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Abstract

Nanoplasmonic biosensing is a field of nanotechnology and plasmonics wherein localized sur-
face plasmon resonance (LSPR) is utilized in order to detect and measure structures at the
nanoscale. This detection is based upon the measurement of the shift of the LSPR peak as
induced by the adsorption of the species studied. A nanoplasmonic sensor, comprised of sil-
ver nanodisks of two different sizes, as proposed and realised by the Langhammer Group at
the department for Chemical Physics at Chalmers University of Technology, was used for the
purpose of biosensing. The novel feature of this dual-size ruler is the determination of spatial
dimension and refractive index of species adsorbed onto it, by virtue of taking the ratio of
the LSPR shifts of the two peaks. Experiments were performed on two different molecular
systems: 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC) with DNA and spherical
lipid vesicles, and polylysine (PLL) with silica nanoparticles, with the goal being the deter-
mination of the thickness of a thin film composed of these compounds. The experimental
results with respect to thickness determination were not solid, although a key configurational
change of the POPC bilayer was clearly distinguished. This points at the ruler having the
ability and resolution to record structural changes in lipid membranes, which indeed is one
of it’s visualized areas of application. In order to provide a solid proof-of-concept, a simpler
molecular system should be studied, e.g. a spherically symmetrical nanoparticle deposited on
top of POPC.
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1 Introduction

1.1 Background

Having a standard of measurement and being able to accurately determine lengths within that
system is something we, inhabiting the macrocosmos of huge ensembles of molecules, take for
granted. Admittedly, during the course of mankind, the possession of such a standard has not
always been the case; as a standard unit of length, the metre was first accepted by a majority of the
world’s nations the year 1875 by the signing of a treaty in Paris[1]. Before that, a host of gauges
existed before both within and between countries, and thus the problem lied in the definition
of the length scale, a problem needed to be solved in order for the subsequent implementation
of it in terms of physical measurements to be made possible. However, at the microscale, the
scale nanotechnology is concerned with, there exists further problems. Agreeing to a standard of
measurement is one thing, but here, instead, we struggle with making the actual measurement,

which on the macroscale would translate to sticking your ruler to the table and register the length.

The power of length determination may be subtle, but is nonetheless impactful; a technologically
sophisticated society need to be organised around an internally consistent system of measurement
in order to allow for replication of creation and propagation of knowledge. For example; organising
construction of buildings, analysing whether or not a child has a proper diet by monitoring its
growth, and even more complex endeavours such as calculating fuel consumption of vehicles would

not be available without the foundational techniques and standards of measurement.

Imagine, then, to have such a tool on the nanoscale. At this level, chemical and physical properties
are heavily dependant on the size and shape of the system[2]. Examples of this dependency upon
spatial configuration includes catalytic reaction selectivity|[3][4], effects of molecular chain lengths
in bio-nano interactions [5] and electric field emission properties|[6]. One phenomenon that exhibits
very interesting characteristics at the nanscale is the plasmon, discrete collections of oscillations
of electrons in a material induced by light. Surface plasmons are plasmons that occur at the
interface between two materials, and if this surface is planar, the excitation is called a surface
plasmon polariton. However, if the surface is bounded, as it is in a particle, and the volume of said
a particle is made so small that the wavelengths of the surface plasmons approach the particles
dimensions, the excitation is called a localized surface plasmon (LSP)[7][8]. If such oscillatory
modes can be excited by visible light, beautiful colours emerge, as can be seen in stained glass
windows in, for example, old cathedrals or the Lycurgus cup, figure 1. These optical properties
were first described by Gustav Mie in 1908 when he solved Maxwell’s equations for the interaction
of light with nanoparticles[9]. The colours are due to the nanoparticles absorbing the incoming
light - an absorption that has it’s maximum at what is known as the localized surface plasmon
resonance (LSPR) frequency. The scientific field that have emerged from this, nanoplasmonics, now
forms the basis for a lot of technology dedicated to sensing, especially biosensing[10]. Examples
of plasmonic facilitated biosensing can be seen in [11], where recognition of specific biomolecules
where achieved with nanopores, and [12], where the adsorption and specific binding kinetics of
the avidin—biotinylated bovine serum albumin protein system was characterized. It is this field,

nanoplasmonic biosensing, this thesis is concerned with.

When employing nanoplasmonic for biosensing one utilises the properties of LSPR. The absorption
is, as stated, dependent upon the resonance frequency, and this frequency is in turn determined by
the size and shape of the nanoparticle, as well as the refractive index of the surrounding medium

[7]. Due to this, and the fact that the LSP is a surface phenomenon, molecules adsorbed onto the



Figure 1: The Lycurgus cup, exhibiting strong colouring due to plasmonic nanoparticles being

integrated into the glass, source: wikimedia commons.

surface of the nanoparticle will change the resonance frequency. This shift of light frequencies that
are absorbed due to changes in the nanoparticles’ local environment is the basis for LSPR sensing.
It is, however, not only the act of detecting, i.e. registering if something is there, that is of interest
in this study, but rather - as introduced above - the act of measuring. How LSPR can be utilised in
this regard will be explored, and a more detailed description, as well as mathematical formulations
of plasmonics and it’s role in biosensing, will be given in the theory section.

Nonetheless, there exists several other techniques apart from LSPR for sensing and measuring
biomolecules and objects at the nanoscale. In the field of biology, for example, the length of DNA
molecules can be determined through electrophoresis|[13|. Electrophoresis, however, is known for
it’s often unsatisfactory precision. [14]. There has also been attempts at creating nanometer gauges
using the deposition of thin films serving as reference objects[15], but such a setup is complicated
and not at all suitable for all types of material considering one has to deposit and subsequently

measure the reference in the very system one wants to analyse.

As a contrast, in [16] the authors used atomic layer deposition (ALD) to grow monolayers of alu-
minum oxide of known thickness on LSPR sensors consisting of Ag nanotriangles while monitoring
the peak shifts, and through this correlated the shifts with the thickness of the film adsorbed. This
made it possible to measure further film growth with atomic spatial resolution. This serves as
proof of the high precision of sensing LSPR can achieve, but the results are nonetheless dependant
upon the knowledge of the layers’ thickness and can thus not be used independantly in order to

measure a particle of unknown dimensions.

