and buffer composition, all of which influence the lipid membrane interaction with
the sensor substrate nanostructure must be chosen together in a parameter space
where the npsLBs can form. Furthermore, these conditions should be compatible
with handling of all delicate membrane components to be incorporated.
A major obstacle in finding and utilizing the right conditions for formation of
npsLBs by any method has been the difficulty to detect and characterize the relative success of their formation. The mean-field characterization methods typically
used for SLBs, such as evanescent optical and gravimetric methods lack the spatial
selectivity to observe SLB behavior over nanostructured surfaces. Electrochemical
methods are instead too sensitive, as these demand a defect-free SLB over the
whole sensing area for detection [85, 104]. Thus, electrochemical methods are useful when only a few pores are investigated and when all the pores are covered
with a membrane, but cannot help in statistically evaluating an appropriate choice
of parameters when lower success rates of spanning are to be compared. Finally,
mechanical characterization with atomic force microscopy (AFM) via the physical
probing of lipid bilayers spanning over the nanopores is slow, leading to low statistics and tip interaction may damage the lipid bilayer.
Confocal microscopy on the other hand is a non-disruptive technique that bridges
the gap between investigating large areas for statistics (as done with quartz crystal microbalance with dissipation monitoring, QCM-D) and sensitivity to single
nanostructures (such as obtained with the AFM). As will be shown, it can also distinguish between intermediate states of perfectly spanned lipid bilayers and lipid
bilayers with nanopore defects, presenting an advantage over electrochemistry by
offering statistical measurements of success.
In this work, QCM-D and fluorescence recovery after photobleaching (FRAP) experiments were first conducted with anionic vesicles on nanopore arrays in silicon
nitride to establish the formation of SLBs on these substrates. Anionic vesicles
were chosen as they formed homogeneous and fluid SLBs on silicon nitride in the
presence of Ca2+ . High-resolution confocal laser scanning microscopy (CLSM) with
image quantification was then employed to investigate the exact behavior of SLBs
on nanoporous arrays and to identify conditions when npsLBs were formed by varying the nanopore size, vesicle size, vesicle charge and buffer pH. Finally, results of
AFM and 4pi measurements on select vesicle-nanopore combinations to attempt to
image single nanopore spanning events will be presented.
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5.2 Results
5.2.1 Vesicle sizes
Table 5.1 lists the sizes of the filtered vesicles as measured by dynamic light scattering. The vesicles were produced according to protocols mentioned in Section
3.1.2.1, and will be referred to in the following text by their approximate diameter
by DLS sizing, i.e. anionic vesicles with diameters of 130 nm, 100 nm and 75 nm
and zwitterionic vesicles with diameters of 140 nm, 100 nm and 75 nm.
Table 5.1: Diameter of filtered vesicles as measured by DLS.
Vesicle
Filter size [nm] Diameter by DLS [nm]
anionic (70% POPC, 30% POPS)
200
132.3 ± 1.1
anionic
100
97.9 ± 0.5
anionic
50
75.6 ± 1.4
zwitterionic (100% POPC)
200
137.0 ± 1.9
zwitterionic
100
97.6 ± 1.9
zwitterionic
50
75.0 ± 1.0
As shown in Table 5.1 the vesicles have a very small standard deviation as measured by DLS. However, it should be noted that also substantially smaller and
larger vesicles are present in each sample, e.g. the vesicles that were extruded
through 200 nm (anionic, with a diameter of 132.3 ± 1.1 nm) filters have diameters
that range between 100 nm and 200 nm. The vesicles that did not fall within the
stated standard deviation however only made up about 10% of the vesicle population. Hence, the vesicle sizes as measured by DLS were taken to be the actual size
of the vesicles.

5.2.2 Quartz crystal microbalance with dissipation monitoring
(QCM-D) and fluorescence recovery after photobleaching
(FRAP)
Figure 5.1 shows the typical QCM-D response of anionic vesicles forming supported
lipid bilayers. The blue curves represent the frequency shifts (left) and the red
curves represent the change of dissipation (right). 0.1 mg/ml anionic vesicles (ø
100 nm) in TBS Ca were introduced to the unstructured and structured (nanopore
ø 40 nm, 100 nm and 200 nm, area coverage of pores ~ 5%, processed according
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to protocols described in Section 3.3) silicon nitride at t = 600 s. All curves show
similar kinetics for SLB formation, i.e. a decrease of resonance frequency of the
crystals corresponding to an increase of mass adsorbed on the crystals; with an
increase in dissipation which reduces to a low value after formation of an SLB.
Complete and stable SLBs were formed within 10 minutes of injection of the vesicle
solution. The end frequency and dissipation values are presented in Table 5.2 .

Figure 5.1: QCM-D curves for 100 nm anionic vesicles on unstructured [ ] and
structured (nanopore ø 40 nm [�], 100 nm [ ] and 200 nm [ ]) silicon
nitride. The blue curves present the change in resonance frequency
of the quartz crystal due to the overlayer, while the red curves show
the change in the dissipation of energy of the adsorbate on the crystal
surface. Complete SLB formation was achieved for all samples.
Table 5.2: End frequency and dissipation values of QCM-D measurements with 100
nm anionic vesicles on silicon nitride.
Crystal
Frequency [Hz] Dissipation
Unstructured silicon nitride
- 26.3
0.22 × 10-6
40 nm pores
- 27.3
0.15 × 10-6
100 nm pores
- 27.8
0.22 × 10-6
200 nm pores
- 26.5
0.22 × 10-6
FRAP was conducted on unstructured silicon nitride (350 nm silicon nitride deposited on microscope glass cover slips) to investigate the diffusion coefficient of
the anionic SLBs (68% POPC, 30% POPS, 2% NBDPC, vesicle ø 100 nm) in TBSCa.
Data was evaluated using the method of Jönsson et al [201]. The average diffusion
coefficient was determined to be 1.41 ± 0.31 �m2 s-1 with an average mobile fraction
of 90.6 ± 5.2 %.1
1

The FRAP evaluation method proposed by Jönsson et al. [201] generally reports higher immobile
fractions than the more common method introduced by Soumpasis [65], possibly due to the fact
that the former routine does not consider all the data frames in a data set.
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Figure 5.2: FRAP data analysis of 1 batch of 100 nm anionic SLBs in TBSCa. The
grey dots refer to the measured data while the black line is the fit
through the measured data.

5.2.3 High resolution confocal laser scanning (CLS) microscopy
and stimulated emission and depletion (STED) microscopy Quantitative Analysis
The nanostructured silicon nitride (pore sizes: 40, 80, 100, 200 and 500 nm) deposited on microscope glass cover slips were exposed to 0.5 mg/ml anionic vesicle
solution (69.8% POPC, 30% POPS, 0.2% DOPE-RhoB, ø 75 nm, 100 nm, 130 nm
in TBS Ca) unless otherwise stated. Figure 5.3A shows a representative CLS micrograph of a DOPE-RhoB labeled SLB formed from 130 nm anionic vesicles on a
substrate on 200 nm pores patterned by SALI. In a typical reflection image such
as in Figure 5.3A-top, each dark circle corresponds to one single pore. Figure 5.3Abottom is the corresponding RhoB fluorescence channel. A 1:1 correlation between
the openings in the reflection image and the high fluorescence spots in the fluorescence image is observed. Moreover the brightness of the features in the bottom
image is uniform for all spots. The 1:1 correspondence and uniform brightness was
observed for both 200 and 500 nm pores.
Although able to resolve single nanopores as long as the pores are separated by
distances greater than the diffraction limit, conventional CLSM does not have sufficient resolution to resolve the distribution of lipid material within the pore with
certainty. For this reason STED microscopy was employed to image the lipid bilayer structure at the nanopores. Figure 5.3B-top shows a normal confocal fluorescence image of 500 nm pores and SLBs formed from 75 nm anionic vesicles (where
DOPE-RhoB was substituted for atto-POPE), with Figure 5.3B-bottom showing the
corresponding STED image. Figure 5.3C shows a 3D rendering of slices of STED
images in the z-direction. The fluorescence intensities point to the SLB following
the contours of the pores.
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Figure 5.3: Supported lipid bilayers on nanoporous substrates where vesicles used
were smaller than the nanopores. A: typical corresponding reflection
(top) and fluorescence (bottom) CLSM images (200 nm pores obtained
by SALI and SLBs formed from 130 nm vesicles). B: top – standard
CLSM image; bottom – stimulated emission and depletion (STED) image of 500 nm pores with SLBs formed from 75 nm vesicles. C: snapshot
of a 3D image rendered from STED z-slices of 500 nm pores with SLBs
formed from 75 nm vesicles.

The resulting images were different when the nanopore diameters were comparable to the SLB forming vesicles’ diameters. Figure 5.4A shows representative CLS
micrographs of substrates with 100 nm nanopores exposed to 130 nm DOPE-RhoB
labeled liposomes in 1 mg/ml carboxyfluorescein containing TBSCa (CF-TBSCa),
i.e. a sample for which the average liposome size was larger than the pore diameter. Most positions of nanopores have a corresponding high intensity of fluorescence
signal in the DOPE-RhoB channel (Figure 5.4C), similar to what was observed in
Figure 5.3A. However, in contrast to Figure 5.3A the remaining pore fraction corresponds to low membrane fluorescence. Figure 5.4B showing the buffer label CF
channel yields the inverse image, meaning a pore corresponding to low intensity in
the RhoB membrane channel has high CF fluorescence intensity.
The qualitative analysis described based on Figure 5.4 can be made quantitative
by detailed image analysis, allowing statistical analysis of a large number of individual nanopores. By means of the automated algorithms described in the Section
3.5, the amount of fluorescence within the region corresponding to the position of
a single nanopore is obtained by the signal contrast from within a nanopore to the
background. The anti-correlation between the two channels, i.e. high CF correlates
with low DOPE-RhoB fluorescence intensity and vice versa, is further illustrated in
Figure 5.5. The points shown on this plot represent the amount of DOPE-RhoB signal to the amount of CF signal coming from each nanopore. The points are mainly
localized into two lobes representing nanopores where the signal from only one of
the fluorescence channels dominates. A low number of points outside the two lobes

94

Figure 5.4: Results of larger vesicles exposed to smaller nanopores. A: 100 nm
nanopores with SLBs formed from 130 nm vesicles reflection image. B:
corresponding CF fluorescence image showing the fluorescence due to
the presence of encapsulated buffer. C: corresponding DOPE-RhoB fluorescence image (SLB fluorescence). The highlighted area shows the
anti-correlation of CF fluorescence to the DOPE-RhoB signal (high contrast CF = low contrast RhoB and vice-versa).
can also be observed, and are possibly due to the crosstalk of emission and excitation wavelengths of the two fluorophores or different amounts of encapsulated CF
dye.

Figure 5.5: DOPE-RhoB vs. CF fluorescence signals. Several hundred data points
were analyzed. These are clustered primarily within two lobes – low
CF/high DOPE-RhoB and high CF/low DOPE-RhoB respectively. A low
number of points lie outside both lobes, which could indicate crosstalk
between the excitation spectrum of NBD and the emission spectrum of
RhoB.
The interpretation of these results is illustrated in the schematic diagrams pro-
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vided in Figure 5.6. Localization of CF signal corresponding to a nanopore implies encapsulation of dye in the underlying cavity by means of a spanning lipid
bilayer that prevents the dye from diffusing away. However, this will project similar membrane fluorescence intensity as a planar SLB (Figure 5.6A). Conversely,
a membrane following the contour of the nanopore will not encapsulate any CF
dye at the nanopore but localize more lipid material to the pore and increase the
projected membrane fluorescence signal from the pore as verified above by the
STED measurements (Figure 5.6B). Furthermore, due to the strong correlation of
a low DOPE-RhoB signal with a high CF signal that unambiguously characterizes
a membrane encapsulated pore, it can be inferred that a low DOPE-RhoB signal
correlates with the presence of a npsLB.

Figure 5.6: Schematics explaining the origin of the anti-correlated fluorescence signals. A: npsLBs encapsulating CF lead to a high CF signal and low
DOPE-RhoB signal. B: SLBs following the contours of the nanopore
lead to a high DOPE-RhoB signal and low CF signal.
The results from above in terms of contrast histograms after the quantification
procedure is displayed in Figure 5.7. The figure shows two measured contrast
distributions, one for the CF channel (Figure 5.7A) and one for the DOPE-RhoB
channel (Figure 5.7B). Both curves show two peaks, where the size of the low to
high intensity peaks are reversed for the two channels. In the CF distribution,
the larger peak indicates that a large number of nanopores had no or very low CF
signal, implying that no npsLB was present over the pore. The smaller peak, corresponding to high CF signal and thus dye encapsulation and presence of an npsLB,
has a broad distribution, indicating that different amounts of CF were encapsulated. The DOPE-RhoB histogram displays the opposite behavior. The larger peak
here corresponds to high DOPE-RhoB fluorescence stemming from the absence of
npsLBs, while the smaller peak is coming from the low DOPE-RhoB signal when
the membranes span across the top of the nanopores.
Figure 5.8 shows a time series of the CF contrast histograms. The height and width
of the peak with CF higher contrast are continually decreasing as a function of time
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Figure 5.7: Contrast distributions of CF and RhoB in a dual fluorophore experiment. A: Contrast distributions for CF; and B: RhoB for 130 nm vesicles exposed 100 nm pores forming SLBs. The former is plotted on a
linear-logarithmic scale for clarity. Both distributions show two peaks
indicating the existence of two kinds of pores: spanned (CF: high contrast; RhoB: low contrast) and not spanned (CF: low contrast; RhoB
high contrast). The RhoB distribution is fitted with a linear combination of two Gaussian distributions to quantify the two populations
(dashed lines).
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between 5 min and 180 min, indicating partial leaking and photobleaching of CF
encapsulated in the pores. After 180 min, no discernible CF fluorescence was detected under the npsLBs, while the DOPE-RhoB signal still indicated the presence
of an npsLB. CF is considered a membrane-impermeable dye but both slow leakage and bleaching have been reported [174] and the low numbers of encapsulated
CF molecules per nanopore compounds this problem. However, the continuous and
slow rate of single nanopore CF signal loss is proof of the long-term stability of the
spanning bilayers. The time for loss of the encapsulated CF signal is longer by a
factor of 3 than what was observed for CF encapsulated in nanopores by shear flow
membrane spreading [174].

Figure 5.8: Series depicting the time evolution of the signal from CF encapsulated
in pores. The scans are offset for clarity, and were taken at 5 min, 75
min, 120 min and 180 min (bottom to top). CF continuously leaks from
the pores or is bleached as seen from the shift to lower contrast over
time of the minority high contrast fraction of npsLBs.
Both the CF and DOPE-RhoB signals can be used to reliably predict the presence
of npsLBs, but it was found that using only one dye was preferred due to cross-talk
between the respective emission channels of the two dyes. Analysis based on using
only the membrane dye DOPE-RhoB is preferred given the sharper contrast distribution for npsLB events and the lack of time dependence of the contrast, which
is not affected by leakage or non-uniform bleaching. All the following analysis is
therefore performed only for the DOPE-RhoB signals.
Figure 5.9 shows a typical set of results reporting the contrast distributions obtained by varying the size of vesicles and keeping the size of the nanopores constant, in this case 80 nm. The graphs of the 3 different sizes of vesicles that were
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used to form SLBs are plotted with an offset for clarity. The lowest curve refers to
75 nm vesicles, the middle curve to 100 nm vesicles and the uppermost curve to 130
nm vesicles which formed SLBs on the nanopore arrays. The values of the contrast
have been normalized by the minimum and maximum contrasts in the raw images
for clarity and each curve has been obtained by collecting values for several thousands of pores. The curve for 75 nm vesicles exhibits a single fluorescence peak
at high contrast indicating that no npsLBs were observed. 100 nm vesicles on the
other hand display contrasts with a clear dual population that can be resolved into
two peaks. These contrast populations refer to a large number of nanopores with
high fluorescence signal, and a small number of pores with low fluorescence signal
indicating the presence of some npSLBs. The number of membrane-spanned pores
with low fluorescence increases when 130 nm vesicles are used instead of 100 nm
vesicles. The contrast distribution for each vesicle size was fitted using two Gaussians (shown in Figure 5.7) and the percentage of spanning pores was calculated
as the ratio of the areas of the two Gaussians.

Figure 5.9: Representative DOPE-RhoB contrast probability distributions of 130
nm, 100 nm and 75 nm vesicles exposed to 80 nm pores with respective
Gaussian fits. The distributions are offset for clarity. SLBs from 75
nm vesicles (bottom) show one single peak of high fluorescence signal
within the nanopore. SLBs from 100 nm and 130 nm vesicles (centre
and top respectively) clearly display two peaks each. The 75 nm vesicles
curve was fitted with a single Gaussian, while the curves for the 100 nm
and 130 nm vesicles were fitted with two Gaussians each.
This analysis was extended to the whole matrix (5 pore sizes and 3 vesicle sizes) of
pore/vesicle sizes investigated in this study. It was observed that no pores that
were void of membranes, i.e. pores with negative contrast were not detected.
For all pores, either npsLBs or SLBs that followed the contours of the nanopores

99

were formed. The resulting percentages of membrane-spanned pores as function of
nanopore diameter are shown in Figure 5.10. The solid lines are meant as a guide
to the eye. Note that the error bars range between the minimum and maximum
spanning percentage achieved for a given nanopore and vesicle size combination.
The maximum error is shown to demonstrate the variability in results across different experiments (at least 3 repetitions of each, with several thousand nanopores
per repetition). A strong dependence of the fraction of spanned nanopores on the
vesicle size to pore diameter is observed. Pores that are 200 or 500 nm in diameter
are never spanned by SLBs formed from any size of vesicles tested. As the pore size
is decreased, formation of npsLB is observed with the onset of spanning occurring
roughly at a nanopore size corresponding to the average vesicle diameter. The fraction of npsLB then increases with the ratio of vesicle to pore diameter, but seems
to saturate at an average of close to 15% for both 100 nm and 130 nm vesicles. This
saturation level seems to be reached already at a ratio of roughly 1.3:1 (vesicles :
nanopores), after which a further increase in relative vesicle size has no significant
influence on the npsLB fraction. The highest observed npsLB fraction of 24% was
observed for 130 nm vesicles exposed to 100 nm pores.

5.2.4 AFM and 4pi
In order to identify the formation of npsLBs on single pores, two more techniques
were attempted. The first technique was AFM. Si wafers with 350 nm silicon nitride were used in this study. Anionic vesicles (70% POPC, 30% POPS, ø 100 nm)
were allowed to adsorb and form SLBs on the silicon nitride samples before a contact mode measurement was conducted. Figure 5.11 shows a typical scan of such
a substrate (nanopore ø 60 nm). Differences between nanopores and the silicon nitride background in the height and deflection profiles were apparent in the scans,
but these differences were not conclusive because of the roughness of the samples
used and formation of npsLBs could hence not be demonstrated.
AFM was also conducted on LPCVD deposited silicon nitride structured with 40
nm nanopores. In this case, contact mode AFM in liquid with low force (≈ 100 pN)
was employed in an attempt to reduce the amount of local force on the SLBs. A
typical scan of LPCVD silicon nitride exposed to vesicles is shown in Figure 5.12.
In Figure 5.12A, a low force on the membrane was applied, to avoid rupturing any
possible npsLBs. In Figure 5.12B, a force higher than the membrane rupture force
(≈ 10 nN) was applied, which leads to imaging of the substrate underneath the
penetrated SLB. The regions enclosed by the red circles indicate smooth features
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Figure 5.10: Plot of percentage of spanned pores versus pore size obtained from
Gaussian fits to the DOPE-RhoB contrast distributions. The results
for each size of vesicle used are plotted against the different diameters
of nanopores to which they were exposed.
130 nm vesicles; � 100
nm vesicles;
75 nm vesicles. Solid curves are a guide to eye. Error
bars are given as maximum errors for a minimum of three independent samples. Vesicles do not form spanning lipid bilayers for pores
with diameters > 200 nm. Spanning occurs only for nanopores with
a diameter ≤ 200 nm. A larger vesicle size to pore diameter leads to
a higher fraction of npsLBs. The maximum obtained npsLB fraction
was 24%.

Figure 5.11: AFM image of 100 nm POPC-POPS vesicles on 60 nm pores. Left:
height image acquired over a 5 �m x 5 �m area; right: corresponding
deflection image. The line scans displayed below the images correspond to the red lines indicated in the respective images.
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in the low force image which appear as pores in the high force image, which would
be expected for pores covered by a npsLB. In this case, the background was visibly
smoother, enabling the identification of possible npsLBs.

Figure 5.12: AFM image of 100 nm anionic vesicles on 40 nm pores. A: height
image acquired over a 5 �m x 5 �m area taken with low force without
penetrating through the membrane; B: height image acquired over a 5
�m x 5 �m taken with a high force penetrating through the membrane.
In A and B, red circles indicate areas where npsLBs were possibly
detected (A: small to no depression noted; B: pore or deeper depression
appearing).
4pi microscopy imaging was also attempted to identify single instances of npsLB
formation. Simulations were first conducted to assess whether this method could
distinguish between spanned and nanopores that were not spanned. The simulation results shown in Figures 5.13 A and B suggest that it is indeed possible to
distinguish between the unspanned and spanned case. The 4pi measurements displayed in Figure 5.13C showed results which indicated that unspanned nanopores
were present when 100 nm anionic vesicles (69.8% POPC, 30% POPS, 0.2% AttoPOPE) were allowed to adsorb and form SLBs on 200 nm pore substrates, confirming the simulation observations.
For the case of 100 nm nanopores as measured with 4pi, shown in Figure 5.14,
the simulations indicated that a difference in the images for an unspanned (Figure
5.14A) and spanned (Figure 5.14B) pore should be identifiable. The results of the
experiments as shown in Figures 5.14C and D however allude to the difficulties
faced in identifying single npsLBs with 4pi microscopy. 50 nm and 100 nm anionic
vesicles were allowed to adsorb and form SLBs on the 100 nm nanopores for these
experiments. The images in Figure 5.14C and D show optical aberrations from
the non-uniform refractive index of the nanostructured silicon nitride substrates,
which made it difficult to observe differences for the different vesicle sizes used in
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Figure 5.13: 4pi microscopy simulation on 200 nm pores and measured data. 100
nm anionic vesicles were allowed to adsorb and form SLBs on 200 nm
pores. The simulations (A and B) indicate the possibility to distinguish between non-spanning and spanning lipid bilayers. The measured data (C) shows high fluorescence in the region of the nanopores,
indicating the presence of SLBs within the pores. The main image is
the bright, centre line, which is flanked on the top and bottom by socalled “ghost” bands which arise due to the superimposition of images
collected from two opposing objectives.
this experiment, as the observed results in some cases seem to contain the features
of both the non-spanning and spanning simulated intensity profiles.

Figure 5.14: 4pi microscopy simulation on 100 nm pores and measured data. 100
nm and 50 nm vesicles were allowed to adsorb and form SLBs on 100
nm nanopores. The simulations (A and B) indicate that the difference between spanning and non-spanning could be possible based on
intensity differences. The results shown in C and D however are inconclusive; it is not directly apparent which nanopores are spanned
and which are not due to aberrations in the image.
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5.3 Discussion

5.3.1 Thermodynamic arguments regarding the formation and
existence of npsLBs

The confocal microscopy results presented in Section 5.2.3 show that a dual population consisting of npsLBs and SLBs following the contours of the pores are always
present for cases where the ø vesicle ≥ ø nanopore opening. This section of the discussion will lay out a simple thermodynamic model to describe the conditions for
the formation and stability of npsLBs. The first questions that need to be answered
are:
1. Would an SLB prefer to span over a nanopore or form along the walls of the
nanopore?
2. Can the energetic penalty due to bending be offset by the adhesion energy
from the attractive lipid headgroup interactions with the entire pore surface
area?
To a first approximation this questions could be addressed by considering the relative contributions of the total bending energy of an SLB entering a nanopore and
the corresponding total adhesion energy of the SLB at the nanopore.
The POPC and POPS lipids used in this work both have a shape factor close to 1,
[61, 232] meaning that a membrane formed from these lipids will have insignificant
intrinsic curvature and prefer a planar conformation. The nanopores as fabricated
by the methods described in Section 3.1 have a high edge curvature. This curvature
was determined to be less than 10 nm by SEM (see Figures 4.8 and 4.9), which is
in the same order of the molecular dimensions of the lipids. The geometry of a
nanopore is sketched in Figure 5.15. The curvatures and distances are not to scale.
a refers to the radius of curvature of the nanopore edge, c refers to the radius of the
curvature of the nanopore opening, R refers to the internal radius of the nanopore
(the value of the nanopores denoted in Figure 5.10) and h refers to the height of
the nanopore.
The bending energy of an SLB over a curved surface of area S can be derived from
the Helfrich harmonic approximation [233, 234] :
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Figure 5.15: Sketch of a single nanopore. a: radius of curvature of the nanopore
edge; c: radius of nanopore opening; R: internal radius of the
nanopore; h: height of the nanopore.

Eb =

˛S

eb dA

(5.1)

where
1
eb = kb (κ1 + κ2 − 2c0 )2 + κκ1 κ2
(5.2)
2
where kb is the bending modulus, κ1 , κ2 are the principal curvatures of the lipid bilayer segment, co is the spontaneous curvature and κ is the saddle splay modulus.
Seifert [235], Deserno [234] and Parthasarathy [108] each quote a typical bending
modulus kb = 10−19 J. For the current purpose, the principal radius κ1 referring to
the stretching/compression across the nanopore edge of the lipid bilayer segment
is taken to be constant for the integration of the bending energy of a membrane entering the pore as it is only affected by the the curvature of the nanopore opening
(κ1 = 1/a). The second principal radius κ2 referring to the stretching/compression
along the edge of the opening of the nanopore is not constant, and is a function
of both the nanopore curvature and nanopore edge curvature. The angular variables for these curvatures are given by u, which determines the position along
the nanopore opening (u ∈ [0, 2π]) and v, which determines the position across the
nanopore edge (v ∈ [π/2, π], 1/2 inner surface of a ring torus). The second principal
1
radius is thus κ2 = − c+acosv
. The spontaneous curvature c0 of a flat SLB can be
taken to be 0, while the saddle splay modulus κ is neglected as topological changes
of the SLB over a single edge are not considered. This simplifies the Equation 5.2
to:
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1
eb = kb (κ1 + κ2 )
2

(5.3)

Putting this back into Equation 5.1:

Eb =

˛S

1
kb (κ1 + κ2 )2 dA
2

(5.4)

The incremental area element dA can be parametrized as a quarter torus:

(5.5)

dA = a (c + acosv) dudv

Eb,edge =

ˆ2π ˆπ
0

π
2

1
kb
2

�

1
1
−
a c + acosv

�2

(c + acosv) dudv

(5.6)

The bending energy of the SLB at the bottom edge of the nanopore is treated analogously the bending energy at the top edge of the nanopore. The corresponding
values are u ∈ [0, 2π], v ∈ [π, 3π/2, ] (1/2 outer surface of a ring torus), κ1 = 1/a and
1
κ2 = c+acosv
. This gives:
3π

Eb,bottom,edge =

ˆ2π ˆ2
0

π

1
kb
2

�

1
1
+
a R + acosv

�2

(R + acosv) dudv

(5.7)

The contribution of bending due to the curvature of the nanopore walls must also
be added to the total bending energy of the lipid bilayer in the nanopore. For
this contribution, there is only one principal curvature given by the inverse of the
radius of the nanopore. The area over which this contribution is integrated is given
by w, which is the angular variable determining the position along the nanopores
w ∈ [0, 2π], and h, which is the variable determining the height of the nanopore
(h ∈ [0, h − 2a], taking the edge curvatures into consideration where in this case
h = 350nm). The bending energy of a lipid bilayer segment on the cylindrical wall
is given by:
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Eb,wall =

ˆ2π h−2a
ˆ
0

0

1
kb
2

� �2
1
Rdwdh
R

(5.8)

Thus, the total bending energy at a nanopore is given by Eb,total = Eb,edge +Eb,bottom,edge +
Eb,wall .
The corresponding total adhesion energy of an SLB at a nanopore will now be
derived. The equation for adhesion energy is given by:

(5.9)

Ead = kad Apore

Where kad is the adhesion energy per unit area for the adhesion of lipid bilayers to surfaces, and Apore is the total internal area of the nanopore and the edge.
Experimental values for kad vary between 10−21 to 10−25 Jnm−2 from strongly to
weakly adhering SLBs as measured by a variety of methods such as the surface
force apparatus, optical microscopy and reflection interference contrast microscopy
[234, 235]. The internal area of a pore is approximately the internal area of a
cylinder with radius R and height h including only the bottom face, the area of the
nanopore edge, and the area joining the walls of the nanopore and the bottom face
and is given by:

Apore = 2πR (h − 2a) + π (R − a)2 +

ˆ2π ˆπ
0

π
2

3π

a (c + acosv) dudv +

ˆ2π ˆ2
0

a (R + acosv) dudv

π

(5.10)

The total bending energy and the total adhesion energy will now be compared
against one another in a graph of the energy landscape of an SLB adsorbed into a
nanopore. The energy contributions can be plotted as a function of a ∈ [2nm, 10nm]
and c ∈ [20nm, 100nm] (see Figure 5.15 for details). The minimum value of a of 2
nm reflects the minimum possible bending radius of lipid bilayer segment around
a high curvature edge, given the size of the lipids used, while the maximum value
is the assumed maximum radius of curvature of the nanopore edge (taken from
SEM images of the nanopore edge). The values of c represent the nanopores with
diameters ranging 40 nm and 200 nm, which was the range in which npsLBs were
detected in this study. For calculation of the adhesion energies, a nanopore depth
of 350 nm was assumed, as this was the thickness of the deposited silicon nitride.
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Figures 5.16a and 5.16b show the results of this analysis as a series of 3 graphs
in two views. The values of Eb and Ead are plotted in a logarithmic scale for better
visualization. The bending energy of an SLB covering the walls of a nanopore is
given by the red graph, which is sandwiched between the adhesion energies in the
nanopore given by the green (strongly adhering lipid bilayers) and blue (weakly
adhering lipid bilayers) respectively.

(a)

(b)
Figure 5.16: Energy landscape for an SLB adsorbed in a nanopore for a range
of nanopore dimensions (two views). The energy values Eb , Ead are
plotted in a logarithmic scale for better visualization. The geometry of the nanopore was chosen such that 2nm < a < 10nm and
20nm < c < 100nm (see Figure 5.15 for definitions of a and c). The
red graph represents the bending energy landscape for SLB following
the contours of the nanopore, the green graph represents the adhesion
energy for a strongly adhering SLB and the blue graph represents the
adhesion energy for a weakly adhering SLB. For the values of a and c
chosen here, the values of bending energy lie between the maximum
and minimum adhesion energies.
In the first approximation, a strongly adhering SLB even when formed from vesicles that are larger than the nanopore openings is more likely to bend and remain
in close contact to the surface throughout the pore, as it appears that the adhe-
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sion energy gain of the membrane following the walls of the pore outweighs the
increased energy from bending of the membrane at the high curvature edges. The
exact situation for every SLB/substrate system appears to be determined by the
value of kad . It is important to note however that given the spread of values of kad
reported in the literature (4 orders of magnitude), it is difficult to assess what the
exact adhesion energy for an SLB on a fusogenic substrate is.
It is expected however that a high adhesion energy between vesicles and the underlying surface is required for the formation of SLBs. SLB formation on negatively
charged surfaces is known to be facilitated in the presence of Ca2+ at millimolar
concentrations by incorporating PS lipids into PC liposomes [45, 236, 237]. The
Ca2+ ions are thought to form a strong ionic bridge between the negatively charged
lipid bilayer and the negatively charged underlying substrate, implying a strong
adhesion between the formed SLB and the substrate. Additionally, a strong adhesion between vesicles and the underlying substrate is a prerequisite for the formation of SLBs on surfaces. This implies that the kad value for this system is probably
close to maximum value reported, and as such, npsLBs are not likely to occur according to the presented energy balance estimates.
The data presented in Figure 5.10 can now be assessed according to the insights
provided by these calculations. Vesicles that are smaller than the nanopore openings will form only SLBs which follow the contours of nanopore arrays. For the
cases where vesicles that are larger than the nanopore openings forming SLBs
on the nanopore arrays, the majority of the pores show no evidence of spanning, in
agreement with the results of the thermodynamic analysis of an SLB at a nanopore.
However, a substantial fraction of npsLBs are also found, which according to the
thermodynamic analysis should not occur. This implies that a second mechanism
must be at play for the formation of npsLBs, and that the simple thermodynamic
analysis is not sufficient to explain the experimental results.

5.3.2 Kinetics of formation of npsLBs and SLBs following the
contours of the surface
The results shown in Figure 5.10 suggest that a saturation limit of about 15 %
occurrence of npsLBs exists, regardless of the ratio of the vesicle to the size of the
nanopore opening. When the vesicle diameter is larger than the nanopore opening,
direct diffusion of liposomes into the pores cannot fully explain the formation of
membranes within pores. The existence of both spanned and unspanned nanopores
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and that there seems to be an upper limit to the fraction of nanopores which can be
spanned by a lipid membrane point towards a kinetically rather than thermodynamically controlled process, since two equilibrium configurations are identified in
the data, one of which is likely to be a metastable state with a higher energy. From
the calculations in the previous section it can be concluded that the the lowest energy state will be determined mainly by the value of kad , which is not well known
for most lipid-surface systems, including the very common one used in this work.
In the following a model taking into account the process of membrane spreading
as well as an estimate of the kinetic barriers encountered in this process will be
discussed.
Vesicles are known to adsorb to silicon nitride and rupture upon reaching a critical
surface concentration, forming SLB patches on the surface [77, 81, 238]. Each
SLB patch will fuse with other patches across the surface upon addition of lipid
material from incoming vesicles. A continuous addition of lipid material from the
bulk thus expands the merging patch sizes by diffusion of lipids along the surface
to form a fully connected lipid bilayer as liposomes from the bulk solution adsorb
and rupture at the edge of a membrane patch. When the lipid bilayer front reaches
a topographical feature on the surface, the membrane will flow over or into them,
as has been observed previously for low aspect ratio features with low curvature
[60, 160, 239] and for shear-driven SLBs [174].
When considering the incremental motion of a lipid bilayer as it approaches a
nanopore edge that acts as a kinetic barrier to the formation of a contour-following
SLB, the incremental bending energy must be greater than the adhesion energy
at the nanopore edge to favor the formation of npsLBs. The bending energy across
the nanopore edge is given by Equation 5.6, while the adhesion energy across the
nanopore edge is given by:

Ead,edge = kad Aad,edge = kad aπ (cπ − 2a)

(5.11)

where Aad,edge was evaluated as part of Equation 5.10. A kinetic barrier energy
landscape similar to that in Figure 5.16 can then be plotted to reflect height of
the energy barrier for a membrane to follow the contour into the pore (Figure
5.17). The comparison of Eb,edge and Ead,edge can be performed as a function of
a ∈ [2nm, 10nm] and c ∈ [20nm, 100nm] (see Figure 5.15 for details) as in the previous section. The red graph represents the values of Eb,edge , while the green and blue
graphs represent the adhesion energy at a nanopore edge for strongly and weakly
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adhering SLBs respectively. The graphs of the bending energy and the strong adhesion energy bisect for 4nm < a < 6nm. Thus, for small a, for which the bending
energy of the SLB is substantially higher than the adhesion energy it can be predicted that the moving SLB front is unlikely to enter the nanopore and adhere to its
walls even if the highest reported adhesion constant is assumed. Note that even if
the membrane at a high curvature edge adopts a low curvature shape around that
edge, this can only happen by reducing losing the contact to the surface and thus
reducing the adhesion energy to zero. The energy barrier will in this case comprise
the entire bending energy which is on the order of 104 kT for the largest possible
10 nm radius edge.