Now, we arrive at the more specific problem this thesis tries to adress; using LSPR sensors in
order to, through a single experiment, determine the spatial dimensions and refractive index of
an unknown species. This is to be achieved by finalizing and utilising the nanoplasmonic ruler
visualised and developed by Christoph Langhammer, Ferry Nugroho and Padraic O'Reilly[17]. In
this domain of study, what is most commonly used is a sensor comprised of homogeneous nanos-



tructures of one material[18][19] [20][21][22]. Having such a sensor allows one to get a response, a
single peak, in the plasmonic extinction spectrum when some material is adsorbed onto it, but how
much of this response is respectively due to the spatial dimensions or the refractive index is hard
to tell. A single peak sensor is therefore not able to identify a completely unknown substance, but
is reliant on either refractive index or dimensions being known beforehand. However, the concept
has been further developed and a setup based upon two sources of information from the same
system has been proposed and conducted[23]. What this means is that two different responses of
the system, such as two different peaks in the extinction spectrum corresponding to two resonance
frequencies, are monitored simultaneously and the ratio of said responses are converted into spatial
dimension and refractive index. In such a setup, a plasmonic ruler is therefore more akin to a trip
meter, being able to record, in real time, the length evolution of a system. A further analogy with
a car can be made; being able to measure distance is one thing, but monitoring travelled distance
as a function of time is what permits the correlation of the fuel consumption with specifics in the

geography, i.e. the energy potential in which the car operates.

One can with a plasmonic ruler, thus, record the time evolution of the spatial dimensions and
refractive index of a given system. Examples of what possibilities this uncovers includes conforma-
tional changes in biological membranes or organic structures due to changes in conditions such as
temperature and pH, rate of growth of self-assembled systems and binding kinetics of ligands, to
name a few[24]. The plasmonic ruler, therefore, does not only serve as a means for measurement,

but also a method for gaining insight into other properties such as thermodynamics.

The dual-peak nanoplasmonic ruler this thesis is concerned with, as well as the creation of a
mathematically determined system of equations for determining thickness and refractive index, will
be explored more in-depth in the theory section. In figure 2, an SEM-image of Ag-nanoparticles of

two different sizes as well as a plasmonic extinction spectrum produced by a sensor being comprised

of such particles are shown.
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Figure 2: a) An SEM-image of Ag-nanoparticles of two different sizes, 80 nm and 200 nm dispersed
over a silica substrate. The dual-size sensor is comprised of such particles. b) A dual peak plasmonic

extinction spectrum produced by the ruler.



1.2 Project Aim

This thesis aims at continuing previous work done in the Langhammer group, particularly that
conducted by Padraic O’Reilly, on the development of a nanoplasmonic ruler[17]. The ruler is
comprised of a surface on which arrays of silver (Ag) nanodisks of two different sizes are deposited.
The nanodisks support LSPR, and it is through this phenomenon the environment is detected.
Furthermore, the purpose of using nanodisks of two different sizes is to produce a plasmonic
spectrum with two distinct and separate peaks. The relative shifts of these two peaks can be
subsequently translated into thickness and refractive index of a medium normal to the sensor
surface. This concept, the acquisition of the paramaters due to only one experiment on one sensor,
is at the heart of what makes this device preferable over other techniques that are in need of
calibrating the data by means of an external source such as QCM. The end goal of this ruler is to
make sensing at a subnanoscale available - the sensing envisioned is primarily concerned with the

determination of length of nanoparticles and biomolecules of said scale.

Determination of length is done by subjecting the plasmonic spectrum to change through the
addition of a solution of interest. When the material one wants to study is deposited onto the
ruler, it induces a shift in the LSPR-peaks, and it is this change that is correlated with the size
and refractive index of said particles. The first molecular system studied in this project is 1-
palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC), ABCD-DNA - that may anchor to the
POPC - and vesicles with a DNA complementary to the ABCD-DNA, which allows for them to
bond. The second molecular system is polylysine (PLL) and silica microspheres (Polysciences Inc,
PA, USA).

This thesis deals specifically with the demonstration of the dual-peak plasmonic ruler. This work
is carried out with the Insplorion XNano system, in-house fabricated nanoplasmonic sensors and
biomolecules. To demonstrate the usability of the plasmonic ruler, determination of the thickness

and refractive index of the biomolecules is conducted.



2 Theory

2.1 LSPR-spectroscopy

The coherent collective oscillations of electrons in a material that would later be named plasmons
where first described by David Pines and David Bohm in 1952[25]. In order to understand and
describe this phenomenon, it is appropriate to adapt the free-electron model as developed by Arnold
Sommerfeld[26], wherein the electrons in the conduction band are treated as a free-moving gas of
negatively charged particles (hence the name) and the lattice as immobile, positive ions. When
the electron gas is subjected to an external electric field, it will be perturbed as the electrons move
in response to the applied field. This rearrangement results in a variation in the electron density,
which at normal conditions are taken to be uniform in the free electron gas, where positive lattice
ions are exposed. If the external field is removed, this charge separation will thus lead restoring
force being exerted on the electron gas, see figure 3. The electrons are swung back but are not
immediately relaxed, leading to an oscillatory motion. Photons, for example, induce a transient
electric field in materials, and thus drives oscillatory movement of the electrons, which is why
light is essential for plasmonics. This oscillatory motion has a resonance frequency, and it is this

frequency that is probed by LSPR spectroscopy.

Figure 3: An external electric field induces a charge separation inside the slab of the material.

The aim of this section is to arrive at a quantitative expression that relates material properties,
specifically the electrical permittivity, to the resonance frequency of the plasmon. Electrical per-
mittivity is defined as the resistance that is encountered when an electeric field is formed within
a medium, and it is thus a measure of a material’s ability to resist the field, rather than what
the name suggest; the contrary. Therefore, a high permittivity prevents internal fields to negate
external fields. We will soon see how these properties are related. This derivation is based upon
similar ones in [27], [28] and [29], which is mentioned here in order to avoid doing it multiple times



throughout the text.