Figure 5.17: Energy barrier landscape for the spreading of an SLB over a nanopore
edge (two views). The energy values Eb , Ead are plotted in a logarithmic scale for better visualization. The boundaries were taken to be
2nm < a < 10nm and 20nm < c < 100nm (see Figure 5.15 for details on the variables). The red graph represents the bending energy
landscape for all the nanopores, the green graph represents the adhesion energy for a strongly adhering lipid bilayer segment and the blue
graph represents the adhesion energy for a weakly adhering lipid bilayer segment. The graphs for bending energy and strongly adhering
SLBs bisect for values of a between 4 and 6 nm.
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The condition hindering the entry of SLBs into nanopores is Eb,edge − Ead,edge >>
kT , where k is the Boltzmann constant and T is the absolute temperature of the
system (taken to be 300 K for room temperature), as thermal fluctuations will
otherwise allow the membrane to surpass the kinetic barrier to nanopore entry.
For the purposes of this argument, the only the adhesion energy of the strongly
adhering SLB will be taken into account , which is the case most favorable to an
SLB entering the nanopore.. A graph reflecting the condition Eb,edge − Ead,edge in
units of kT is presented in Figure 5.18, plotted as a function of a ∈ [2nm, 10nm] and
c ∈ [20nm, 100nm] (see Figure 5.15 for details). Only values where Eb,edge > Ead,edge
in a logarithmic scale are considered.

Figure 5.18: Logarithmic plot of Eb,edge − Ead,edge,strong in terms of kT (two views).
Only values where the bending energy is higher than the adhesion
energy are displayed. For the region bounded by 4nm < a < 6nm, the
steepness of the graph is very high, indicating that this is a region
where small differences in the dimensions of the nanopores could determine the formation of npsLBs or SLBs which follow the contours of
the nanopores.
E

−E

It can be observed that for 4nm < a < 6nm, the rate of change of b,edge kT ad,edge is
very high. This indicates that for small changes in the geometry of the nanopore (in
this case the nanopore edge radius), the condition determining the kinetic energy
barrier may either be fulfilled, favoring the formation of npsLBs, or not, favoring
the formation of SLBs following the contours of the nanopores. Other factors to
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keep in mind are also the uncertainty in the adhesion energy (which spans 4 orders of magnitude) and the uncertainty of the size nanopore openings due to the
polydispersity of the particles in the starting colloidal particle solution. Finally, it
is also important to keep in mind that the polydispersity of the vesicles’ sizes for
the solutions used could also affect the frequency of npsLB spanning. It is thus not
unlikely that the results obtained in the experiments also reflect these uncertainties contributing to the observed dual population of npsLBs and contour-following
SLBs.
Thus, from the theoretical analysis of the SLB around a nanopore, it can be seen
that two factors determine the formation of npsLBs, namely the adhesion energy
constant kad and the geometry of the nanopores, defined by the nanopore edge radii
a and c. The conditions most likely to favor the formation of npsLBs are low kad , a
and c, where c has less importance than the other two. For a constant high value
for kad , where the nanopores used in this study have edge radii which probably lie
in the range between 4-6 nm, it was shown to be difficult to predict the outcome.
Another consequence of this calculation is that even if the equilibrium conformation would be a spanned pore, it is likely that a membrane once formed inside the
pore would be trapped along its contour given the large number of favorable headgroup/substrate interactions that are necessary to release to reach the equilibrium
npsLB structure implying that if vesicles are smaller than the nanopore opening,
the formation of an npsLB is not expected.
Considering the shape factors of the lipids used to form the SLBs, it can be assumed
that membranes which are formed over the nanopore will not sag into and adhere
to the nanopore walls. A situation where a lipid bilayer pre-positioned above a
nanopore could occur in the experiment is when vesicles larger than the nanopore
either sit on top of the pore or in very close proximity to a nanopore extending over
its opening. A vesicle positioned over a pore will already have the membrane correctly positioned to form a sealing npsLB when rupturing by fusing to the spreading SLB on surrounding surface, which then cannot enter the pore such as can be
seen in the schematic in Figure 5.19A, as it transitions to Figure 5.19B. This mechanism is inherently stochastic, relying on the probability of vesicles to randomly
adhere onto nanopore openings on the substrate and therefore this could explain
the fact that only a fraction of the nanopores can be spanned. The frequency of
this occurrence will depend on the available free adsorption area or surface coverage of pores for a given vesicle size. Therefore, once the necessary conditions for
spanning through liposome fusion are met, i.e. vesicle diameter larger than pore
diameter, the dependence on the spanned pore fraction is only weakly dependent
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on the vesicle to pore size ratio leading to the observed saturation value for the
fraction of spanned pores.

Figure 5.19: Vesicle on top of a nanopore. If the vesicle adsorbs to the surface directly on top of a nanopore such as in A, the vesicle is likely to rupture
and form an npsLB across the nanopore.
Finally, for a given vesicle/nanopore size ratio and radius of curvature, the adhesion energy of the lipid bilayer segment to the surface could be reduced in order
to increase the occurrence of npsLBs. Care must be taken however not to reduce
the adhesion energy too much, as this would prevent the vesicles from adsorbing strongly to the surface and rupturing to form SLBs. There are a number of
approaches which can decouple lipid membranes from their underlying surfaces,
some of which will be discussed in the following section.

5.3.3 Approaches to increase the rate of npsLB formation
Using the simple balance of bending energy vs. adhesion energy described in Sections 5.3.1 and 5.3.2 of a lipid bilayer segment, it is possible to envisage methods
to increase the rate of npsLB occurrence relative to the presented results. From
both a thermodynamic and kinetic point of view, in order to form npsLBs, the lipid
bilayers should have weak adhesion to the surface. Secondly, it is possible to increase the fraction of npsLBs by making the nanopore edge very sharp. This could
however not be tested further due to the uncertainty in characterization of the
nanopore edge. Thirdly, from a kinetic point of view, if as has been proposed, formation of npsLBs is a stochastic process, the area fraction of sites where npsLB
formation is favored through adsorption of vesicles on top of or close to nanopores
will have to be increased, e.g. by increasing the area coverage of nanopores to in-
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crease the occurrence of npsLBs. Experimental investigations of these approaches
will be described in below.

5.3.3.1 Weakening the adhesion energy of SLB to the surface.
Two separate approaches were attempted to investigate the effect on the occurrence of npsLBs by weakening the adhesion energy of the SLB to the surface. The
first was to exchange all the anionic lipids for zwitterionic lipids. By replacing the
anionic lipids with zwitterionic lipids, the favorable ionic bridge between the anionic PS lipids and the negatively charged surface via Ca2+ ions would be reduced,
thereby reducing the adhesion of the lipid bilayer to the surface. Therefore, the
same experiment and analysis as described for anionic liposomes above was performed with 99.8% zwitterionic POPC, 0.2 % DOPE-RhoB vesicles. These were
observed to form SLBs with inhomogeneous fluorescence on the nanoscale on silicon nitride, testifying to the slightly weaker interaction with the oxidized silicon
nitride surface. However, the behavior of the vesicles of various sizes on 100 nm
pores showed no significant difference in amount of spanning as compared to negatively charged vesicles (3±1% of spanned pores with 100 nm zwitterionic vesicles
and 10±1% of spanned pores with 140 nm zwitterionic vesicles). While the adhesion energy and thus vesicle rupture and fusion is probably different for anionic
and zwitterionic vesicles, the kinetics of SLB spreading appear to be essentially
the same suggesting that the adhesion energies of the anionic and zwitterionic
lipid bilayers are in the same order of magnitude, leading to the observation of
a low fraction of spanned nanopores. The spreading of SLBs on a surface thus
appears to be independent of the charge of the lipids in the SLBs.
A second approach was recently demonstrated by Höök et al. where by changing
the pH, the energy balance for the adhesion energy of the membrane to the substrate could be shifted sufficiently to favor formation of npsLBs for membranes
driven across nanoporous substrates [174]. They could span shear-driven membranes that showed reduced friction to the underlying substrate over nanopores
in a buffer with pH 9.5 as compared with pH 8.0. With the current experimental
approach, vesicles do not to adhere and form sufficiently good SLBs at pH 9.5 due
to the weaker surface attraction as was observed by Cremer et al [240]. Therefore,
vesicles were instead adsorbed at pH 7.4, after which the buffer was changed to one
with pH 9.5 to observe whether the possible change in thermodynamic equilibrium
structure would result in a release of membrane adhering to the inside of the pore,
forming an npsLB. However, even after waiting for prolonged periods of time (180
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min), no increase in npsLB fraction was observed (5±1 % of spanned pores with
100 nm vesicles and 12±1 % of spanned pores from 130 nm vesicles exposed to 100
nm nanopores). It was concluded that already formed contour-following SLBs cannot be converted into npsLBs using this method, perhaps due to the high energy
barrier for releasing the membrane adsorbed to the pore surface.
The value for the kinetic energy barrier in the case of the pores used by Höök
et al can be calculated using the dimensions of the nanopores used in that study.
Adjusting the dimensions to fit the study conducted by Höök et al (ø ≈ 80 nm, h
≈ 123 nm), a graph similar to the one plotted in Figure 5.18 can be plotted for
this case. Figure 5.20 shows the graph obtained for a small range of nanopore
diameters, and a range of nanopore edge radii. There appears to be a cut-off at
a ≈ 6 nm, analogous to the nanopores considered in the previous section, below
which npsLB formation is favored, and above which contour-following SLBs are
favored. From this analysis, it appears possible that the change in buffer pH from
8.0 to 9.5 could have reduced the adhesion of the lipid bilayer to the surface just
enough to ensure that SLBs do not enter the nanopores when being driven over
the nanopores with a shear flow, allowing a large fraction of their nanopores to
be spanned. Note that it is still possible that also in this case the equilibrium
configuration is a contour-following SLB.

5.3.3.2 Increased area coverage of nanopores on the substrate
As mentioned in the introduction to this section, another possible method to increase the frequency of npsLB occurrence is to increase the area coverage of nanopores on the surface. This strategy of increasing the area coverage of nanopores
on the surface has one main drawback. In order to form SLBs by vesicle rupture,
sufficient adhesion between the liposomes and the substrate must be present as
well as a sufficiently high local density of adsorbed liposomes; therefore a minimum contact area between the liposomes and plain silicon nitride is required, as
demonstrated by the failure of giant vesicles to rupture over porous substrates
[86]. A second drawback which is mainly due to the quantification method chosen is that high nanopore area coverage translates into small separations between
the features. This makes it difficult or even impossible to investigate the statistical success of the approach by microscopy which requires optical resolution at the
single pore level. This approach was thus not pursued comprehensively since the
range of densities (2- 10 %) currently accessible for probing did not yield statistically certain trends (data not shown).
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Figure 5.20: Logarithmic plot of Eb,edge −Ead,edge for the nanopores used in [174] (two
views). Only values where the bending energy is higher than the adhesion energy are displayed. For the region a ≈ 6nm, the steepness of
the graph is very high, indicating that this is a region where small differences in the dimensions of the nanopores could determine the formation of npsLBs or SLBs which follow the contours of the nanopores.
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5.3.4 Comparison of techniques used for the identification of
npsLB formation based on theoretical considerations
A variety of different techniques were attempted in conjunction with the experiment to identify the factors which influence the formation of npsLBs. The rate of
npsLB occurrence is inherently low as has been seen from the previous discussion
sections. Thus a method which is able to provide meaningful statistics over several
thousands of nanopores for the occurrence of npsLBs was required. Additionally,
the method should also be sensitive at the individual nanopore level to probe the
formation of npsLBs. Confocal microscopy with quantitative image analysis fulfilled this requirement and was hence used as the main technique for the identification of factors which influence the formation of npsLBs. One major drawback
of confocal microscopy however is the need for fluorescent labels which could have
undesirable interactions with the surface to be incorporated into the lipid bilayer.
In order to minimise the effect of the labels, only 0.2% of the lipids were labeled for
the experiments to observe npsLB behavior and predominantly dyes coupled to the
fatty acid chain region were used. The relative merits of the other techniques for
the identification of npsLBs will be compared to the success of confocal microscopy
in this study.
Confocal microscopy was also used for FRAP measurements conducted on unstructured silicon nitride surfaces and analyzed by the method of Jönsson et al. confirmed the presence of an SLB with lateral lipid mobility [201]. FRAP, which averages signals over the bleached spot being observed, was also conducted on structured silicon nitride substrates. However, the experimental conditions and settings
used to acquire fluorescence images with contrast differences which were useful in
indicating the presence of contour-following SLBs in nanopores or npsLBs, could
not be used to acquire FRAP images, as reliable FRAP measurements require the
bleaching of a homogeneous area of fluorescence, to be compatible with standard
diffusion models. Consequently, this technique was not pursued further.

5.3.4.1 QCM-D
QCM-D, a label-free technique, was conducted on unstructured and nanostructured
silicon nitride and revealed the signature behaviour for SLB formation [62, 64, 81]
on all substrates regardless of nanopore size and density. Interestingly, while minor but uncertain differences in the kinetics of formation of the SLBs were detected
as is observed in Figure 5.1, the final SLBs formed on substrates with up to 5%
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surface coverage of nanopores remained similar. Similar difficulties have been reported in the literature [156, 157], where the authors attempted to detect npsLB
occurrence using QCM-D. The authors claimed that the lack of information about
the coupling of water within the nanopores complicated the interpretation of the
data.
Another reason for the lack of differentiation in the results between structured and
unstructured silicon nitride surfaces is the fact that the QCM-D averages the response of the entire surface of the resonating crystal. A posteriori it was observed
with confocal microscopy that the rate of npsLB formation was very low, with an
average fraction of nanopores spanned by SLB of ~ 15% in the best case scenarios. Assuming that the signal response scales linearly with npsLB formation, this
implies that the average change in response would be less than 1%. This small
difference is close to the detection of limit of the QCM-D (~ 0.25 Hz vs. a noise
level of ~ 0.1 Hz in the best case). With the uncertainty involved in the coupling of
water, it is very unlikely that the QCM-D can be used to distinguish between spanning and non-spanning events. QCM-D was however very useful in confirming the
presence of a fully formed SLB over the entire surface, setting the scene for the
interpretation of the subsequent experiments.

5.3.4.2 AFM
The AFM is capable of identifying spanning events at the single nanopore level
and even image single npsLBs directly. AFM was however unable to provide the
amount of statistics required for the meaningful interpretation of the data, a vital
requirement for the identification of factors influencing the formation of npsLBs
when, as observed, the outcome is not 100% spanning or non-spanning. AFM was
also a low-throughput method when considering the speed at which the experiments can be conducted - it took on average 30 minutes to acquire two AFM images for comparison (low force and high force) as compared to 10 s for acquiring an
image with confocal microscopy.
AFM results have previously been published where SLBs over pores have been
successfully imaged [157, 166]. In addition, the experiments can be carried out
without the use of labels, which is an advantage over confocal microscopy. There
are however a few difficulties related to the substrates used in this study. As mentioned in the previous chapter (Chapter 4) and observed in Figure 5.11, the roughness of the substrate seems to play a deciding role on the suitability of AFM. The

119

tip interactions with the SLB may also damage the SLB, leading to a false result.
AFM on the LPCVD deposited silicon nitride however seemed successful in identifying the presence of npsLBs (compare the red circles in the images presented in
Figure 5.12). As observed in Figure 5.12, a total of 13 nanopores were imaged, out
of which 2 were identified as spanned, reflecting a similar percentage of npsLB formation as observed in the CLSM investigations. The statistics from such images,
for which a maximum of tens or hundreds of pores can comfortably be investigated
is much lower than for the CLSM images for which tens of thousands of nanopores
could be analyzed in the same time. This makes the analysis of the confocal fluorescence data much preferred to the AFM. As can be seen from the indicated spots
in Figure 5.12, also for AFM the analysis should preferably be performed by statistical analysis of the observed pore depths at varying low force and relative high
force in order to correctly classify npsLB versus non-spanning events.

5.3.4.3 4pi
4pi microscopy has never been attempted on SLBs over nanopores before. The 4pi
is also capable (as with the AFM) of observing single spanning events as was shown
in the simulations in Figures 5.13 and 5.14. The method is however an extremely
low-throughput one. It took on average 3 hrs to set up the experiment, and a
further 60 minutes to acquire one 4pi image. Access to the 4pi instrument was
also very limited (instrument was only available courtesy of the Hell group at the
Department of Nanobiophotonics, Max Planck Institute for Biophysical Chemistry,
Göttingen, Germany), and hence that could not be pursued in greater detail.
One of the major problems faced in these experiments was the labeling of the lipid
bilayer. The 4pi setup used required the use of the photostable atto-dye. Unfortunately, the atto-dye was observed to be surface active and possibly lipophilic in
control experiments on bare silicon nitride surfaces and with free atto dye and
SLBs. A possible reason for the ambiguous results from the 4pi experiments could
thus be the partial association of atto dye to the pore walls also when an npsLB was
formed. The problems of surface activity and lipophilicity were less apparent in the
STED measurements conducted where the atto label was also used. While steps
to reduce the amount of unattached dye were taken, it is not unlikely that excess
dye in the solution could have complicated the interpretation of the experimental
results.
A second problem to contend with in the 4pi measurements was the difference in
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refractive indices of the optical stack being investigated. Figure 5.21 shows the
complete optical stack of the substrate for the 4pi experiment. The 4pi is very sensitive to differences in the refractive index of the optical stack. If the refractive index of one component differs greatly from the rest of the optical stack, aberrations
could occur. In fact, many of the measurements conducted previously required the
use of buffers with high refractive index to obtain good images (cf. [204, 241]).
Alternative buffers such as glycerol and tetrachlorodiphenylethane were used but
these interacted with the SLB and destroyed it.

Figure 5.21: Optical stack used in 4pi microscopy (not to scale). Note the differences in refractive indices of the various optical layers which introduce
aberrations into the images.

Finally, as is observable in Figures 5.13 and 5.14, the ghost bands (bands on either
side of the actual image arising due to the superimposition of images collected from
2 opposing objectives) seemed to play a role in the identification of the spanning of
nanopores. The bands are typically removed in a standard deconvolution of the
image. However, these bands occur between 300 and 400 nm away from the main
image in the centre, in the same region as the depth of the nanopores. Aberrations arising from this could not be easily removed. To alleviate these problems, it
would be necessary to either use deeper pores, or shallower pores in future experiments. The throughput would however remain low, which would lead to collection
of statistics from even fewer observations than for AFM.
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5.4 Summary
Supported lipid bilayers were formed on nanoporous silicon nitride via rupture
and fusion of anionic unilamellar vesicles. The substrates were fabricated according to protocols described in Chapter 4. The presence of a fully formed SLB was
proven via mean-field sensing methods such as QCM-D and FRAP. However these
methods were not sensitive enough to measure differences arising from the formation of nanopore-spanning lipid bilayers. AFM, although a viable option, could not
provide the amount of statistics needed to draw meaningful conclusions about the
factors affecting the formation of npsLBs vs. contour-following SLBs, although in
micrographs of nanopore substrates in LPCVD silicon nitride indications of npsLBs
could be tentatively observed. 4pi microscopy measurements were hampered by
problems of aberrations for small nanopores and accessibility to the instrument.
High-resolution confocal microscopy was chosen as it could be used to scan large
areas of nanoporous arrays quickly and efficiently. NpsLBs could be distinguished
from SLBs following the walls of the nanopores via dye encapsulation and comparing the contrast of the labeled SLB fluorescence of the pores to the background.
By using image analysis routines, it was possible to analyse several thousand
nanopores for the presence of npsLBs. This allowed the collection of meaningful
statistical data for the determination of conditions for the formation of npsLBs.
The main result presented in this chapter is that in order to promote the formation
of solvent-free npsLBs by the preferred method of liposome rupture and fusion, a
series of necessary criteria have to be met. It was experimentally determined that
these include a minimum liposome to pore diameter ratio (1.3:1, average vesicle ø
: nanopore diameter) and a sufficiently strong liposome-substrate adhesion energy
to promote SLB formation through the right choice of substrate chemistry, lipid
and buffer compositions. Anionic and zwitterionic vesicles were shown to form
npsLBs on patterned silicon nitride in a buffer with a pH of 7.4, at a frequency
that saturated at about 15 % npsLB occurrence for the case of ø vesicles ≥ 1.3ø
nanopore openings.
Theoretical analysis of the energetics of SLBs in the presence of nanopores suggests that the adhesion energy of strongly adhering lipid bilayers on surfaces in
most cases compensate for the bending energy penalty, implying that SLBs in equilibrium will preferentially follow the contours of the nanopore arrays. An analysis
of the energetic barrier to entry for an SLB spreading over the edge of the nanopore
however suggests that there is a delicate energy balance between the bending en-
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ergies and the adhesion energies which will determine whether the SLB will enter
the pore on experimental time scales or not. Due to the lack of accurate experimental values for the specific adhesion energies for the systems used in this study, the
only estimates that can be made are based on a range of experimental adhesion
energies spanning 4 orders of magnitude.
Nonetheless these considerations were very useful in suggesting alternative approaches to possibly increase the rate of npsLB formation. For example it was
shown that it is very likely that the main mechanism determining the spanning
is the rate at which liposomes adsorb on top of nanopores and their subsequent
rupture and spreading upon reaching a critical surface concentration. This led to
the suggestion of increasing the area coverage of nanopores to increase the number of sites where npsLBs can occur to improve the chances of vesicles adsorbing to
an sealing a nanopore opening. Reduction of the adhesion energy by changing the
lipid composition of the vesicles or changing the buffer pH was also suggested from
the theoretical considerations. However, there is a limit as to how low the adhesion
energy can be reduced to, below which SLBs cannot be formed by simple liposome
rupture and fusion.
How would it then be possible to form a solvent-free npsLB by direct liposome fusion over a nanopore array, i.e. a membrane that does not closely follow the surface
contour? The presented work suggests a shift of focus from the energetic equilibrium of membrane conformation over the nanostructures to the kinetics of its
formation; providing a sufficient barrier that opposes a membrane entering a pore
while forming constitutes therefore an additional essential requirement. Several
future solutions can be envisaged, e.g. by preventing the spreading SLB patches
from entering pores smaller than the adsorbing liposomes by selectively functionalizing the pore walls with liposome repelling polymers such as PEG-brushes.
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6 Sensing Lipid Structures using
Plasmonic Asymmetric
Nanomenhirs
6.1 Introduction
In this chapter, the characterization and an application example of a new configuration for nanoplasmonic sensor suited to the study of membranes and molecular
transport on nanofabricated pore arrays will be discussed. Nanoplasmonic sensing exploits the resonant collective charge oscillations of sub-wavelength metallic nanoparticles when irradiated by light. Dependent on the nanoparticles’ size,
shape, orientation and the wavelength of incident light, the evanescent fields of
the individual nanoparticles respond to refractive index changes in their local environment by a change in wavelength position and width of the resonant extinction
peak [122, 242].
Surface-based nanoplasmonics has yet to make a real impact as a general biosensing method, mainly due to its perceived lack of sensitivity and reproducible quantification as compared to its better established counterpart of surface plasmon resonance (SPR) sensing. A big advantage of nanoplasmonic biosensors over conventional SPR is the virtually unlimited freedom in geometric shapes of the sensors.
Due to this freedom in geometry, it can potentially be incorporated into most types
of array-based sensing formats. One specific area where nanoplasmonic biosensing
has shown promise is in the sensing of nanopatterned lipid structures. Previous
examples of lipid structures being sensed via nanoplasmonics have however been
restricted to the use of plasmonic nanoholes [46, 60, 192] and nanocubes [243].
Most of the biosensing with nanoplasmonics has been performed on symmetric
structures, such as nanospheres and nanoholes [244, 245]. This is surprising since
asymmetry in nanoplasmonic structures gives rise to multiple resonances, each of
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which could potentially be used for a different sensing purpose. One difficulty to
overcome is the fabrication of oriented asymmetric structures with suitable surface chemistries such that these structures could be used for biosensing. Another
difficulty that may arise is the effective excitation of asymmetric structures, such
that the separate modes are simultaneously excited.
The main aim of this thesis has been the fabrication of nanopore arrays for their
combination with planar lipid bilayers to form a sensing array for membrane proteins. In this vein, the results of Chapter 5 suggest that unless a liposome sits
directly on or in close proximity to a nanopore, effectively sealing it, nanopore spanning lipid bilayers (npsLBs) would most likely not be formed. This raises the necessity of pre-placement of vesicles over the nanopores. Such a vesicle array could
act as a precursor to the formation of npsLBs which would span over nanopores.
Additionally, vesicles themselves could be used as attoliter reaction containers, allowing the sensing of incorporated membrane proteins in cases where the direct
access to both sides of the membrane protein is not a prerequisite [47–49]. While
optical microscopy gives a clear visual perspective and can be used to identify the
placement of vesicles and occurrence of npsLBs, it is a method that requires the use
of labels. Furthermore, optical microscopy cannot be used in the label-free sensing
of interactions occurring at lipid structures on the nanofabricated pore arrays such
as molecular transport. Nanoplasmonics-based sensors on the other hand are wellsuited to this task as they similarly to the waveguides presented in Chapter 4 are
sensitive to local changes in refractive index from the presence of, e.g., biomolecules
within the evanescent field.
In this study, asymmetric nanoplasmonic sensing structures, named “nanomenhirs” after their shape, were deposited within the nanopores of the nanopore arrays described in Chapter 4 and used for npsLB assembly in Chapter 5. These
cone-like structures are all oriented in the same way, due to the fact that they are
deposited within nanopores. It is thus possible to illuminate all nanomenhirs by
simply turning the substrate such that multiple modes are simultaneously excited.
Each mode corresponds to localization of an evanescent field to a different position
on the nanomenhir, making each react independently to changes in its local refractive index within the respective evanescent field. This allows the simultaneous
sensing of reactions occurring at different parts of the sensing structure, as will
be demonstrated. The principles guiding the measurements using the nanomenhir
sensor substrates will first be illustrated by a section on simulations performed to
verify the interpretation of the performance of the nanomenhir arrays.
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6.2 Multiple multipole simulations conducted on
plasmonic asymmetric structures
Simulations were conducted on an idealized gold nanocone in order to understand
and predict the extinction spectra and the spatial and wavelength distribution of
resonances of single structures within a periodic array when irradiated by light.
The simulations were performed by T. Sannomiya at the Laboratory for Biosensors
and Bioelectronics in ETH Zurich using the multiple-multipole program (MMP)
code of OpenMax software package.1 MMP is a semi-analytical boundary method
where the calculated field is approximated by the sum of the distributed expansions that are analytical solutions of Maxwell’s equation [246]. As it is based on
analytical solutions, it is especially useful when high reliability and accuracy in
the simulation are required [247]. The simulation of a plasmonic structure is often
very demanding as the field pattern is complex to within nanometer scales and
where very fine discretizations of the structure is required. MMP can provide efficient and accurate calculation of plasmonic structures compared to other popularly
used volume discretization methods such as finite difference time domain (FDTD)
or finite element method (FEM) [248, 249].
For the case of lipid structures on nanopore arrays, in order to sense changes to
the adsorbed lipid structure on top of the nanopore, the nanostructure should be
completely within the nanopores in the array. For the formation of npsLBs, it
was also shown in Chapter 5 that the diameters of the nanopore openings had
to be greater than the diameter of the vesicles used. The most simple asymmetric
nanoplasmonic structure that is still rotationally symmetric about the centre of the
nanopore is a cone. For ease of calculation and visualization a cone corresponding
to the dimensions of a typical experimentally used nanomenhir with base diameter
and height of 100 nm was chosen. To avoid singularities arising due to contact
between the nanocone and the nanopore walls, the diameter and height of the
nanopore was taken to be 110 nm, such that there was a 5 nm gap between the
cone and the pore walls. A 3D sketch of the nanocone within a silicon nitride
nanopore is shown in Figure 6.1.
The sensing experiments were conducted in transmission mode. Extinction of photons by the plasmonic structures is a function of the illuminated cross-section of
the nanocone. Nanocones have two principal (different) axes, given by the base of
1

Free software available at http://openmax.ethz.ch, courtesy of C. Hafner, Computational Optics Group (COG), Electromagnetic Fields and Microwave Electronics Laboratory (IFH), ETH
Zürich, Switzerland.
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Figure 6.1: 3D sketch of a nanocone within a silicon nitride nanopore. The
nanocone dimensions are smaller (ø, height: 100 nm) than the nanopore
dimensions (ø, height: 110 nm). The nanopore opening is smaller than
the largest vesicles which were produced by extrusion (ø ~ 140 nm).

the nanocone and the height of the nanocone. The cross-section of the cone that
is illuminated is dependent on the angle of incidence of the illumination. If the
nanocone is illuminated at orthogonal incidence to the substrate plane (from the
top), only a single mode (pertaining to the base) of the nanocone is excited. In order to exploit the asymmetry of the structure and hence excite a second mode, the
substrate will have to be tilted in an oblique angle such that the illumination of the
nanocone is also oblique. Figure 6.2 shows the schematics of the two types of illumination mentioned: orthogonal and oblique illumination. Additionally, to ensure
a defined excitation of selected main resonant modes of the nanocones, the light
used was linearly polarized. In the case of the simulations, light is polarized such
that in the top view as presented in Figure 6.2, the electric field is parallel to the
plane of the paper on which the image is printed. This polarization is defined as ppolarization. s-polarization is consequently the polarization such that the electric
field is perpendicular to the plane of the paper on which the image is printed.
To increase the sensitivity of the nanoplasmonic sensor substrate, the density of
nanopores was increased to a maximum realistically achieveable density. Figure
6.3 shows an image of the densest nanopores that were achieved using the method
of dense random assembly of negatively charged particles as described in Section
3.3. The centres of the nanopores have a characteristic periodicity of ~ 250 nm
based on the radial profile plot calculated from the SEM images using ImageJ
(NIH, USA). Thus a periodic array with 250 nm nearest neighbor distance was im-
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Figure 6.2: Schematic representations of the two types of sample illumination used
during the simulations. A: sample is orthogonally illuminated. Only
resonance modes in the plane of the nanocone base can be excited regardless of the linear polarization of the incident light. The incident
light was linearly polarized parallel to the plane of the image as printed
on this page (p-polarization). B: The sample is rotated 45° in the incident light path. For p-polarized illumination, the plasmon resonance
along the axis of the cone is now also excited.
plemented in the simulation. The dielectric constants of water, silicon nitride and
glass were chosen as 1.77, 4 and 2.25 respectively. Literature data for the dielectric
constant of Au were used [250]. To simulate the oblique incidence, the excitation
plane wave was tilted 45° in air and 32° in water considering refraction in water,
which emulates the 45° rotation of the sensor substrate used in the experiment.

Figure 6.3: SEM image of densely packed nanopores. The nanopores were fabricated according to protocols described in Chapter 4. The nanopores had
a nearest-neighbour centre-centre distance of approximately ~ 250 nm
as determined by the radial profile plot, and was the value of the characteristic periodicity used for the simulation.
Figure 6.4 shows the results of simulations conducted on a single nanomenhir
within a periodic array in air. The graph in Figure 6.4A shows two plots. The
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blue plot refers to the simulated extinction spectrum of a nanocone that is orthogonally illuminated in air. An extinction peak is observed at ~ 580 nm. The red plot
refers to the simulated extinction spectrum of a nanocone that is obliquely illuminated in air at 45°, where an extinction peak is observed at ~ 590 nm. The peak
in the red plot is broader than that of the blue plot and is slightly red-shifted. A
field strength plot of a single nanocone that is orthogonally illuminated in air at a
wavelength of 580 nm is shown in Figure 6.4B (size of the plot is 250 nm × 250 nm).
The colors in the plot represent a logarithmic scaling of the electric field strength.
In this field strength plot, it appears that a high, localized field strength known as
a “hotspot” develops only at the base of the nanocone, suggesting that only a single
mode located the base of the nanocone is being excited. In Figure 6.4C however,
two hotspots are observed: one at the base of the nanocone and one at the tip of the
nanocone, indicating that oblique illumination of the sample appears to excite two
modes, which explains the main differences observed in the red and blue peaks in
Figure 6.4A.
As the npsLB biosensing experiments were carried out in the presence of buffer,
it was also necessary to conduct simulations on the nanocones in the presence of
a bulk medium with the refractive index (RI) of the buffer. Figure 6.5 shows the
results obtained when the buffer medium was pure water. Figure 6.5A shows the
simulated extinction spectra of a single nanocone in water. The blue plot which
represents the nanocone being orthogonally illuminated has a high extinction peak
at 615 nm. The red plot which represents the nanocone being obliquely illuminated
at 32° to take the refraction due to the water layer into account in the experimental
setup has two extinction peaks - a large peak at 615 nm and a smaller peak at 690
nm. The field strength plots are shown in Figures 6.5B, C and D. Figure 6.5B
shows the appearance of a centrosymmetric hotspot at the base of the nanocone
at a wavelength of 615 nm in water when it is orthogonally illuminated. At the
same wavelength, when the nanocone is obliquely illuminated, a similar hotspot
is observed at the base of the nanocone in Figure 6.5C. In addition, a low strength
hotspot (note the logarithmic field strength color scheme) is observed at the tip
of the nanocone. The hotspot at the nanocone tip has increased in strength and
spatial extension when the field strength plot of the nanocone at 690 nm is plotted
(Figure 6.5D). Correspondingly, the base hotspot has diminished in field strength
and spatial extension.
In summary, the MMP field strength simulations show that when a nanocone is
illuminated orthogonally with p-polarized light, a single centrosymmetric hotspot
develops at the base of the nanocone. When the nanocone is then obliquely illumi-
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Figure 6.4: MMP simulation results for a single nanocone within a periodic array
in air. A: Simulation of extinction spectra of a nanocone within a periodic array in air. A graph of extinction vs. wavelength was plotted.
Blue plot - extinction spectrum of a nanocone that is orthogonally illuminated with a peak extinction at ~ 580 nm. Red plot - extinction
spectrum of a nanocone that is obliquely illuminated at 45° with ppolarized light, with a peak extinction at ~ 590 nm. B: Field strength
plot of orthogonally illuminated single nanocone at a wavelength of 580
nm. The nanocone is illuminated from the top as indicated by the black
arrow. The colors in the plot represent a logarithmic scaling of the electric field strength. Bright yellow regions indicate a high field strength
(“hotspot”) at the base of the nanocone, suggesting that only a single
mode is being excited. C: Field strength plot of an obliquely illuminated
single nanocone at a wavelength of 590 nm. The sample is illuminated
from the top right as indicated by the black arrow. Hotspots are present
both at the base and the tip of the nanomenhir.
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Figure 6.5: MMP simulation results for a single nanocone within a periodic array
in water. A: Simulation of the extinction spectra of a nanocone in water. Blue plot - extinction spectrum of sample that is orthogonally illuminated with a peak extinction at ~ 615 nm. Red plot - extinction
spectrum of sample that is obliquely illuminated with two peak extinctions; one at 615 nm and one at 690 nm. The angle of oblique incidence
is 32° in comparison to 45° for simulations in air, to take the refraction
due to water into consideration. B: Field strength plot of orthogonally
illuminated single nanocone at a wavelength of 615 nm. The nanocone
is illuminated from the top as indicated by the black arrow. The colors
in the plot represent a logarithmic scaling of electric field strengths.
The bright yellow region indicating a high field strength hotspot at the
base of the nanocone suggests that only a single mode is being excited.
C: Field strength plot of an obliquely illuminated single nanocone at a
wavelength of 615 nm. The sample is illuminated from the top right as
indicated by the black arrow. A large hotspot is present at the base of
the nanocone, while a smaller low strength field is observed at the tip of
the nanocone. D: Field strength plot of an obliquely illuminated single
nanocone at a wavelength of 690 nm. The hotspot at the base of the
nanocone has reduced in strength significantly as compared to the base
hotspot in C. The hotspot at the tip has on the other hand increased
tremendously in strength.
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nated with p-polarized light, two hotspots appear, one at the base of the cone and
one at the tip of the cone. The extinction peaks corresponding to the two hotspots
appear at different wavelengths of light when the bulk medium is changed from
air to buffer.