First and foremost; the separation of charges due to an external electric field, as described above,

gives rise to a dipole moment

filw) = —er(w) (1)

This dipole moment is related to the displacement, r, of the electron. The displacement, then, can
be described by the function of the movement of the electron in this internal electric field created

by seperation of charges

0*r or . o
Me g + mefa + mewi i = —eE (7, 1) (2)

where the first term represents the acceleration due to the field, the second term a frictional force
(T" is a dampening factor due to the electron scattering off other electrons and the lattice), and the
third a restoring force exerted on the electron by the positive atomic nucleus (wq is the frequency
of this force). Keep in mind that the right hand side is the net electric field acting on the electron,
and thus not the pure applied field, although they are related and dependant on the same variable.

Considering that the displacement in (1) is a function of frequency, it is in that domain that we
wish to express the dipole moment as a function of the net internal electric field. We therefore take
the Fourier transform of (2), do some rearranging, and have the expression for the displacement

as a function of frequency

. —e E(w)

rw) = me (—w? — Diw + w?) 3)
By substituting (3) into (1)

o) = & ) (1

me (—w? — Tiw + w?)

we have the relationship between the dipole moment induced in the material and the internal elec-
tric field. To further investigate how the material properties are related to the plasmon frequency,
polarizability, a material’s inclination to form dipoles, must be regarded. The polarization of a

material, as related to the electric field driving it, is expressed as

P(w) = eox(w) E(w) (5)

where ¢ is the electrical permittivity in free space and y(w) the electrical susceptibility, a propor-
tionality constant that dictates the amount of polarization, i.e. the amount of dipoles, induced in

the material. Therefore, the polarization can also be expressed in terms of a number of dipoles

P(w) = Nji(w) (6)

Combining (6) and (5), we get



and by using (4), we arrive at

Ne? 1
= 8
X(w) meep (—w? — Tiw + w3) ®)

Now, it so happens that the frequency at which the electrons oscillate, the so-called plasma fre-

| Ne?
Wp = —— 9)

We therefore arrive at an interesting relationship between a material’s electric susceptibility and

quency, is defined as

the frequency of it’s plasmons

w2

_ P
X(w) = —w? — Tiw + w? (10)

From here, relating w, to the electrical permittivity is relatively straightforward. The electric
susceptibility, x, can be expressed in terms of the relative electric permittivity, €,, of the material

x(w) =€ —1 (11)
Together with (10), we have:

wQ

=14 —2L - 12
“r Ry — Tiw + w? (12)

In order to proceed from here, we need some simplifications. As mentioned above, the employement
of the free electron model entails electrons that are unaffected by the ionic lattice, which is why
we can omit wg, the frequency of this binding potential. The relative permittivity, or dielectric

function, is thus

wZ

€& =1— T 13

" w? + Tiw (13)
In order to further study this expression, we need to separate the real part from the imaginary. By
multiplying both numerator and denominator in the second term in (13) by the complex conjugate

of the denominator, and after some rearranging, we arrive at the expressions

2
R _ Wy
“=l- i (14)
w2l
P p— — (15)



where €7 is the real part and €/ the imaginary. Here we focus on the real part, since the imaginary
is related to the decay of electric fields in the medium rather than the absolute strength of it.
Furthermore, (14) and (15) can both simplified by noting that the damping factor, T', is for visible
light about hundred times smaller than the frequency of said light[17]. We therefore arrive at

2
R _ Wp
E,,, = 1 — E (].6)
w2l
el = —:;3 (17)

and we finally have a comprehensive, manageable relation between the electric permittivity, the
frequency of the light that applies the external electric field and the frequency of the plasmons
of the material. When the frequency of the external field, w is large and approaches the plasma
frequency, wy, the electric permittivity is predominantly real, and can be approximated by (16)[27].
If w > wy, the permittivity is large, i.e. the ability of the material to form internal fields in order
to negate the external field is low, and the field is transmitted through the material. On the other
hand, if w < wy,, internal fields are easily formed and an external field is reflected. At the plasma
frequency, however, the plasmons are put into resonance. The nature of this resonance condition

will be more clear later.

Now imagine that the dimensions in figure 3 approach the nanoscale, and the slab becomes a
nanoparticle. As stated in the introduction, the surface polariton, the coupling of an electromag-
netic wave and oscillations of electrons, is termed a localized surface plasmon for a small particle
of that size. The word localized refers to the fact that the plasmon is confined in space, in this
case the volume of the particle, and this nanolocalization of optical energy is what at the heart of
nanoplasmonics[30]. An evanescent field up to 200nm from surface of particle [31] is formed, and
it is disturbances in this field, which in turn affects the oscillation frequency of the electrons in the

particle, that makes sensing possible, as we will soon see.

Figure 4: A nanoparticle interacting with light of wavelength similar to the dimensions of the
particle. The electric field displaces the electrons in the particle, and the negative electron cloud

thus start to oscillate around the stationary lattice ions.

The plasmon resonance, as described above, occurs when the frequency of the incoming light
matches that of the particle plasmon. This is schematically illustrated in figure 4. Resonance

entails maximized oscillations, which in turn implies maximized dipole moments. With this line of



thought, it is appropriate to consider the property of polarizability; the tendency of the material
to form dipoles. A way of conceptualizing the resonance, then, is considering the state in which
the polarizability is at it’s maximum. Polarizability is defined as

where ¥, as stated above, is the electric susceptibility. Combine this with (11)

a= No(er -1) (19)

The polarizability is related to polarization, ]3, through

w51

P=qa (20)

as given by (5) and (18), where E is the net field driving the plasmon. This field, however, is not
the same as the external field, that belonging to the photon, but related through

Eq

Er

E = (21)
where EO is the external, applied field. It is this field we want to consider when utilising plasmonics

for the purpose of sensing, since it is this field that may be perturbed by the medium surrounding

a plasmonic particle.

Combining (19), (20) and (21) gives us

= €€ — 1)@ (22)

€r

ol

And from this, the relation

eoler — 1
o - foler—1) (23)
€r
can be acquired. This relationship between the polarizability - the tendency for the nanoparticle
to form dipoles and thus for the plasmon to oscillate - and the electric permittivity shines light
onto why the resonance is achieved when €, approaches zero, as it does when the frequency of the

electric field is equal to the plasmon frequency, since (23) then goes to infinity.