6.3 Results
6.3.1 Characterization of the Au nanomenhirs
The Au nanomenhirs were fabricated and compared to the results obtained from
the MMP simulations. The nanomenhirs were fabricated according to the process
described in Section 3.3. Table 6.1 shows the substrates that were fabricated and
used for the experimental determination of the simulation results. All structures
had the same base diameters as given by the diameter of the particle used for particle lithography (ø 110 nm, sulfate latex). 3 different thicknesses of silicon nitride
and 3 different thicknesses of Au were deposited to form structures with different
aspect ratios. The thicknesses of silicon nitride were measured via ellipsometry,
while the thicknesses of Au were measured using a quartz crystal microbalance
with the appropriate tooling factor within the evaporater during e-beam evaporation. The samples will be referred to according to the relative thickness of the silicon nitride with respect to the thickness of the deposited Au to form the nanomenhir. For example, sample 1:1 was an array of nanomenhirs in silicon nitride, where
the height of the silicon nitride pores was approximately equal to the thickness of
deposited Au. Similarly, Sample 2:1 is an array of nanomenhirs where the height
of the silicon nitride pores was twice that of thickness of the deposited Au. The
samples with ID’s “Ref_sample” refer to only the nanopores without any deposited
Au within them.
Figure 6.6 shows a series of scanning electron microscope (SEM) images depicting
the samples Ref_sample 3:1, Sample 3:1, Sample 3:2 and Sample 3:3 respectively
after Au deposition and before Cr lift off. Upon deposition of 125 nm Au, 250 nm Au
and 375 nm Au (Figure 6.6B, Figure 6.6C, and Figure 6.6D respectively), the size of
the pores appears to decrease with each successive layer of 125 nm Au deposited.
Figure 6.7 shows a series of SEM and AFM images that were obtained after the
fabrication of sample 1:1. In Figure 6.7A, an example of a nanomenhir array is
shown after removal of the surrounding Cr and Au. To investigate the shape of
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Table 6.1: Table of types of nanomenhir samples that were fabricated. The samples
will be referred to according to their sample ID’s throughout this chapter
Sample ID
Si3 N4 thickness (nm) Au thickness (nm)
Ref_sample 1:1
124.2
0
Sample 1:1
124.2
125
Ref_sample 2:1
247.0
0
Sample 2:1
247.0
125
Sample 2:2
247.0
250
Ref_sample 3:1
356.3
0
Sample 3:1
356.3
125
Sample 3:2
356.3
250
Sample 3:3
356.3
375

Figure 6.6: Example of nanomenhir samples during the Au deposition step. A:
Ref_sample 3:1; B: Sample 3:1; C - Sample 3:2; D - Sample 3:3. The
size of the pores appears to decrease with each layer of deposited Au.
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the nanomenhirs, a sample with a low density of nanomenhirs was sectioned using
FIB and imaged in the SEM (Figure 6.7B). A substrate with a lower density of
nanomenhirs was used to acquire this image. The brightly scattering region in the
centre of the image is the nanomenhir. The distance from the tip of the nanomenhir
to the top of the silicon nitride surface was determined by AFM (Figure 6.7C). Line
scans across the AFM image suggest that the tips of the nanomenhirs are about
15-20 nm below the silicon nitride top surface.

Figure 6.7: Sample 1:1 after fabrication. A: SEM image of nanomenhir array. Each
nanopore contains one nanomenhir. B: SEM image of FIB sectioned single nanomenhir. C: 3D rendered AFM image of nanomenhir substrate.
The image shows a 1 µm x 1 µm section of the substrate, where the tips
of the nanomenhirs are lower than the surrounding silicon nitride.
In order to conduct AFM on exposed nanomenhirs, nanomenhirs were fabricated
in PECVD deposited silicon oxide which could be easily removed in hydrofluoric
acid. In this case, 96 nm of SiO2 was deposited via PECVD on a Si wafer piece.
Nanomenhirs were fabricated according to the protocols mentioned in Chapter 3,
using sulfonated latex particles with a diameter of 92 nm, creating nanopores with
a smaller base than the samples mentioned in Table 6.1. 105 nm Au was deposited
over the nanopores. Half of the SiO2 was etched away using 0.7% HF for 4 min.
Figure 6.8 shows the result of such a process. Most of the nanomenhirs are exposed, with some of the nanomenhirs being dislodged due to the HF etch. The tip
convolution from the AFM causes the nanomenhirs to all have tips and surface
roughness which make the structure strongly resemble the large stone which is
carried by the popular comic strip character Obelix (Goscinny and Underzo).
Subsequently, the SiO2 was completely etched away (total HF etching time 10 min).
Single nanomenhirs were observed in SEM. The nanomenhirs were observed to
collapse on the surface, due to the removal of the silicon oxide nanopore matrix. An
example of such an exposed menhir is shown in Figure 6.9. From the SEM image,
the height and base diameter of the nanomenhir were estimated to be 95 nm and
80 nm respectively. The base appears to be ~ 13 % smaller than the original size of
particle used (92 nm). All of the observed nanomenhirs had similar dimensions.
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Figure 6.8: AFM scan of 1:1 sample fabricated in silicon oxide instead of silicon nitride. Silicon oxide was etched away in HF exposing individual
nanomenhirs. Inset shows a cartoon of Obelix carrying a menhir, the
stone which is the inspiration for the term “nanomenhirs”.

Figure 6.9: SEM image of a single collapsed nanomenhir fabricated in silicon oxide
and completely exposed with HF. The height and the base diameter of
the nanomenhir were estimated to be 95 nm and 80 nm respectively for
a pore diameter of 92 nm, pore depth of 96 nm and 105 nm deposited
Au.
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6.3.2 Characterization of the extinction spectra of nanomenhir
arrays
The schematic representation and the actual nanoplasmonic sensor setup is shown
in Chapter 3, Figure 3.2. The schematic representation of the two different types of
sample illumination (orthogonal and oblique) used is shown in Figure 6.2. Various
nanomenhir array substrates were illuminated using both types of illumination by
clamping the sample orthogonally and subsequently obliquely in the light path.
extinction spectra of the nanomenhir substrates were first collected in air. Figure 6.10 shows the 4 spectra collected from the same nanomenhir sample (Sample
1:1), both in orthogonal illumination (black and blue solid lines) and oblique illumination (black and blue dashed lines), where the black lines denote illumination
with p-polarized light and blue with s-polarized light (see Figure 6.2 for details on
polarization). 3 of the 4 spectra (p- and s-polarized light illuminating the sample
orthogonally and the obliquely illuminated sample with s-polarized light illumination) show an enhanced extinction at ~ 580 nm. The extinction peak in the spectrum of the sample that is obliquely illuminated with p-polarized light appears to
have been red-shifted (black, dashed line), accompanied with a broadening of the
extinction peak, indicating the emergence of a second peak. The spectra obtained
here correlate well with the spectra obtained in the MMP simulations conducted
in air presented in Figure 6.4A.

Figure 6.10: Extinction spectra of 1:1 nanomenhirs in air. The black plots (solid
and dashed) represent the extinction spectra of orthogonal and oblique
illumination of the sample with p-polarized light respectively, while
the blue plots (solid and dashed) represent the spectra of orthogonal
and oblique illumination of the sample with s-polarized light respectively. The solid black plot, solid blue plot and the dashed blue plot all
have enhanced extinction at ~ 580 nm. The sample that is obliquely
illuminated p-polarized light has an extinction peak that is clearly
red-shifted to ~ 610 nm and broadened.
The list of samples presented in Table 6.1 were tested in the same way as described
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for Figure 6.10. It was expected that different aspect ratios of the Au structures
would have different extinction spectra in air. It was observed that a change in
the spectrum was only present when the nanomenhir substrates were obliquely
illuminated with p-polarized incident light. Figure 6.11 shows the spectra collected from sample 2:1 (black) and sample 2:2 (blue) obliquely illuminated with ppolarized light, while and Figure 6.12 shows the spectra of the samples 3:1 (black),
3:2 (blue), 3:3 (red) obliquely illuminated with p-polarized light. The main peaks
in Figure 6.12 which are analogous to the black dashed plot visible in Figure 6.10
have been red-shifted to between 600 and 650 nm. A second peak appears around
the region of 830 nm with 250 nm of deposited Au in both Figures 6.11 and 6.12.
Finally, the extinction peaks for 375 nm of deposited Au in Figure 6.12 are present,
but are suppressed.

Figure 6.11: Extinction spectra of 2:1 nanomenhirs in air. Black plot: sample 2:1,
oblique illumination with p-polarized light. Blue plot: sample 2:2,
oblique illumination with p-polarized light. Sample 2:1 has only a
single extinction peak, but two extinction peakes are visible for sample
2:2.

Figure 6.12: Extinction spectra of 3:1 nanomenhirs in air. Black plot: 3:1 sample, oblique illumination with p-polarized light. Blue plot: sample
3:2, oblique illumination with p-polarized light. Red plot: sample 3:3,
oblique illumination with p-polarized light. Sample 3:1 has a single
extinction peak, while sample 3:2 has two extinction peaks. Sample
3:3 also has two extinction peaks but the peaks are very suppressed.
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6.3.3 Bulk refractive index sensitivity calibration of nanomenhir
sensor substrate
The sensitivity of the nanomenhir substrate had to be calibrated for the nanomenhir substrate so that it could be used as a biosensing platform. The bulk RI sensitivity is one such possible calibration measure. Upon changing the bulk solution and
thereby changing the bulk RI, a shift in the extinction peak position of the extinction spectrum is expected. Glycerol-water mixtures were chosen as the solutions
for changing the RI of the bulk as described elsewhere [212]. 8 mixtures were prepared (0 - 35 wt% glycerol) refractive indices ranging between 1.333 and 1.377. 2
configurations were investigated: where the sample was orthogonally illuminated
with p-polarized light, and where the sample was obliquely illuminated with ppolarized light. A requirement for the dual mode biosensor is that it should have
two separated, easily distinguishable extinction peaks within the useful range of
the spectrometer. Among all the samples, only Sample 1:1 fulfilled this requirement. Sample 1:1 also had dimensions that were similar to the MMP simulated
nanocone (Figure 6.5A), and the results could hence be compared directly.
The results of the bulk RI calibration are illustrated in Figure 6.13. For the orthogonally illuminated sample as depicted in Figure 6.13a, only one extinction peak
is present, whose position red-shifts with increasing bulk RI. The inset shows a
zoomed-in image of the 8 spectra (0, 5, 10, 15, 20, 25, 30 and 35 wt%, in ascending
order of the peak magnitude and position in the spectra). For the obliquely illuminated sample however (Figure 6.13b, glycerol wt% in ascending order of peak
magnitude and position in the spectra), two separated peaks are observed which
react to changes in the bulk refractive RI. The insets show a close-up of the peaks
and how they shift upon changing the bulk RI. The wavelength shift and the peak
broadness was different for the two peaks.
From the bulk RI calibration, the wavelength shift per refractive index unit of each
extinction peak can be estimated individually from the known values of refractive
indices of glycerol-water mixtures [149]. The RI of ultrapure water is 1.33303,
while the RI of 35 wt% glycerol-water mixture is 1.37740 and scales linearly by
wt% for glycerol-water mixtures. A first measure of bulk RI sensitivity for the
single peak in Figure 6.13a is thus 53.4 nm/RIU (RI unit). From Figure 6.13b,
a value of 67.6 nm/RIU was obtained for the larger peak at shorter wavelength
which corresponds to the mode excited at the bases of the nanomenhirs, while the
smaller peak at the longer wavelength has a bulk RI sensitivity of 241.2 nm/RIU
for the glycerol water mixtures which corresponds to the mode of the axis of the

139

(a)

(b)
Figure 6.13: Spectra of sample 1:1 in water/glycerol mixtures orthogonally and
obliquely illuminated with p-polarized light. a: bulk RI calibration
curves for sample 1:1 orthogonally illuminated in p-polarized light; b:
bulk RI calibration curves for sample 1:1 obliquely illuminated in ppolarized light. The 8 spectra in both graphs refer to glycerol-water
mixtures (0, 5, 10, 15, 20, 25, 30, 35 wt% glycerol in water). The
bulk RI sensitivity of the orthogonally illuminated nanomenhirs was
calculated according to extinction peak shifts which gave a value of
53.4 nm/RIU in graph (a). The bulk RI sensitivity of the nanomenhirs
obliquely illuminated according to the shifts in the extinction peak
gave values of 67.6 nm/RIU (larger peak) and 241.2 nm/RIU (smaller
peak) respectively in graph (b).
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nanomenhirs.

6.3.4 Model biosensing experiment
With values for the bulk RI sensitivity of sample 1:1 nanomenhir substrate, a
model biosensing experiment was carried out to show the proof of concept of the
nanomenhir sensing format. The experiment chosen was the formation of a vesicle array on the nanomenhirs, and was conducted completely in HEPES buffer. A
schematic of the experiment with a single nanomenhir as an example is presented
in Figure 6.14. The idea behind the experiment was as such: due to the different
surface chemistries presented by the materials contrast between silicon nitride and
Au, it was expected to be possible to render the silicon nitride surface non-fouling,
leaving the Au unaffected. For this, PLL-g-PEG was chosen as it is known that it
adsorbs well to silicon nitride but not as well to Au [46, 150]. This would enable the
functionalization by adsorption of a capture molecule (in this case, streptavidin) to
the Au nanomenhirs. Vesicles labeled with a target molecule (biotin) and that were
small enough (≤ ø nanopore opening) could then be used to specifically bind to the
functionalized Au nanomenhirs. Vesicles were chosen as they were expected to be
sterically hindered from attaching to the base of the nanomenhirs and be sensed
there, and thus only be sensed at the tip of the nanomenhirs, although their size
can be varied to probe the steric obstacle to adsorption within the pore.

Figure 6.14: Schematic respresentation of the biosensing experiment on Au
nanomenhirs arrayed within silicon nitride nanopores. A non-fouling
polymer such as PLL-g-PEG is adsorbed to silicon nitride such that
its surface becomes non-fouling; the Au is to be rendered only partially non-fouling. This allows the unspecific adsorption of a capture
molecule (streptavidin) to the Au, which will then sense vesicles with
the correct target molecule (biotin).
Vesicles consisting of 95 % POPC and 5 % DPPE-biotin were formed and extruded
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through double-stacked 50 nm filters as per protocols described in Section 3.1.2.1.
The actual diameters of the vesicles were determined via dynamic light scattering
to be 70.7 ± 0.2 nm vesicles (to be referred to as 70 nm vesicles). The biosensing experiment was conducted according to protocols described in Section 3.4.9.2 with the
sample obliquely illuminated with p-polarized incident light (Figure 6.2B). The positions of the two distinct peaks such as those displayed in Figure 6.13b were individually tracked. The lower wavelength peak will be referred to as the base-sensing
peak, while the higher wavelength peak will be referred to as the tip-sensing peak
(in reference also to the simulated field strength plots).
The results of the experiment are depicted in Figure 6.15. The final values of the
wavelength position after each addition and rinsing step are presented in Table
6.2. The initial adsorption of PLL-g-PEG is quick before leveling off, with a final
wavelength shift of 1.77 nm and 2.32 nm for the base-sensing and tip-sensing peaks
respectively. The streptavidin addition step after 30 min incubation and rinsing
produces a final wavelength shift of 1.19 nm and 2 nm (from the HEPES buffer
baseline) for the base-sensing and tip-sensing peaks respectively. Upon addition of
70 nm vesicles, there is a blue-shift of the signal noted in the base-sensing peak
(Figure 6.15a) of 0.10 nm, followed by a slow red-shift of 0.12 nm. For the tipsensing peak (Figure 6.15b), there is no initial blue-shift, but a rapid increase of
wavelength is observed before levelling off after 1.20 nm.