We have now established, through (16) and (23), the formulas that describe the resonance condi-
tion. (23) was derived through the perspective of the external field, but in order to gain insight
into how the surroundings interact with a nanoparticle and it’s plasmonic properties, we must
somehow link this expression with the properties of the medium around said particle. In the case
of a slab of macroscopic dimensions, where an interface between the plasmonic material and the
surrounding dielectric medium can be said to be planar, the surface charge distribution produced
as a consequence of polarization does not yield a field outside the plasmonic material. The change

in geometry when the material becomes a nanoparticle, however, gives rise to the aforementioned



evanescent field; this emerging phenomenon constitutes an example of qualitative differences be-

tween the macro-and nanoscale [28§].

The net electric field inside our small particle is given by

—

L P
E=F, —L— (24)
€0€1

Where €; is the permittivity of the surrounding medium, and E} is now the field in the surrounding
medium and L is a shaping factor with a value range of 1/3 — 1. By employing (5) for the net

polarization, 13, inside the particle and substitute (24) into (5), we get, after some rearranging

P = ¢ (25)

Here, x is the net electric susceptibility of the particle, and can be rewritten as

X = X2~ X1 =€ —€ (26)

where €5 is the permittivity of the particle. Together with (11), we have for the net polarization
of the particle

e Ey

P= L) st
eo(€2 61)61+L(62—€1)

(27)
By once again using (20), the polarizability of the plasmonic nanoparticle is found

E061(62 - 61)
-yV—z 28
@ €1+ L(€2 — 61) ( )

where V is the volume of the particle, since the polarizibility is derived on the basis of per unit
volume. Returning to the discussion about the resonance condition; as stated before, resonance
occur when the denominator in the polarizability is zero. For spherical particles, the shaping factor

L is 1/3, and substituting this in (28) and putting the denominator to zero, we arrive at the relation

€9 = —261 (29)
and substituting this into (16)
w2
— 2 =1-— w—g (30)

Here, we have finally produced a formula that, given the free-electron model assumptions, relate
the electric permittivity, i.e. a material property, of the surrounding medium to the plasmon

resonance frequency

10



Wp

= —2 31
WLSPR m ( )

This frequency at which localized surface plasmon resonance occur due to attenuation by a sur-
rounding medium. It is this powerful relationship that provides us with the mathematical core
directly linking a nanoparticles local environment to it’s optical properties, and lays the foundation

for plasmonic sensing, which is explored more in-depth in the next subsection.

2.2 Biosensing and the nanoplasmonic ruler

(31) was derived with the assumption that the nanoparticle was of spherical shape. However, as
is clearly visible, the frequency at which LSPR occurs for such a particle is dependent on the
shaping factor L, since the shape determines the charge distribution and therefore the evanescent

field around the particle.

Geometry, as has already been stated, is key. The presence of such a clear connection between
a nanoparticle’s spatial configuration and optical properties provides a tool for shaping the plas-
monic material for the system one wants to study - the engineer’s dream. Figure 5 depicts this
connection. It is in this rather playful domain the great potential of plasmonics in biosensing lies.
By shaping the chemical and physical properties of one’s sensor[32], one can, for example, tweak
the particle in such a way as to to fit the optical properties into a window necessary for that field
of study, such as the infrared region in the case of in vivo studies[33][34], or design a system in
which light of a non-destructive frequency can be used to sense molecules that would otherwise
be destroyed. Shape is indeed also one of the main strategies employed when producing more
sensitive sensors[35] - sensitivity being an important parameter discussed later on in this report.
Furthermore; specific shapes can, in an inhomogeneous ensemble of nanoparticles, be distinguished
from one another, leading to possibilites of using plasmonic particles as markers or probes[36]. The
facilitation of optical waveguides based upon how the plasmon modes couple as a function of ge-
ometry has also been pursued|37], as well as the improvement of the efficiency of optical trapping

by nanoparticles|38].
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Figure 5: a) A showcase of the dependancy of shape of a plasmonic nanoparticle on the extinction
spectrum and resonance wavelength, taken from [39]. b) Different shaping factors, L, and how

they impact shape and resonance wavelength, taken from [28].
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This thesis, however, is concerned with biosensing, which entails detection of biological compounds.
This is achieved through the adsorption or adhesion of said compounds onto a flat nanoplasmonic
sensor while the plasmonic extinction spectrum is recorded. But before heading into the details of

the ruler developed in [17], it is appropriate to conceptualize this act of sensing.

The optical spectrum measured in a plasmonic extinction experiment arises due to the fact that
the light passing through the sensor interacts differently with it’s components. A sensor of this
type is typically composed of noble metal nanoparticles on a dielectric support, such as glass[12].
Photons of wavelengths corresponding to the resonance condition, as derived in the previous section,
will interact with the plasmonic nanoparticles either by being absorbed or scattered, leading to
a decrease of transmission, hence higher extinction, of light at these frequencies. A schematic
illustration of this is shown in figure 6. As can be seen, an extinction peak highlighting the
plasmonic resonance emerges. If, then, this sensor is subjected to a change as to the surrounding
medium, a corresponding change of the peak position will be induced according to the theory
detailed in the previous section. It is by tracking of this peak shift we are able to infer what is
being detected. This shift of the LSPR peak, however, is dependant on two factors: the thickness

of a potential film having been adsorbed onto the sensor, and the refractive index of the medium.
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Figure 6: a) A schematic depicting a plasmonic sensor comprised of homogeneous nanoparticles
and the plasmon resonance induced by light of certain frequencies, with light passing from the
right hand side to the left hand side, as indicated by the yellow arrow. b) An extinction spectrum
with one peak, corresponding to one resonance wavelength.

The refractive index is interchangeable with the eletric permittivity, being related by

n =/t (32)

and describes how light propagates in a medium. A film of a material forming on the plasmonic
particle also attenuates the light path, and these two properties thus have the same affect on the
plasmonic extinction spectrum. How to distinguish between these - deducing from which source
the LSPR shift originates from - is therefore a problem when dealing with completely unknown

substances.

We can thus formulate the relationship

AR = f(t,n) (33)
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where AR is the shift of the plasmonic peak, t the thickness of the surrounding medium and n the

refractive index. An illustration of this shift is found in figure 22
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Figure 7: a) A schematic depicting a film deposited on a sensor of homogeneous plasmonic nanopar-
ticles, with light passing from the right hand side to the left hand side, as indicated by the yellow
arrow. b) The shift of the extinction spectrum as a consequence of the film deposition.

As was briefly mentioned in the introduction, the most commonly used type of plasmonic sensor has
been comprised of homogenous nanostructures of one material; a setup that results in one distinct
peak. In [40], as a contrast, trimers of plasmonic particles interacting in complex ways gave rise to
several peaks in the spectrum since different plasmonic modes where stimulated at different parts
of the trimer geometry. This appearance of multiple peaks, given that they are properly separated,
leads to a method of determining the system of equations represented by equation (33). Methods
such as those employed in [41] and [23] utilize two sources of information in the experimental
setup in order to deduce the cause of the peak shift. In [41], a quartz microbalance was used in
conjunction with the plasmonic sensing. The idea is that if no mass is recorded by the QCM,
the shift is induced by the different refractive index of the surrounding solution. On the other
hand, any mass of an adsorbed film would be registered by the QCM, and the plasmonic peak shift
was confirmed to arise due to a film having formed on the sensor. In [23|, an experimental setup
which utilizes the reflective property of light shone onto a sensor - where the angle of reflection is
monitored rather than light extinction - is presented. The authors operate light of two different
wavelengths, which results in two different plasmonic modes simultaneously being used for the
sensing. What this basically entails is that two sources of information, each being affected by
environmental changes differently, are built into one experimental system. The system is shown in

figure 8.
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Figure 8: Schematic picture of the concept of using light of different wavelengths as well as a

conceptual flowchart over the theory behind the size determination. The figure is from [23].

We are now finally in the position to present the plasmonic ruler. It is of similar composition as
the topographically flat sensor outlined in [12], but instead of having noble metal nanodisks of
homogeneous size, it is comprised of an ensemble of disks of two different sizes. The presence of
disks of two sizes serves the same purpose as the light of two wavelengths in [23]. In this case,
an extinction spectrum with two distinct peaks, each corresponding to one population of disks,
emerges. The disks are all composed of silver and embedded into silicon nitride. In figure 9, a
schematic of the dual-size sensor as well as an example of a spectrum produced by such a sensor is
shown. The reader interested in how the sensor is fabricated and characterised is referred to [17].
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Figure 9: A schematic representation of the dual-size sensor and the dual peak extinction spectrum
it produces, with light passing from the right hand side to the left hand side, as indicated by the
yellow arrow. Larger disks correspond to resonance modes, i.e. peaks, of higher wavelengths, and

smaller disks to shorter wavelengths[8].

The technique with which one deduces thickness and refractive index from the shift of the two peaks
as induced by a change in the environment of the plasmonic disks follows the same procedure as
that described in [23]. When a film is deposited on the sensor, the response in terms of peaks shift
can be described by [31]
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R=Sns—mnp)(1—ea ) (34)

where ny and ny are the refractive indices of the film and the sensor, respectively, dy the thickness
of the film deposited and S and [; parameters inherent to the sensor. S is the bulk refractive index
sensitivity and is a proportionality constant regulating how large the response is given a change in
the environment, and [ is the decay length that quantifies how far the plasmonic evanescent field
reaches outside the nanoparticles. The deposition of a thin film of a material onto the sensor, and

the shift of the two peaks this produces, is shown in figure 10.

The sensitivity and decay length are inherent to a nanoparticle of certain chemical composition,
shape and size, and thus two sets of these parameters are found in the sensor. (34) is therefore
applicable for both peaks. By taking the ratio of the responses of the two peaks

*df
Ry Si(1—eTar
Rfl: ! *df) (35)
2 S(1—eTaz)

where (ny — nyp) appears in both numerator and denominator and thus cancels out. The above
equation, if S, S2, lg1 and lgo are known, returns dy; the thickness of the adsorbed film. Both
sensitivity and decay length can be determined through separate measurement steps, and how

these are found are explained in detail in the next section.
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Figure 10: a) Thin film deposited on the sensor. b) The shifts of the peaks as induced by the
deposition of the film.
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3 Experimental Methodology

In this project, two molecular systems were of main concern. The first was 1-palmitoyl-2-oleoyl-sn-
glycero-3-phosphocholine (POPC), DNA and Vesicles, and the other polylysine (PLL) and silica
microspheres. In this section, the experimental procedures regarding the adsorption and subsequent
analysis of the thickness and refractive index of these two systems, as well as the equipment used, is
presented. Furthermore, a more detailed description of the bulk refractive index sensitivity (BRIS)

measurement and determination of the sensor decay length is given.

3.1 Equipment

Figure 11: The experimental setup used in this project. 1) The solutions and the pump. 2) The
cartridge with the sensor mounted in the XNano (the black box). 3) The outlet from the cartridge
leading to the waste. 4) the lamp, connected to a power supply and 2). 5) The spectrometer,
barely visible behind the Xnano, connected to 2) and the computer.

A picture of the experimental setup can be seen in figure 11. The main device used was the
Insplorion XNano: the black box. Within it, a titanium cartridge through which light can be shone
is mounted, and it is in this cartridge the plasmonic sensor is put. The cartridge is also connected
to a thermocouple and can be heated, which enables a stable sensor temperature to be maintained.
The cartridge can be seen in figure 12a. Through the cartridge is also pushed liquid, containing
what molecules one wants to study, by a pump of choice. In these experiments, a peristaltic pump
was used. Furthermore, the XNano was connected to both a lamp and a spectrophotometer via
fiber optics. The light source used was a tungsten halogen lamp (Avantes, The Netherlands) with
a maximum spectral output wavelengths of between 800 and 1200 nm. The spectrometer used was
AvaSpec-2048XL (Avantes, The Netherlands). The entire setup is schematically shown in 12b.
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Figure 12: a) A schematic image of the cartridge used in these experiments. The sensor is put on
top of the seal and fastened with the clamp, and liquid is pushed by the pump through the inlet to
the outlet. b) A schematic picture showing the experimental setup. The peristaltic pump pressed
the liquid from the sample, through the cartridge and to the waste. Pictures taken from [17].