Table 6.2: Table of values of the final wavelength positions of the bisosensing experiment after each rinsing step.
Base-sensing peak
Tip-sensing peak
shift (nm)
shift (nm)
HEPES buffer baseline
586.16
707.00
PLL-g-PEG after rinsing
587.93
709.32
Streptavidin after rinsing
587.35
709.00
587.37 (from
blue-shift upon
Vesicles after rinsing
710.20
addition of vesicles
of 587.25)
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(a)

(b)
Figure 6.15: Results for the model biosensing experiment. a: peak shift for the
base-sensing peak; b: peak shift for the tip-sensing peak. After adsorption of PLL-g-PEG and rinsing away of excess polymer, streptavidin was introduced into the flowcell. This resulted in an irreversible
blueshift of the signal in both the base and the tip-sensing peaks.
Upon addition of 70 nm biotinylated vesicles, a blueshift of 0.1 nm is
observed in the base-sensing peak which gradually redshifts by 0.12
nm. In the tip-sensing peak, upon addition of 70 nm vesicles, there is
rapid increase of the position of the wavelength to 1.2 nm.
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6.4 Discussion
6.4.1 Comparison of experimental results obtained from
nanomenhirs to simulation results obtained on nanocones
6.4.1.1 Nanomenhir fabrication and its similarity to the simulated nanocone
An innovation in the process was the recognition of the step where the deposited Cr
below the Au could be used as a stripping layer for the Au. In this way, nanopore arrays were produced where the Au was restricted to only being within the nanopores,
forming the nanomenhirs. The shape of the nanomenhirs was determined by SEM
and AFM (see Figures 6.7, 6.8 and 6.9). Nanomenhirs with aspect ratios of approximately 1:1, 2:1 with a maximum aspect ratio possible of 3:1 (silicon nitride thickness:thickness of deposited Au) could be fabricated by this method, after which
the nanopores were closed up due to a thick layer of Au being deposited (see Figure 6.6). Tips of the nanomenhirs were consistently found to be lower (~ 15 - 20
nm) than the opening of the nanopores in the silicon nitride matrix, despite an Au
deposition thickness that was slightly higher than the measured thickness of the
silicon nitride layer, possibly because of the shadowing effect of the openings of the
nanopores.
The growth of nanocones on similar substrates was observed and explained in a
recent publication by Fredriksson et al [118]. Here the authors used a photoresist
layer for fabricating their nanopore matrix, before deposition of Au by metal evaporation. The photoresist was subsequently removed, revealing nanocones. The
authors in that report explain the growth of their nanocones by the self-masking of
the nanopores by the depositing Au layers. A successive decrease in diameter of Au
deposited within the nanopore for the building up of the nanocone is achieved by
a shadow effect induced by metal deposition onto the rims of the nanoholes. Additionally, from AFM measurements, they noted that for every 1 nm of Au deposited,
the height of the cones increased only by 0.58 nm.
A similar mechanism is assumed for the deposistion of the nanomenhirs on the
nanoporous silicon nitride substrates and is schematically represented in Figure
6.16. For the nanomenhir array described here, for every 1 nm of Au deposited, the
heights of the nanomenhirs seemed to increase by about 0.85 nm as determined
from AFM data of the nanomenhir matrix (see Figure 6.7). This ~ 15% difference in evaporated Au metal and deposited thickness of nanomenhirs can also be

144

Figure 6.16: Deposition of nanocones/nanomenhirs. A: substrate before Au evaporation; B: substrate after some Au has been deposited. Note the conical shape developing as a trapezoid initially; C: conical shape developed; D: removal of Au layer by removal of Cr layer.
attributed to the effect of diameter reduction of the nanopore opening, an effect
which can be readily observed for the growth of nanomenhirs with an aspect ratio
of 3:1 in Figure 6.6. One reason for the difference between the amount by which
the nanomenhirs grow as compared to the growth of the nanocones [118] could
be the difference in nanopore matrix material used. Nanopores in silicon nitride
were shown to be straight-walled, while it is possible that nanopores in photoresist
may not have straight walls, causing the rate of diameter reduction to be higher,
and hence the rate at which Au nanocones are deposited in photoresist nanopores
to be lower than the rate at which nanomenhirs are deposited in silicon nitride
nanopores.
The simulated structure in Section 6.2 is a free standing nanocone whose bottom
edge is not in contact with the nanopore walls. The base diameter of the exposed,
collapsed nanomenhir fabricated in silicon oxide and shown in Figure 6.9 was ~13
% less than the diameter of the nanopore, suggesting that the bases of the deposited nanomenhirs were not in contact with the walls of the nanopore. The gap
between the nanomenhir base and the nanopore walls ensured that there was no
coupling of the evanescent field into the silicon nitride matrix. Sample 1:1 was chosen as the main sample for the biosensing experiments as it had two well-separated
peaks in buffer within the useful working range of the spectrometer. Sample 1:1
also had dimensions that were very similar to the simulated structure. Assuming
a similar reduction in base diameter size for nanomenhirs fabricated using 110 nm
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particles as for 92 nm particles, the base of the nanomenhir is ~ 96 nm, ensuring
a ~ 7 nm gap between the nanomenhir base and the nanopore walls. The heights
of the nanomenhirs were also ~ 105-110 nm which is very similar to the simulated
structure.

6.4.1.2 Simulation results on nanocones as compared to experimental
nanomenhir results
The simulated extinction spectra in air of the nanocones which were orthogonally
and obliquely illuminated with p-polarized light (Figure 6.4A) were compared to
the experimental extinction spectra of nanomenhir sample 1:1 (Figure 6.10, black
plots). The spectra were collected in white light illumination with wavelengths in
the range between 500 nm and 950 nm in air and 500 nm to 800 nm in buffer,
as this was the useful working range of the spectrometer where effects due to the
experimental setup do not dominate. Comparing the spectra of the orthogonally illuminated samples (simulated: blue plot in Figure 6.4A; experimental: solid black
plot in Figure 6.10), one can see that they are qualitatively similar, with an extinction peak appearing at ~ 580 nm in both cases. From the simulated field intensity
plot in Figure 6.4B, it can be seen that the field strength is concentrated around
the base of the nanocone, implying that the field strength is directly related to the
base dimension of the nanocone. The base dimensions of the simulated nanocones
and the nanomenhirs is similar as is seen from the similar wavelengths of the
extinction peaks.
When considering the simulated extinction spectrum of the obliquely (45°) illuminated nanocone to the extinction spectrum obtained for the obliquely illuminated
nanomenhir sample, the qualitative behaviors of the two plots (simulation spectrum: red plot, Figure 6.4A; nanomenhir sample spectrum: black dashed plot,
Figure 6.10) appears to be the same, but the value for the extinction peak position for the nanomenhir sample is higher than the extinction peak position for the
simulated nanocone. The former peak is also broader than the latter peak.
This can be explained from the discussion of the structures given in Section 6.4.1.1,
where it was determined that the average height of the nanomenhirs was 105-110
nm, with a base of ~ 96 nm, as compared to the simulated nanocone’s 100 nm
height, 100 nm base, and from a closer examination of the field distribution in Figure 6.4C. When the samples are obliquely illuminated, field strength hotspots are
observed at both the base and the tip of the simulated nanocone. It was determined
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earlier that the hotspot at the base arose due to mode excited at the nanocone’s
base. The second hotspot at the tip arises due to an excitation along the axis of
the nanocone. As the fabricated nanomenhirs have heights which are on average
5-10% higher than the height of the simulated nanocone, the extinction peak in
the extinction spectrum of the nanomenhir sample has to be more red-shifted than
for the simulated nanocone as larger particles have longer extinction peak wavelengths [251–253]. An explanation for the broadening of the extinction peaks can
also be derived from Figure 6.4C. The oblique illumination of the nanocone and the
nanomenhir sample appears to cause the peak to split into the base excitation and
tip excitation. As the values of the extinction due to both peaks are relatively close,
it appears as a broadening of the main extinction peak.
For the experiments conducted in water, the simulated extinction spectra and the
corresponding field strengths are given in Figure 6.5, while the extinction spectra
of the nanomenhir sample can be observed in Figure 6.13. The simulated extinction spectrum of the nanocone which is orthogonally illuminated in water has a
clear extinction peak at ~ 610 nm (blue plot, Figure 6.5A), while the nanomenhir
sample has an extinction peak of ~ 595 nm (Figure 6.13a, inset, bottom peak). This
difference can be explained in that while the base diameters for both the simulated
nanocone and the fabricated nanomenhirs were very similar, they did differ by ~
5 nm (nanocone base > nanomenhir base). By changing the bulk RI from 1 (air)
to 1.33 (ultrapure water), discrepancies due to the difference in size are possibly
magnified as small changes to the structure produce large changes to the field intensities [187]. The field strength plot in Figure 6.5B confirms that only the base
of the nanocone is excited in orthogonal illumination.
The above-mentioned observation of slight differences in sizes is corroborated by
the extinction spectra for the obliquely illuminated nanocone and nanomenhir sample in water. Due to the refraction of the water layer, although the sample and
sample holder is turned 45°, the actual angle of oblique illumination is only 32°,
which was the value that was simulated. Two extinction peaks are observed for the
obliquely illuminated nanocone at ~ 610 nm and ~ 690 nm, while the two extinction
peaks for the nanomenhir sample are at ~ 600 nm and ~ 740 nm. While the wavelength of the extinction peak corresponding to the base of the simulated nanocone
is higher than that of the nanomenhir sample (610 nm > 600 nm), the position
of the extinction peak corresponding to the tip-sensing region for the simulated
nanocone is lower than that of the nanomenhir sample (690 nm < 740 nm). This
indicates that indeed the nanomenhir base is smaller than the simulated nanocone
base, but the nanomenhir height is larger than the simulated nanocone height.
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The field strength plot of the obliquely illuminated nanocone in water at 610 nm
shows a high field strength at the base, but a low field strength at the tip (Figure
6.5D. This situation is reversed at 690 nm in Figure 6.5D, where there is a high
field strength at the tip and a low field strength at the base. Thus the simulations show that it is possible to sense changes around the base and around the tip
through oblique illumination of the sample with p-polarized light. There is some
amount of crosstalk which is especially visible in Figure 6.5D. This could be due to
the fact that both the base and the tip are excited to a small extent at both wavelengths. From the explanation of the peak broadening observed for the simulated
nanocone and for the nanomenhir sample in air upon oblique illumination where
a splitting of the peaks was observed, it can be surmised that if the wavelength of
the extinction peaks can be separated enough, this crosstalk between the extinction peaks may be reduces. The amount of crosstalk could potentially be reduced
for higher aspect ratios of nanomenhirs [254].
Samples 2:1, 2:2 and Sample 3:1, 3:2 and 3:3 were thus investigated in air under
oblique illumination with p-polarized light. As expected, two well-separated peaks
are observed for Sample 2:2 in air (blue plot in Figure 6.11), in comparison to
Sample 2:1 (black plot in Figure 6.11). However, when the sample was placed in
water, the second peak “disappeared”. The change in RI from air to buffer was
so high that the second peak was beyond the range of the spectrometer. Samples
2:2, 3:2 and 3:3 were discarded because of this. Samples 2:1 and 3:1 were also not
further investigated as it was assumed that if the tips of the nanomenhirs were too
deep inside the pore, it would not be useful as a dual-excitation plasmonic sensor as
the interesting events to be sensed would take place around the nanopore opening
and at the base of the nanopore. Hence only samples with the same configuration
as sample 1:1 were used.
So far, only the results of illumination with p-polarized light have been discussed.
Both orthogonal and oblique illumination of the nanomenhir sample with s-polarized light were also measured; there was however no significant difference observed
between the orthogonal and oblique illuminations (solid blue plot and dashed blue
plot respectively in Figure 6.10). The s-polarization causes the electric field to
be perpendicular to the rotation of the sample, which means that only the basesensing mode of the nanomenhirs could be excited, and the tip-sensing mode of
the nanomenhirs cannot be excited, as the electric field for s-polarized light has no
component along the axis of the nanomenhir. Hence both orthogonal and oblique
illumination of the sample with s-polarized light have similar extinction peak positions with similar peak widths. Thus the s-polarization could be used to decouple
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the base-sensing mode from the tip-sensing mode in the oblique configuration, with
much faster switching than a change in incident angle of the illumination would
allow, but this was not comprehensively pursued during this work.

6.4.2 RI sensitivity analysis of the nanomenhirs
There have been attempts to define the bulk RI sensitivity of various nanoplasmonic sensors using factors that will be discussed [254]. It is also important to distinguish between bulk sensitivity and interfacial sensitivity of the nanoplasmonic
sensor, where the latter is more pertinent for the study of molecular adsorption on
surfaces, given that the decay lengths of the evanescent fields around nanoparticles is generally in the order of 10-20 nm [46]. The calibration of bulk RI sensitivity
and a measure of the interfacial RI sensitivity will be assessed in this section.

6.4.2.1 Bulk refractive index sensitivity calibration of the nanomenhir samples
Glycerol-water mixtures were chosen to set the RI of the bulk for calibration of
the RI sensitivity of the nanomenhir sensor [212]. For a first measure, the shift
in the resonance peak position as a function of absorbed wavelength was tracked
and evaluated. The bulk RI sensitivities reported for the nanomenhir structure
are in the range that has been reported for similarly sized Au nanoparticles and
Au nanorods [254–256].
Although it is convention within the nanoplasmonics research field to express the
bulk RI sensitivity of a plasmonic nanostructure in terms of resonance peak shift
per RI unit (RIU), is has recently been suggested that this value does not necessarily represent sensor performance very well [257]. This is because when the
actual biosensor is used, a spectrometer will record changes in relative intensity
(e.g. percent, transmittance or extinction) . Each experiment will generate a series
of extinction spectra that consist only of changes in relative intensity at different
wavelengths [212]. Therefore, whatever parameter (e.g. the centre of mass of the
resonance peak [212]) is used to express the sensor response, it will be based on
changes in relative intensity. Thus, it is the relative intensity changes induced
by changes in RI (which are rarely reported) that truly represent the sensing performance of the nanostructure. Various attempts have been made to introduce a
so-called Figure of Merit (FOM), taking into account the peak width [258, 259] and
even the peak magnitude [183, 260]. These parameters are significant improve-
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ments compared to only considering peak shift, the reason being that resonance
peaks that are narrower and/or higher in magnitude give rise to higher changes in
relative intensity when they shift.
Sönnichsen et al. have recently proposed a different method for the determination
of sensitivity for nanoplasmonic sensors based on differences in the intensity spectrum [257]. They suggest using a different FOM based on the ratio of intensities
(I1/I0 ) to take the effects of peak height and width introduced by the changes of the
RI as sensed by nanoplasmonic structures into account.
The extinction spectra are calculated from the intensity spectrum using Equation
6.1 adapted from the equation provided by Dahlin et al. [212]:

E(λ, t) = log10

�

Iref erence (λ)
Icounts (λ, t) − Idark,spectrum

�

(6.1)

where E(λ, t) is the extinction in absorbance units for each wavelength at time t,
Iref erence (λ) is the raw intensity data without a sample, Icounts (λ, t) is the raw intensity data spectrum acquired from the spectrometer at time t, and Idark,spectrum
are the false background intensity counts [212]. Hence, in order to obtain an
FOM in terms of intensity ratios, the reference extinction spectrum (in this case,
ultrapure water on the nanomenhirs) simply has to be substracted from the extinction spectra obtained upon changing the bulk RI according to the equation
∆Extinction = E2 (λ, t) − E1 (λ, t). Changes to the extinction spectra have been plotted according to this FOM against the wavelength in Figure 6.17. Figure 6.17a
shows a single peak whose magnitude increases linearly when changing the bulk
RI. This peak magnitude evolves at a rate of 0.472 [a.u.]/RIU. In Figure 6.17b, there
are two peaks whose magnitudes increase linearly when the bulk RI is changed.
The rates of evolution are 0.893 and 0.922 [a.u.]/RIU, suggesting that the resonances here have essentially identical performance, at least for detecting changes
in bulk RI.
Bulk RI sensitivity determination as per the FOM from Sönnichsen et al. seems
at first glance to be incompatible with the determination purely according to peak
shifts in the resonant spectrum. Specifically, when the samples are obliquely illuminated the discrepancy between the resonance peak shift sensitivities of the
two extinction peaks is very large (67.6 nm and 241.2 nm/RIU), but the values are
essentially similar according to the FOM calculation. This mismatch can be explained in terms of peak parameters. The similar performance is a result of the
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(a)

(b)
Figure 6.17: Changes to the extinction spectra in Figure 6.13 per step change of
bulk RI. a: extinction changes obtained from orthogonally illuminated
nanomenhirs; b: extinction changes obtained from obliquely illuminated nanomenhirs. A large change in bulk RI corresponds to a large
change in the magnitude of ∆Extinction. In both cases, the spectrum of ultrapure water was substracted from the spectra of the 5%35% glycerol-water mixtures. Under orthogonal illumination, only
one peak that is sensitive to changes in RI is observed, while under
oblique illumination, two peaks that are sensitive to bulk RI changes
are observed. Furthermore, the relative change of the two peaks under
oblique illumination is similar to one another, suggesting that the sensitivity of the two peaks may also be similar. The sensitivities based on
the differential extinction peak magnitudes are: (a) 0.472 [a.u.]/RIU
(base); (b) 0.893 and 0.922 [a.u.]/RIU for the two peaks from left to
right (base and tip respectively).
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higher peak shift for the longitudinal mode being compensated by the fact that
this peak is much lower in magnitude as seen in Figure 6.13b (the peak widths are
similar).
The Sönnichsen sensitivity method is definitely an interesting method to define
sensitivities. However, one drawback of this method is the lack of systematic data
in the literature which would help in the assessment of the nanomenhir sensor performance as compared to other sensor performances. In order to be able to compare
nanomenhir sensor directly with literature data, the older method of calculating
sensitivity and tracking the centre of mass of the resonance peak was opted for.