The spectrophotometer was connected to a computer, and it’s data analysed by the Insplorer®software.
The software provides a graphical interface that provides the ability to monitor peak position, peak
centroid, extinction difference and extinction at the peak. Also, the spectrogram, extinction versus
wavelength, as well as the peak fitting is visible. During an experiment, only one peak is fitted and
thus analysed. However, the data for the full spectrum is saved and the fitting can be recalculate
at one’s behest, and thus both peaks are effectively tracked. The interface can be seen in figure 13.
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Figure 13: The interface of the software used for the data gathering. The position of the peak
analysed with respect to wavelength is recorded, and both peak position and peak centroid can be

viewed. At the bottom, the spectrum and how the software is fitting it can be viewed in real time.

17



3.2 Experimental procedures
3.2.1 Adsorption measurement of POPC, ABCD-DNA and vesicles

The sensor used was composed of Ag nanodisks of sizes 80 and 210 nm embedded in silicon nitride
on a glass substrate. In order to subtract the part of the extinction spectrum originating from the
glass, a glass slide with the same dimensions as the sensor was used as a reference. The glass slider
was rinsed in sodium dodecyl sulfate (SDS) - an organic detergent - and Milli-Q for 10 seconds
each and afterwards dried with nitrogen for 10 seconds. The sensor was immersed in SDS in an
eppendorf tube and ultrasonicated for 30 minutes. The sensor was subsequently rinsed with Milli-
Q for 10 seconds and dried with nitrogen for 10 seconds, after which it was treated with oxygen
plasma (Harrick Plasma, USA) for 10 minutes in order for the surface to activate and ensure that
the POPC bilayer adequately forms.

After the cleaning procedure, the glass slide was mounted into the cartridge and put into the
XNano. The system was flushed with Milli-Q for 5 minutes to ensure some level of cleanliness
as well as a stable flow throughout the system. The tubing was, prior to the experiment, flushed
with SDS and Milli-Q for 20 minutes each. Afterwards, the glass slide was subjected to a buffer
composed of 10 mM Bis-Tris and 150 mM NaCl, with a pH of 7.5 - a buffer composed for the
purpose of keeping the biomolecules in their intended conformation. Now, a dark spectrum and a

bright spectrum of the glass was taken as reference.

When the reference was taken, the pump was turned off and the glass slide removed from the
cartridge and exchanged with the sensor. The flow of buffer was reintroduced, the spectrum for the
sensor measured and the analysis range as well as the fitting parameters chosen. Centroid tracking
was selected over peak position tracking in every experiment; this is due to centroid tracking

reducing noise[42]. The buffer was flown at 50 pl/min until a stable baseline was achieved.

With a stable baseline, the buffer was interchanged with glycerol/water solutions with varying
weight percent of glycerol flown at 50 pl/min. The percentage of glycerol used also varied through-
out the experiments, and the exact numbers associated with each of these experiments are presented
in table 1. The refractive index of pure water is 1.33303, and that of pure glycerol 1.4722. Any
solution of glycerol in water would thus have a refractive index between these values, which could
be determined by interpolation. The glycerol solutions were used for the bulk refractive index
sensitivity(BRIS)-determination, a step that quantifies the sensors response to a change in the
refractive index. The sensitivity factor, S, derived from this is expressed in nm/RIU; peak shift in

nm per unit of refractive index change of the surrounding medium.

Experiment 1 2 3
Wt% glycerol 14%, 29%, 44%, | 10%, 20% 10.87%
58%

Table 1: Glycerol solutions (percentage of weight) used in the POPC/DNA /Vesicle experiments.

When data for the sensitivity factor were sufficiently gathered, buffer was yet again pumped into
the system, and a new baseline formed. Further species were not introduced into the system unless
the baseline stabilized around approximately the same level as before the BRIS-measurements.
After this, 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC) - lipid vesicles consisting of a
closed bilayer - dissolved in the buffer with a concentration of 0.1 ug/ml were added. The POPC
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was pumped at 20 ul/min. The POPC bilayer does not only facilitate further adsorption of other
species, but also provides the information necessary for the determination of the decay length. This
is due to both thickness and refractive index of the bilayer being known. The BRIS measurement
and determination of decay length, and the subsequent determination of these parameters, is
expanded on further in the data analysis subsection.

When the POPC bilayer was adequately formed - the condition for this is explained later - the
pumped solution was yet again switched to buffer. The pump speed was from this point maintained
at 20 pl/min. If the signal during this session of buffer was steady, the conclusion that the POPC
bilayer was stable could be drawn, and 500 nM ABCD-DNA, which by virtue of it’s cholesteryl
group anchors to the POPC bilayer, was added. The same procedure as with the POPC was
followed, and a when a stable signal during flow of buffer was present, spherical vesicles (1 mg/ml)
- which in turn had a group complementary to the ABCD-DNA, and thus attaches to it - was
flown through the cell, and the plasmonic response recorded. Buffer was yet again reintroduced,
and if the signal was stable, the whole compound of POPC, DNA and vesicles was deemed stable,

and the measurement finished. The final compound is shown in figure 14.

Vesicles

Figure 14: A schematic picture of the final compound produced in the experiment, with a POPC
bilayer of known thickness (5 nm) formed on top of the sensor, DNA anchored to it and a spherical
vesicles bound to the DNA.

3.2.2 Adsorption measurements of PLL and Silica Nanoparticles

The same sensor as described in the previous subsection was used in these experiments. The
preparations were similar, with the only difference being that the sensor was processed in UV and
ozon (ProCleaner, BioForce Nanosciences, USA) for 30 minutes in order to both clean the surface

from organic compounds, but also to activate it.

After the cleaning procedure, the glass slide was mounted into the cartridge and put into the

19



XNano. The system was flushed with Milli-Q for 5 minutes, and the tubing was, prior to the
experiment, flushed with SDS and Milli-Q for 20 minutes each. Afterwards, the glass slide was
subjected to a buffer composed of 10 mM Bis-Tris and 150 mM NaCl, with a pH of 7.5.

The reference was then taken according to the same procedure as described in the previous sub-
section. With a stable baseline, the buffer was interchanged with glycerol/water solutions with
varying weight percent of glycerol. The glycerol solutions used in these experiments are shown in
table 2. After the data for the sensitivity determination was gathered, buffer was reintroduced.
When a new baseline had formed, Polylysine (PLL) - a polypeptide - was introduced. The PLL,
after having electrostatically attached to the surface of the sensor, was subjected to buffer in order
to confirm that the layer was stable. If it was, a solution of silica nanoparticles (Polysciences Inc,
PA, USA) with a concentration of 5 ul/ml buffer was added. The Si NPs were 50 nm in diameter.
The PLL and Si NPs interact electrostatically, and maintained stability during flow of buffer. The
final molecular compound is visualized schematically in figure 15.

Due to the inability to determine decay length, POPC was added in accordance with the procedure
presented in the previous subsection during one of the experiments.

Experiment 4 5
Wt% glycerol 5.435%, 10.87%, | 5.435%
14%

Table 2: glycerol solutions (percentage of weight) used in the silica experiments.

50 nm Silica Nanoparticles

PLL

NN sensor

Figure 15: A schematic picture for the final compound in the PLL/Si NPs experiment, with PLL
bonded to the sensor and silica nanoparticles(50 nm).

3.2.3 Data analysis

The two main steps needed before a complete set of data, that is thickness as a function of time,
could be produced was BRIS and decay length. The BRIS measurement was achieved through
the steps of glycerol at the beginning of the experiment, where the shift of the peak position as
induced by the change in refractive index around the sensor is recorded. The values of shift with
corresponding change in refractive index are plotted on a line, and regression analysis is employed
in order to calculate the slope of the line. The sensitivity factor, S, is this slope - assuming that
the refractive index as a function of concentration and wavelength of the incoming light is linear.

An example of the BRIS measurement as well as the linear regression can be seen in figure 16.
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Figure 16: a) The steps of peak shifts with increasing concentration of glycerol (concentration can
be seen in the textboxes above each plateau). b) The linear regression of peak shift as a function

of refractive index. The S factor for the small disks in this example is 39.1380 nm/RIU, and the
big disks is 167.2105 nm/RIU.

The decay length, in turn, is determined through the use of equation (34). If rewritten

_df

In(l— W) (36)
the decay length, [ is readily determined given that dy, the thickness of the adsorbed film, R, the
peak shift induced by the adsorption, S, the sensitivity factor, and ny and ns, the refractive indices
of the film and the bulk(water) respectively, are known. This is what the usage of POPC aims to
deliver. The thickness of the POPC bilayer has been determined as 5 nm[43], and the refractive
index as 1.48[44], and with these values, together with the already determined sensitivity, {; can

calculated. Figure 17 displays the response of the adsorption and subsequent formation of the
POPC bilayer.
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Figure 17: The peak shift induced by the adsorption and subsequent formation of the POPC
bilayer.

The two parameters, S and [4, is determined by the above mentioned means for both the small
and big disks of the plasmonic ruler. Hence, equation (35) is fully determined with respect d; the
thickness of the adsorbed film. The right hand side of (35) can thus be plotted as a function of
thickness - a plot that in this report is called the masterplot - as that showcased in figure 18.
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Figure 18: A plot over the ratio of peak shifts as a function of thickness (nm). Plot made from

the parameter values calculated from figure 16.
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The data of the peak shifts for the two disk sizes as a function of time are therefore divided with
each other, and a plot of the ratio, the left hand side of (35), as a function of time is produced.
This plot is then converted, through the masterplot, into a graph of the thickness evolution in time
of the system studied. With the thickness of the different adsorbed species known, their refractive

indices could be calculated through a rearrangement of equation (35)

R
ny = 7*47‘ +nb (37)

S(1—eTa)
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4 Results and Discussion

First and foremost; the initial phase of this thesis was the establishment of an experimental setup
in which the signal to noise ratio was improved. The parameters that can be varied in order to
achieve this are quite limited; temperature and flow rates during the experiments have to be held
at values that assure the stability of the biological compounds used. What can more easily be
adjusted, however, is the equipment used. Figures 19, 20 and 21 show simple extinction spectrum
measurements with glycerol on the same sensor as in the other experiments. The data is from three
different spectrometers: AvaSpec 1024, AvaSpec 2048XL, and AvaSpec 3648. Above each plateau
in the three figures is the standard deviation belonging to it. Even though the measurements for
the three spectrometers were run for different amounts of time, this analysis is a qualitative one
and it is obvious that the AvaSpec 2048X1, figure 20, has the best signal-to-noise ratio, and it was

therefore used in every experiment.
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Figure 19: The spectrum obtained using steps of glycerol with AvaSpec 1024, the standard devi-

ations of the errors visible above each plateau.
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Figure 20: The spectrum obtained using steps of glycerol with AvaSpec 2048XL, the standard
deviations of the errors visible above each plateau.
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Figure 21: The spectrum obtained using steps of glycerol with AvaSpec 3648, the standard devi-
ations of the errors visible above each plateau.
4.1 Adsorption measurements

4.1.1 Experiment 1 (POPC/DNA /Vesicle)

We begin by presenting the experimental data obtained from the first full measurement of the
POPC/DNA-system. The peak centroid tracking can be seen in figure ?7. At around 10 minutes,

the BRIS measurement commenced, and a more detailed depiction of this can be seen in figure 23.
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At 65 minutes, POPC was added to the system, and DNA was subsequently added at 110 minutes.
Finally, the spherical vesicles were added at 179 minutes. The sensitivity factor was determined
to be 39.1380 nm/RIU for the small peak and 167.2105 nm/RIU for the big peak, as seen in figure
24
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Figure 22: The centroid tracking from the first experiment. The shift from the reference position
in nm as a function of time is displayed. The major features of the graph are marked by dashed
lines and a note detailing the measurement made or the species used at that time.
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Figure 23: The steps of peak shifts with increasing concentration of glycerol, with the weight

percentage used shown at each step.
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Figure 24: The BRIS measurement from the first experiment displaying the sensitivities, in
nm/RIU, for both the small and big peak.