6.4.2.2 Interfacial refractive index sensitivity of the nanomenhir samples
The second relevant measure of sensitivity for nanoplasmonic biosensors is the interfacial RI or local RI sensitivity of nanomenhir samples. In the related field of
surface plasmon resonance (SPR) spectroscopy, the sensitivity of the SPR setup has
often been defined as the optical thickness of the adsorbed adlayer [190]. Essentially, as long as the adsorbing layer is much thinner than the decay length of the
evanescent field (< 200 nm), the angular shift is directly proportional to the change
in RI at the surface. Models proposing the interpretation of surface adsorption
based on changes in the bulk RI have also been introduced to take the decay of the
evanescent field into account [261].
Typically, the interfacial RI sensitivity for nanoplasmonic sensors is calibrated by
adding a monolayer of a known material or molecule that coats the surface of the
nanoplasmonic sensor, such as alkanethiol SAMs [260, 262]. Other possible methods include the use of layer-by-layer assembly methods [263, 264] and atomic layer
deposition [265]. Such a systematic study was not carried out for the nanomenhir
sensor, as this was originally meant to be a feasibility study of the nanomenhirs.
Nonetheless, a first impression of the interfacial RI sensitivity can be gained from
studying the simulation data of the nanocone and the adsorption of PLL-g-PEG
onto the nanomenhirs.
Observation of the field intensity plots in Figures 6.5C and D shows that the field
intensity around the nanocone base and nanocone tips are restricted to within 5-10
nm of the nanoplasmonic sensor. In order to estimate the interfacial RI sensitivity
of the nanomenhirs, the adsorption behavior of PLL-g-PEG on the nanomenhir
sample obliquely illuminated with p-polarized light will now be considered (see
results in Figure 6.15 and Table 6.2). It is important to keep in mind that in
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nanoplasmonic sensing, only interactions at the sensor structure, in this case the
nanomenhirs will be sensed due to the small decay length of the evanescent field.
The oblique illumination of the nanomenhir sample during the adsorption process
also allows the recording of two adsorption curves, one corresponding to the base
excitation of the nanomenhirs (Figure 6.15a) and the other corresponding to the
excitation of the tips of the nanomenhirs (Figure 6.15b).
PLL-g-PEG was introduced in situ to nanomenhir sample 1. The original idea for
this step was to render the surrounding silicon nitride matrix non-fouling. The
PLL-g-PEG was not expected to adsorb onto the Au nanomenhirs to a dense monolayer, as it is known that charged polymers do not adsorb well to Au [46, 150].
Unpublished results from S. Saxer (personal communications, Laboratory for Surface Science and Technology, ETH Zürich) comparing the adsorption of PLL-g-PEG
on unstructured Au and SiO2 measured via ellipsometry show that the thickness
and thus the density of adsorbed PLL-g-PEG on Au is about 50% less than for
PLL-g-PEG adsorbed on SiO2 . To a first approximation it can be assumed that the
adsorption (50% less adsorption of PLL-g-PEG on Au than on SiO2 ) is the same on
the nanomenhirs for the same buffer conditions.
An estimate of the coverage of PLL-g-PEG on the Au nanomenhirs can be obtained
an expression relating a variable thickness assuming a constant layer density,
while taking mass to be proportional to a change in the effective RI (cf. de Feijter formula [266]):

dA = dmonolayer

�

nA − nC
nmonolayer − nC

�

(6.2)

where dA is the optical thickness of the adsorbing layer, dmonolayer and nmonolayer are
the optical thickness and RI of a full monolayer of the adsorbing molecule, nA is the
RI of the adsorbing layer and nC is the effective RI in the sensing volume before
addition of molecules (for HEPES buffer 1.33).
For a fully formed monolayer of PLL-g-PEG with similar grafting ratio on atomically flat mica, the values of dmonolayer and nmonolayer are 7.6 nm and 1.4 respectively
[267]. The theoretical optical thickness is a function of the mass adsorption per
unit area. As mentioned above, full monolayer coverage of PLL-g-PEG on Au is
about 50% that of SiO2 . Mica has a similar surface chemistry to deposited SiO2 . It
may thus be assumed that the optical thickness of PLL-g-PEG on SiO2 is similar to
that on mica. A fully formed PLL-g-PEG monolayer on Au should therefore have
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an approximate optical thickness of a monolayer of ~ 3.8 nm.
nA is obtained from shift in wavelength due to the adsorption of PLL-g-PEG on Au
(Table 6.2). A series of 5 experiments where PLL-g-PEG was first deposited onto
various nanomenhir sample 1:1 were conducted, yielding an average value of dA
= 1.58 ± 0.19 nm for the base-sensing peak and dA = 0.46 ± 0.17 nm for the tipsensing peak. The mass adsorption per unit area at the base of the nanomenhir
is thus approximately 3.4 times higher than at the tip of the nanomenhir. For
the explanation of this discrepancy, an analysis of the sensing volume at the base
and at the tip of the simulated nanocone which is visualized in the field strength
plots is necessary (see field strength plots in Figures 6.5C and D). If the tip of the
nanocone can be considered a point particle in the bulk, with a decay length of 10
nm, it can be seen that only a small region of the nanocone is being sampled. On the
other hand, the field intensities at the base of the nanocones suggest the possibility
that PLL-g-PEG adsorbed both at the base of the nanocone and at the base of the
nanopore (which should have a denser brush layer than the brush layer on Au)
could be simultaneously sensed, given the closeness of the base of the nanocone
to the base of the nanopore. Applying this insight to the actual nanomenhirs, this
gives an apparent higher surface density at the base of the nanocone of PLL-g-PEG.
Thus, even for the case of an incomplete monolayer of PLL-g-PEG on Au, it can
be seen that both the base and the tip can be used to sense independent events
occurring at their respective vicinities. While the bases of the nanomenhirs could
be sensing events occurring at the bases of the nanopores, the tips of the nanomenhirs only sense events occurring at the region of the tips. For a more detailed study
of the interfacial RI sensitivities however, a complete monolayer of molecules with
known properties (refractive indices and optical thicknesses on the specific surface) is necessary. This can be achieved by using alkanethiols with known chain
lengths, polyelectrolyte multilayers and atomic deposition of a known material as
mentioned previously.

6.4.3 Assembly of vesicles on nanomenhir arrays
As described in the previous section, PLL-g-PEG rendered the Au nanomenhirs
only partially non-fouling, allowing and adsorption of streptavidin to the nanomenhirs, but not to the silicon nitride (with an enriched silicon oxide overlayer [222]),
which was assumed to have been rendered non-fouling [268].2 The PLL-g-PEG
2

cf. personal communications with S. Saxer, mentioned in the previous section.
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on the silicon nitride was also meant to hinder liposome adhesion and membrane
spreading along the silicon nitride surface in the subsequent experimental step.
Streptavidin has a much higher binding affinity to Au than PLL-g-PEG and hence
a replacement reaction was expected to take place on the nanomenhirs. Streptavidin was allowed to interact with the sensor substrate for 30 minutes, in which
time a blue-shift in the position of the peak wavelength was observed (0.58 nm
for in Figure 6.15a and 0.32 nm in Figure 6.15b). This behavior was reproducible.
Here it is speculated that the reduction in wavelength upon addition of streptavidin indicates a loss of surface bound material due to desorption of PLL-g-PEG,
as it is partially replaced by the stronger binding streptavidin. Streptavidin has
a molecular mass of 60 kD [269, 270] while PLL-g-PEG has an average molecular
mass of ~ 74 kD (PLL(20)-g[3.6]-PEG(2)). Thus even for a 1:1 replacement of streptavidin on the surface, a reduction in the mass per unit area corresponding to a
blue-shift is expected.
Biotinylated 70 nm vesicles were added in the final step to form a vesicle layer.
As can be seen from Figure 6.15a, a blue-shift due to the scattering induced by
vesicles is observed in the base-sensing peak. However, little or no vesicles adhere
to the base of the nanomenhirs (max change of 0.12 nm as measured from the
blue shifted reference level). For the tip-sensing peak, a relatively large signal
change of 1.2 nm (Figure 6.15b), with no prior blue-shift due to scattering of the
light is observed. The blue shift in the base-sensing peak is consistent with Mie
theory for sphere scattering where the cross section scales with λ4 [230]. Indeed,
a concentrated solution of vesicles appears whitish in color with a tinge of blue,
indicating more scattering for shorter wavelengths and the reproducible blue shift
upon introduction of a vesicle solution can thus be explained as a shift due to bulk
scattering of the colloidal suspension. The absence of a blue shift for the tip-sensing
peak upon addition of vesicles is probably due to the long wavelength being sensed
for the tip-sensing peak – the wavelength is very far into the red of the spectrum
and not in the range of scattered wavelengths. Nonetheless, the results indicate
that the biotinylated vesicles preferentially adsorb to the streptavidin present on
the tip and do not adsorb to the base sensing region.
The final wavelength shifts of the base and tip-sensing peaks in the extinction spectrum due to the addition of vesicles can be explained by a simple steric argument
which can be visualized from the schematic of the model biosensing experiment in
Figure 6.14. The vesicles are large compared to the gap between the nanomenhir and the pore wall, which has to be penetrated to reach the base-sensing region. Therefore, close to no vesicles can bind within the base-sensing region. At
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the tip-sensing region however, the vesicles can access the exposed surface-bound
streptavidin and bind to yield the observed increase in RI at the tip-sensing region.
Despite that the average size of vesicles should prevent adsorption in the basesensing region, there is a slight redshift of the peak in this sensing region. The
small redshift of the base-peak that is possibly observed could be explained by the
crosstalk suggested by the simulations (Figure 6.5), where a minor excitation of
the tip also occurs at 615 nm for oblique p-polarized illumination. One can most
likely suppress the residual sensitivity of the base to the tip-binding events by
redesigning the base and the height of the nanomenhir. A second possibility would
be to record scans using both p-polarized and s-polarized light as mentioned in
Section 6.4.1.2. The latter should provide no excitation at the tip of the cone in
oblique illumination, and could be compared to the scans of p-polarized light to
remove the effects of residual sensitivity of the base.
In a similar experiment shown in Figure 6.18, 140 nm vesicles (vesicles extruded
through 200 nm filters; vesicle size 140.1 ± 0.4 nm as measured by dynamic light
scattering) were allowed to interact with the nanomenhir sensor surface after the
PLL-g-PEG and streptavidin adsorption steps, which were similar to the steps observed in Figure 6.15. A blue-shift immediately upon addition of vesicles which
can be explained by Mie scattering theory as described above was observed for
both peak positions, but which was much stronger for the shorter wavelength base
peak [230]. Subsequently there was a small but gradual red-shift in signal for the
base-sensing region, while there was a gradual 0.2 nm red-shift for the tip-sensing
region. This result can be explained by two observations mentioned earlier. First,
the diameter of the nanopore openings is ~ 110 nm, which is approximately 30 nm
smaller than the average diameter of the vesicles in solution (140 nm). Second, the
tips of the nanomenhirs are on average 15-20 nm below the silicon nitride surface.
By a simple geometrical argument, one can see that the large biotinylated vesicles
may be able to reach up to a maximum of 27 nm into the nanopore (Figure 6.19) in
the best-case scenario, but these will probably be hindered by the vesicle repelling
PLL-g-PEG on the walls of the nanopores. This also requires accessible streptavidin binding sites at the very tip of the nanomenhir, since the access of multiple
binding sites on the sides of the tip will be further hindered. A very low number
of large vesicles may still bind to nanomenhirs in some of the nanopores. This process is however very rare, hence tentatively explaining the gradual 0.2 nm redshift
observed in the position of tip-sensing peak.
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(a)

(b)
Figure 6.18: Results for the model biosensing experiment. a: peak wavelength shift
for base-sensing peak; b: peak wavelength shift for the tip-sensing
peak. After adsorption of PLL-g-PEG and rinsing away of excess polymer, streptavidin was introduced into the flowcell. This resulted in
an irreversible blueshift of the signal in the base-sensing peak, and
was slightly redshifted in the tip-sensing peak. Upon addition of 140
nm biotinylated vesicles, a blueshift of 0.1 nm is observed in the basesensing peak which gradually redshifts by 0.07 nm. In the tip-sensing
region, upon addition of 140 nm vesicles, there is also a slight blueshift (0.05 nm) which then redshifts by 0.2 nm.
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Figure 6.19: Geometric argument for binding of 140 nm vesicles to nanomenhir
binding sites within a nanopore. The 140 nm vesicle can reach at best
27 nm into the nanopore. The gray areas represent the PLL-g-PEG
layer on the nanopore walls, which may hinder vesicles from accessing
the nanomenhir.

6.4.4 Comparing nanomenhirs for dual-mode biosensing of lipid
membranes with more established structures
As mentioned in the introduction to this chapter, nanoplasmonic biosensors have
been used in conjunction with lipid structures previously. Höök et al. have been
very active in this particular field, but have been working mostly with Au nanoholes
for their lipid membrane studies. They have demonstrated the possibility of attaching vesicles into Au nanoholes and sensing them [46]. In separate studies,
they showed the feasibility of using similar nanoholes coated with a layer of SiO2
to follow the formation of supported lipid bilayers (SLBs) within their nanoholes
[60, 192]. While these technologies show the capability of nanosplasmonic sensors
for use with lipid membranes and combination with other sensors such as QCM-D,
a marked improvement in sensitivity or function over conventional SPR technologies was not shown.
Groves et al. have proposed the use of Ag nanocubes for the investigation of SLBs
[243]. In this study, they deposited the Ag nanocubes on a glass surface and rendered them hydrophobic by the use of alkanethiols. SLBs were then formed on the
glass surrounding the nanocubes which connected to lipid monolayers that were
formed on the Ag nanocubes in the same step. The entire lipid layer was connected as demonstrated by fluorescence recovery after photobleaching (FRAP) ex-
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periments. The drawback of this method is that only monlayers of lipids probably
form over the nanocubes, restricting the nanoplasmonic sensing to only monolayers. It is also likely that these nanocube sensors cannot be used as membrane
protein biosensors, as proteins cannot be incorporated into a monolayer.
One type of optical dual-mode sensor has been reported before, based on coupled plasmon waveguide resonance (CPWR) in porous anodized alumina as was
mentioned in Chapter 4 [209]. The authors showed that they could specfically
sense events within their nanopores and on top of the sensors. With a density of
nanopores similar to those achieved in Figures 6.3 and 6.6 such dual-sensing experiments may indeed be possible without the need for plasmonic structures within
them. Scattering of light at the nanopores etched into a silicon nitride film however
appear to reduce sensitivity of the waveguide sensors (cf. Chapter 4). While rates
of transport through the nanopores can be sensed, events at the nanopore openings cannot be simultaneously sensed with this method, which is possible with the
nanomenhirs.
The proposed nanomenhir sensor combines many of the advantages of these previous sensor platforms, in that it is compatible with lipid membranes, it can be
used to sense events occurring both at the tip of the nanomenhr and the base of
the nanomenhir and would provide large incorporated membrane proteins with
enough space such that they are not sterically hindered. The fabrication of these
structures involves only one extra metal deposition step over the formed nanopores
from Chapter 4. The unique features of this nanomenhir sensor substrate are
three-fold: (i) the possibility to conduct dual-mode biosensing experiments; (ii) sizeexclusion provided by the nanopore opening and the nanomenhir within the pore;
(iii) the possibility to chemically modify the two materials (silicon nitride and Au)
differently. None of the previously mentioned nanoplasmonic structures combine
all of these features into a single sensor platform. One drawback is possibly the
low bulk refractive index sensitivity of the nanomenhirs in comparison to the other
nanoplasmonic structures, only sensing changes within a highly localized field, but
their potential for functional transport measurements make up for that shortcoming.
Having attached the vesicles to the nanomenhirs, the next challenge is to convert this vesicle array into an npsLB array, as was suggested in Chapter 5. Once
achieved, it would be possible to conduct and sense molecular transport events
that were previously not possible with other sensor architectures. The sizes of the
nanomenhir sensor structures are already in the range that should promote the
formation of stable npsLBs (cf. Chapter 5). The nanomenhir dual-mode sensor is
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thus especially exciting, considering that if an npsLB is formed over a nanomenhir, binding events to the npsLB could be sensed at the tip-sensing region, while
transport through the npsLB can be sensed at the base-sensing region, allowing
the measurement of a transport events into the pore, provided that the tip of the
nanomenhir is in close enough proximity to the npsLB. Samples can also be quickly
and cheaply fabricated, reducing the need for their repeated use. With the integration of a microscope and a CCD camera, it would be possible to plasmonically
image transport events by observing individual extinction spectra from an array of
nanomenhirs simultaneously. By extension, this nanomenhir sensor substrate may
also be used to investigate the behavior of live cells in situ by the same principle.

6.5 Summary
A new type of nanoplasmonic sensor structure named “nanomenhir” was fabricated
within nanopores that were introduced in the previous chapters. The Au nanomenhirs were grown within the silicon nitride nanopore arrays via metal evaporation.
The nanomenhirs were asymmetric and all oriented in the same direction. By
choosing between orthogonal and oblique illumination of the sensor substrate surface, either 1 or 2 modes could be excited simultaneously using the correct linear
polarization of the incident light. For the orthogonal illumination, only the base
of the nanomenhirs was excited based on the field strength plots of simulations of
similar structures within nanopores, while the oblique illumination of the sample
with p-polarized light excited both the base and tip modes (simulated and experimental result). The advantage with the oblique illumination of the nanomenhir
sample was that both excited modes could be independently measured with high
accuracy without need for mechanical rotation of the sensor or changes to the incoupling configuration. The wavelength spectral position of the two modes can also
be tuned independently by the sizes of the base and heights of the nanomenhirs to
give a suitable separation in a refractive medium of choice.
A model sensing experiment which involved the specific capture of small unilamellar biotinylated vesicles to the tips of the nanomenhirs was conducted. The two
peaks which referred to the base-sensing and tip-sensing modes were individually
tracked in the p-polarized spectrum at oblique incidence. PLL-g-PEG was used
to passivate the silicon nitride matrix to prevent liposome adsorption and SLB
spreading, while streptavidin was allowed to adsorb to the Au nanomenhirs. Upon
introduction of the the biotinylated vesicles, vesicles were only detected at the tips
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of the nanomenhirs, but not at the bases of the nanomenhirs, due to the steric
hindrance of the passivated silicon nitride matrix. The effectiveness of the sizeexclusion presented by the nanopore openings was demonstrated by the near zero
detection of vesicles with diameters larger than the nanopore opening.
The nanomenhir substrates offer a new and exciting sensor format that can be
used for many membrane based sensing experiments with its unique size-exclusion
and surface-functionalization possibilities. Perhaps the greatest advantage of this
sensing substrate is its simplicity of fabrication and handling, as it can be easily integrated into a host of existing biosensor technologies. The next challenge
for the development of this sensing format is the characterization and control of
the relative RI sensitivities of the sensing regions, and to develop suitable surface
functionalization protocols for the formation of vesicle and npsLB arrays.
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7 Conclusions and Outlook
In this final chapter, the main conclusions from the experimental chapters of nanofabrication (Chapter 4), nanopore-spanning lipid bilayers (Chapter 5) and nanomenhir sensing (Chapter 6) will be discussed. Subsequently, a series of outlooks involving the enhancements, intersections and unions of the individual experimental
chapters will be proposed.

7.1 Conclusions
Ab ovo usque ad mala.
The task of forming and sensing solvent-free lipid structures on nanopore arrays
started with the fabrication of the nanopore arrays. High aspect ratio (up to 1:20,
ø:height) arrays of nanopores with straight side walls were fabricated in silicon
nitride. The silicon nitride films were patterned via particle lithography using
particle sizes ranging between 40 nm and 1000 nm and were subsequently etched
through a metal mask. In order to have structures that were separated such that
they could be observed in an optical microscope, and to be used as waveguiding
layers and as ultramicroelectrodes, a nanopore coverage of approximately 5 % was
required and obtained. The quality of the nanopores was assessed by both CV and
CPWR spectroscopy, and it was shown that the nanopores were indeed throughpores.
The next major goal was to show that solvent-free lipid membranes could be formed
over nanopore arrays. SLBs were formed on the nanopore arrays in silicon nitride via rupture and fusion of anionic unilamellar vesicles. The presence of a
fully formed SLB was proven via mean-field sensing methods such as QCM-D and
FRAP. These common mean-field methods showed that SLBs were formed on the
surface but could not distinguish between contour-following SLBs and npsLBs. As
npsLBs could not be formed all over the surface, electrochemical methods could not
be used since the large numbers nanopores are not individually electrochemically

163

addressable. Measurements of recognition or transport processes with fluorescence
microscopy readout require labeling of all compounds, which can strongly affect the
studied interactions. Approaches neither requiring labeling nor completely defectfree nanopore arrays are optical sensing methods capable of sensing changes at the
interfacial refractive index. The nanopore arrays were shown to work as CPWR arrays, with the results of the waveguiding experiments on the nanopore array showing a good fit to theoretical calculations, suggesting that these substrates could be
used for discriminatory sensing on the surface and within the nanopores. However
due to high scattering at the nanopores, it was not possible to sense small changes
within the nanopores, and hence an alternative method had to be employed.
Despite the requirement for a label-free technique, high-resolution confocal microscopy was used as it could scan large areas of the nanopore arrays quickly and
efficiently. Nanopore-spanning lipid bilayers (npsLBs) could be distinguished from
SLBs following the walls of the nanopores via dye encapsulation and comparing the
lipid bilayer fluorescence contrast of the pores to the background contrast in the
fluorescence channel. By using image analysis routines, it was possible to analyze
several thousand nanopores for the presence of npsLBs. This allowed the collection
of meaningful statistical data for the determination of conditions for the formation
of npsLBs. NpsLBs were detected only when the adsorbing vesicles were larger
than the nanopores. However, the efficiency of spanning appeared to saturate at
an average of 15 % spanning, with a maximum value of 24 % for 130 nm vesicles
on 100 nm nanopores. Calculations of the kinetic barrier to entry provided by the
edges of the nanopores as well as the energetically favored equilibrium conformation based on the considerations of bending energy vs. the adhesion energy of SLBs
were performed. These calculations showed that for the range of nanopore structures used, the adhesion energy of the SLBs to the surface and the nanopore edge
radius determined the frequency of npsLB and contour following SLB formation,
where low adhesion and low nanopore edge radius were most likely to favor the
formation of npsLBs. While the formation of defect-free npsLBs was not achieved
by vesicle fusion, the insight that nanopore spanning is kinetically driven is an
important one.
A new type of nanoplasmonic sensor was also fabricated within the silicon nitride
nanopore arrays to present a sensing platform which could sense both events occurring at lipid membranes over nanopores and the transport through npsLBs. Asymmetric, oriented Au nanomenhirs were grown within the silicon nitride nanopore
arrays via metal evaporation, whose multiple electrooptical resonance excitations
could be selectively excited with oblique illumination of linearly polarized white
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light. Simulations confirmed the hypothesis and the obtained experimental data.
Orthogonal illumination of the sample produced only one extinction peak, while
oblique illumination produced two extinction peaks. By tuning the aspect ratio and
dimensions of the nanomenhirs the two extinction peaks could be positioned such
that were well separated in the wavelength spectrum in buffer. The two peaks
were shown to be sensitive to local refractive index changes at the bases or the
tips of the nanomenhirs respectively. The two peaks redshifted as expected with
increasing refractive index during bulk refractive index calibrations of the sensor surfaces with a sensitivity for each of the peaks comparable to nanoplasmonic
sensors reported in the literature. A model sensing experiment was conducted to
demonstrate the advantages of exploiting size-exclusion with localized sensing on
different geometrical sites of the nanomenhir and the ability to specifically functionalize the surrounding silicon nitride and Au nanomenhir. Biotinylated vesicles
were only detected at the tips of the nanomenhirs, but not at the bases of the
nanomenhirs, due to the steric hindrance of the passivated silicon nitride matrix
and the size-exclusion provided by the nanomenhir-in-nanopore configuration. The
measurements could be performed at high sensitivity in real time by individually
tracking the movement of both excitation modes (base-sensing and tip-sensing) in
the extinction spectrum recorded at oblique angle.
In summary, this dissertation demonstrates several implementations of nanopore
arrays for lipid membrane sensing, from suitable fabrication methods and readout
principles to important limitations for the most common way of assembly of lipid
membranes applied to nanopore arrays. Improvements to the fabrication processes
were developed which ultimately led to the creation of the nanomenhir sensor substrate. Improved theoretical understanding of the behavior of SLBs around high
curvature edges also ultimately led to the observation that npsLBs can only form
if they are prevented kinetically or thermodynamically from adhering to the walls
of the nanopores. A necessary requirement for this is for npsLB formation through
vesicle fusion to be performed with vesicles larger than the nanopore openings,
indicating that pre-placement of liposomes on top of nanopore structures before
formation of an SLB could increase the npsLB fraction. As a first step towards
this, a vesicle array was successfully assembled and the assembly monitored in
real time over the nanomenhir sensor substrate using site-specific localized plasmonic sensing.

165

7.2 Outlook
7.2.1 Overview
The dissertation space can be represented as a diagram shown in Figure 7.1. As
can be seen in Figure 7.1, there are 5 regions described. 3 regions, namely nanofabrication, solvent-free npsLB formation and nanomenhir sensing constitute the 3
experimental chapters of the dissertation. Outlooks as to how the results and the
knowledge gained from these individual chapters can be used and enhanced will
be described. In the outlook section of solvent-free npsLB formation ∩ nanomenhir
sensing, surface modification strategies to improve the fraction of npsLBs obtained
on nanomenhir arays will be described. Finally, the section on solvent-free npsLB
formation ∪ nanomenhir sensing will be devoted to exploring ways in which the
npsLBs over nanomenhirs can be used as a sensor platform.

Figure 7.1: Diagram representing the dissertation space.

7.2.2 Nanofabrication
While the general parameters for the fabrication of nanopore arrays have been
been determined, a few parameters can still be fine-tuned to form better-defined
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nanopore arrays. The first parameter is the density and surface roughness of the
deposited silicon nitride. PECVD deposited silicon nitride is generally not dense,
and has a rather high surface roughness as has been shown in the results of Chapter 4. LPCVD silicon nitride is generally denser and less rough, but cannot be deposited on as many different surfaces as PECVD silicon nitride. A method known
as nitrogen-ion-beam assisted evaporation, which can be used to reliably deposit
smooth and dense silicon nitride has been suggested in the literature, but it is as
yet inaccessible for common use [226].
Smooth silicon nitride will possibly also allow for a good basis for patterning of
the surface using particle lithography. For the particle lithography technique to be
improved even further, there has to be greater control on the particle diameters.
Currently, while particle batches with nominal diameters of 100 nm and above
have a reasonable distribution of actual diameters, particle batches smaller than
100 nm do not. This leads to a distribution in the nanopore sizes which severely
negatively affects both the the distribution of final pore sizes and the inter-feature
distance distribution. Commercial availability of sub-100 nm particle batches with
a coefficient of variation of diameters < 5 % would be required to extend the good
results obtained with several particle deposition schemes in this thesis for the patterning also of sub-100 nm nanopore arrays.
The patterning of surfaces using particle lithography in this dissertation has been
based on the random adsorption of particles to the surface. The patterns are generally reproducible. However, there is a wide distribution in inter-feature distances if
this method is applied to create patterns from low particle coverages. The particle
assembly at liquid-liquid interfaces method developed in parallel to this dissertation in our laboratory to improve patterning of nanopore substrates overcomes this
difficulty by being able to tune interparticle distances within 3-10 particle diameters [142]. This technique also offers the possibility to form nanopore arrays with
long range order. The method is however slower than random particle adsorption,
and the long-range order for particles with diameters smaller than 100 nm are only
slightly better than for random particle adsorption.

7.2.3 Solvent-free npsLB formation
Approaches for increasing the efficiency of npsLB formation by vesicle fusion have
been mentioned in Chapter 5. For npsLBs to form, vesicles have to be larger than
the nanopores. The theoretical considerations of the kinetic barrier to entry of an
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SLB into a nanopore suggest that if the kinetic barrier to entry can be made high
enough, npsLB formation may be favored. One way of increasing this kinetic barrier to entry is by adsorbing non-fouling PEG brushes to a sufficiently large area
of the nanopore wall, without comprising the ability of the top surface to promote
the formation of SLBs from vesicle fusion. This could be achieved by, e.g., introducing a materials contrast within the nanopore, such as is shown in Figure 7.2.
Layers of titanium oxide and silicon oxide can be deposited on the original silicon
nitride layer before etching the nanopores by tuning the dry etch recipes accordingly [141, 151]. This would provide a surface chemical contrast, where the titanium oxide can be specifically functionalized using nitrocatechol chemistry, since
these binding groups have no affinity to SiO2 but high affinity to TiO2 [271]. This
would prevent the formed SLBs from accessing the bottoms of the nanopores, and
thus force them to span over the nanopore opening.

Figure 7.2: Example of a nanopore with a different different surface chemistries for
the walls of the nanopore and the top surface of the nanopores. Silicon
nitride, titanium oxide and silicon oxide are deposited on top of each
other in this case, before patterning the surface with particles and controlling the dry etching parameters such that all the surfaces through
to the substrate below are etched. Titanium oxide can then be selectively made lipid and protein repulsive by grafting of nitrocatechol anchored PEG-brushes functionalized with PEG brushes to prevent SLBs
from flowing into the nanopores.
Another option to improve the frequency of nanopore spanning involves the preplacement of large vesicles directly above nanopores. Instead of the previous option
where only a PEG layer is formed on the titanium oxide, specific binding groups
can be introduced such that they are interspersed with the PEG brush. Vesicles
can be attached specifically to the nanopore openings by a series of approaches. The
simplest approach involves the adsorption of avidin groups specifically within the
nanopores and allowing biotinylated vesicles to specifically attach to these avidin
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groups, similar to what was shown in Chapter 6 and form an SLB around the preplaced vesicles to force the attached vesicles to fuse over the nanopores.
To prevent the adsorption of vesicles to regions around the nanopores, negatively
charged vesicles with a phosphotidylserine content of ≥50%, as was demonstrated
with such vesicles not adsorbing on negatively charged titanium dioxide could be
used [45]. As for the specific binding functionality, to reduce the separation between the vesicles and nanopores, specially designed DNA linkers can be envisaged. The DNA linkers can be made to hybridize in a zipper-like fashion, forcing
the liposomes to come into close contact with the nanopore [272, 273]. The use of
such DNA linkers will also allow the patterning of vesicles on the surface according
to the base-pairs used, allowing the sorting of membrane protein functionality on
the nanopore array.

7.2.4 Nanomenhirs for sensing
The nanomenhir sensor substrate shows how unique advantages of nanoplasmonics relative to large-area mean field sensors like SPR and waveguide spectroscopy
can be exploited for functional lipid membrane measurements. Embedding of the
nanoplasmonic structures within a dielectric matrix allows not only the exploitation of chemical surface modification techniques dependent on materials contrast,
but also that the openings of the nanopores allows only structures of certain sizes
to access the nanoplasmonic sensor, acting as a size-selective filter. With one tipsensing and one base-sensing mode, this filter can be used to detect large objects (or
objects attaching specifically to the functionalized Au surface) at the tip and small
objects (or objects attaching specifically to the functionalized dielectric walls) at the
base.
The formation of a vesicular array was shown using biotinylated vesicles. One
difference between a vesicular array over nanopores and vesicular arrays over
nanomenhirs is that the vesicles can be sensed in the latter case. This opens
up the possibility of sensing changes to intact vesicles which are attached to the
nanomenhirs which due to their pointed shape will have a very high and localized field enhancement. If proteoliposomes are used instead of normal vesicles, one
could begin to detect changes to the proteliposomes, such as the uptake or release
of solutions through the membrane proteins embedded in the proteoliposome, such
as was measured using SPR recently [274].
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A further extension of these nanomenhirs could be the prospect of using the nanomenhirs for surface enhanced raman scattering (SERS) experiments on biologically
relevant structures [275]. A necessary condition for this is the proximity of the
material being sensed to sharp plasmonic features with extraordinarily high field
enhancement. If the heights of the nanomenhirs can be tuned such that the lipid
membranes are in close proximity to them, enabling the vesicles to be probed by
the highly localized field enhancement as described before, it could be possible to
obtain chemical information of processes occurring within the lipid membrane. By
attaching a CCD camera to the setup with high enough resolution, it would also be
possible to generate physical and chemical landscape maps showing the presence
of molecules of interest at various regions of the sensor surface.

7.2.5 Solvent-free npsLB formation ∩ nanomenhir sensing
If one could fuse the vesicles to form npsLBs over the nanomenhirs, it would be possible to conduct transport measurements through the membrane by exciting two
different plasmonic modes and consequently sensing refractive index changes to
two different regions of the same nanomenhir structure, i.e. to sense interactions
with incorporated membrane protein at the tip of the nanomenhir and molecules
that are transported through the membrane at the base of the nanomenhir. The
challenge of the formation of npsLBs over the nanomenhirs remains largely similar to the formation of npsLBs over nanopores, i.e. the npsLBs have to seal the
entire pore opening and the surrounding area. Strategies that could induce this
conversion directly include osmotic stress to rupture the vesicles [276], also with
the use molecules such as PEG [277].
In the model biosensing experiment, PLL-g-PEG was used to hinder the adsorption of vesicles to silicon nitride. The PLL-g-PEG will however also hinder the
formation of an npsLB which seals the nanopore. As was described in Section
7.2.3, biotinylated vesicles which have a lower tendency due to charge repulsion
[45, 76] to adhere to the surrounding silicon nitride could be used. Thiol anchors
with a small number of ethylene glycol (EG units) could be co-adsorbed with thiol
anchors displaying a biotin functionality onto the Au nanomenhirs (see Figure 7.3
for schematic of co-adsorbed layers) followed by the attachment of streptavidin to
the exposed biotin units. When vesicles are introduced, unspecific attachment of
lipid and protein material to the nanomenhir surfaces can be avoided, and by introducing vesicles under different buffer conditions, SLBs could be formed across
the surface. In this way, the nanomenhir structure itself presents a kinetic barrier
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to the entry of nanopores. Precautions must be taken however to ensure that the
evanescent field is not affected too much by the adsorbed monolayers by ensuring
that the layers are restricted to a thickness of 3-4 nm.

Figure 7.3: Schematic of co-adsorbed EG-thiol and biotin-thiol layer on nanomenhir.

7.2.6 Solvent-free npsLB formation ∪ nanomenhir sensing
In a further development of the sensor, it could be envisaged that the nanomenhir platform could be used as a highly sensitive electrochemical platform, with the
ability to bias and drive reactions occurring at npsLBs or on proteins incorporated
within the npsLBs. To contact the nanomenhirs to the underlying substrate electrically, a layer of indium tin oxide could be deposited prior to the deposition of the
nanopore matrix material. The lipid membrane material close to the nanomenhir
tips could possibly be preferentially probed during an electrochemical reaction due
to proximity, allowing control over the membrane potential. This approach could
be combined with nanoplasmonics, allowing the sensing of material that is transported through the membrane to be sensed at the bases of the nanomenhirs.
Nanoplasmonics-based sensing platforms have great potential for use as miniature
sensing devices, due to the simplicity of the components necessary to create such
a platform. The miniaturization of arrays of membrane proteins could be useful
in the development of handheld devices that could function as artificial noses or
tongues, which could be potentially vital as environmental sensors. In this case,
a network of different membrane proteins would be required. For such devices,
it could be envisaged that with the possibility to sense not only binding events
to the membrane proteins within lipid membranes but also transport across the
lipid membranes using the same platform, i.e. using a dual mode sensor such as
the nanomenhirs, the amount of useful information collected in real time could be
increased manifold.
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Finally, the nanomenhir sensor platform is not restricted for use only with selfassembled, synthetic lipid membranes. Native cell membrane fragments could also
be probed using this method. To have the membranes seal the nanopores, the
methods suggested by Danelon et al. could be used, where the authors pressed a
silicon nitride nanopore array directly onto live cells, which ripped off fragments
that adhered to the silicon nitride [278, 279]. Membrane fragments prepared in
such a way would have proteins already incorporated within them. While this
approach would enable transport measurements, the platform could also be used
to study the interaction of viruses with the cell membranes, such as the fusion
of viruses with cell membranes and their effect on barrier properties of the cell
membrane.

7.3 Summary
Nanopore arrays show great potential for achieving long-time stable biomimetic
membranes through self-assembly and to address them through various nanoscale
and macroscale sensing methods. The main challenge ahead is still to achieve high
yield in the assembly of solvent-free npsLBs by high-throughput methods. However, the novel pore array structures developed in this thesis show ways forward to
design membrane sensors where nanostructures both provide the key to enhanced
membrane sensing capabilities and functionalization strategies to position functional npsLBs over such structures inside nanopores.
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Biotinamidocaproyl labeled bovine serum albumin

BLM

Black lipid membrane

CF

5(6)-Carboxyfluorescein
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Confocal laser scanning microscopy
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Coupled plasmon waveguide spectroscopy
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Cyclic voltammetry

DMF

Dimethyl formamide

DOPC

1,2 dioleoyl-phosphotidylcholine

DOPE-RhoB 1,2-dioleoyl-sn-gycero-3-phosphoethanolamine-N-(lissamine
rhodamineB-sulfonyl) with ammonium salt
DPI

Dual polarization interferometry

DPPE-biotin 1,2-dipalmitoyl-sn-glycero-3-phosphoethanolamine-N-(cap
biotinyl) (sodium salt)
DPPTE

1,2-dipalmitoyl-sn-glycero-3-phosphothioethanol

EBL

Electron beam lithography

ECM

Extracellular matrix
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Plasma enhanced chemical vapor deposition
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Refractive index unit
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Surface acoustic wave
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Scanning electron microscope
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Stimulated emission and depletion

TBS
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TEM

Transmission electron microscope
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TIRF

Total internal reflection fluorescence

UME

Ultramicro electrode

UV

Ultraviolet
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