The decay length, however, could not be determined. For this to be possible, the POPC vesicles
had to rupture and adequately form the bilayer of which the thickness and refractive index is
known, and this did not happen. In other words, equation (38) was not applicable. The POPC
addition as registered by both the big and small peak in the first experiment can be seen in figure
25a, and figure 25b displays the comparison with a successful formation of the POPC bilayer. It is
the characteristic kink being visible in the middle of the slope, as well as the sharp saturation, that
distinguishes a successful POPC bilayer formation[45]. The kink separates two regions of different
slope, and the sharper slope after the kink represent an acceleration of increased thickness. This
is due to the reaching of a critical POPC concentration on the surface at which adjacent vesicles

rupture and bind to each other, forming a continuous bilayer[46].
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Figure 25: a) Unsuccessful formation of the POPC bilayer. b) Example of a successful formation
of the POPC bilayer, recognized by the characteristic kink separating two regions of different slope

in the graph, as well as the sharper saturation of the signal.

With the conclusion that the POPC bilayer did not adequately form, further analysis of the data
- i.e. a rendition of the thickness evolution of the system - is redundant. We therefore move on to

the second experiment.

4.1.2 Experiment 2 (POPC/DNA /Vesicle with surface activation of the sensor)

In order to remedy the unsatisfactory bilayer formation, the sensor was prior to the second experi-
ment treated with oxygen plasmal47], as explained in the Experimental Methodology section. The
results - peak centroid shifts, ratio of the centroid shifts and thickness evolution - are presented in

figure 26, figure 27 and figure 28, respectively.
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Figure 26: The centroid shifts of the big and small peak from the second experiment, with key
features marked.
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Figure 27:

Figure 28: The thickness evolution of the system, with key features marked.

As can be seen in figure 29, the shift of both peaks indicates that the POPC bilayer adequately
formed, and thus the decay length could be determined as 12.9 nm for the small peak, and 25.5
nm for the big peak.
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Figure 29: Successful formation of the POPC bilayer.

The BRIS measurement from the second experiment can be seen in figure 30, and the sensitivities
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were determined as 47.8547 nm/RIU for the small peak, and 168.9186 nm/RIU for the big peak.
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Figure 30: The BRIS measurement from the second experiment displaying the sensitivities for
both the small and big peak.

Some interesting things can be noted in the data from the second experiment. Looking at figure 26,
a qualitative difference between the responses of the two peaks after the addition of vesicles can be
noted. Firstly, the small peak saturates both faster and earlier, and secondly, the signal decreases
for the small peak whereas it increases and subsequently saturates for the big peak. This is the
cause for the strange behaviour of the ratio and thickness between 100 and 110 minutes. Naturally,
the decrease of the signal from the small peak affects the ratio, and thus the thickness, and is the
source of the increased thickness even after the vesicle solution was changed to buffer. Even so,
both signals flattens out after 140 minutes, and we therefore treat this as the final thickness of
the whole compund. Looking at figure 28, POPC averages around 5 nm in thickness, which is
given since it is this value that is used as calibration through the calculation of the decay length.
The thickness of the DNA, on the other hand, is hard to distinguish. Only a tiny increase of the
average between the region with only POPC and the one with DNA on POPC can be seen, and
this is still with a rather large error. The only real proof that the DNA attached to the POPC is
the fact that the vesicles subsequently attached to the DNA, and were stable even after addition
of buffer around 120 minutes. The thickness of the DNA, which is of unknown length, can not be
accurately confirmed by this measurement. The spherical vesicles attaching to the DNA was 65
nm in diameter, which is far larger the 8 nm obtained from the measurement. The reason for this
is hard to determine; it can either by due to an inherent problem in the measurement procedure -
such as the sensitivity or the decay length not being adequately determined - a structural problem
of the molecular system studied, or anything in between. The sensitivities are derived, as stated
multiple times, from how the nanoplasmonic extinction spectrum reacts to changes in the refractive
index of the immediate environment of the particles comprising the sensor, and is thus dependant
on other species, i.e. contaminants, being present. However, if these hypohetical contaminations
are static, the error should be propagated throughout the calculations and cancelled, i.e. they
become a part of the background reference. A departure from this case, however, may be present if
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the contaminations were to be removed during the measurement. In order to make sure this does
not happen, a thorough and systematic cleaning procedure of the sensor prior to the experiment

is necessary.

However, one should note that the vesicles are indeed hollow and filled with water, and if it is
assumed that the thickness of the lipid bilayer is similar to that in POPC, 5 nm, the results from
the second experiment suddenly seem much more valid. In this case, the final thickness that can
be sensed within the decay length should be a bit over 10 nm (POPC + vesicles), where the
uncertainty comes from the DNA. A further remark is that the decay length for the small peak
was in this experiment determined as 12.9 nm and the big as 25.5 - a vesicle of 65 nm would lie
outside of both of these ranges. Considering this lends further credibility to the accuracy of the
thickness determination for the whole compound.

Furthermore, on a more general note; a possible structural explanation for unaccurate thickness
determination is as follows: the DNA, being an oblong molecule, can be directed in a variety of
directions when anchored to the POPC. Thus, the registered thickness could, approximately, be
between the width and the length of the DNA molecule. The exact dynamics of DNA molecules on
a POPC surface has to be known in order to make a thorough analysis of the possible situations,
but let us visualize that few DNA molecules attach to the POPC, i.e. the surface density of DNA
on the POPC surface is small. Moreover, if the DNA lies down due to interactions with the surface,
the vesicles may have difficulties bonding to it. The thickness registered would thus be vesicles
moving in close proximity to the sensor disks. Another possible explanation for the low thickness
is that the spherical vesicles actually were smaller than 50 nm in diameter, and the reason for
this may either be that the extrusion was unsuccessful, or that the batch was old enough for the
vesicles to restructure themselves and thus form a polydispersed solution.

Another source for the inaccurate data may be fact that the sensitivity could change throughout the
experiment. The sensitivity is indeed dependant upon how and in what the sensor is embedded,
and how far from the sensor the object registered is. However, if it is the case that sensitivity
changes with additional adsorbed species, then surely the decay length changes as well. Therefore,
in order to obtain more accurate data, a method through which both sensitivity and decay length
can be corrected throughout an experiment has to be found. An attempt at this is presented by
the third experiment.

4.1.3 Experiment 3 (POPC/DNA /Vesicle with repeated glycerol steps)

The shift plots for the third experiment can be seen in figure 31. One immediately notice a distinct
departure in the data compared to the previous experiment; around 190 minutes, the signal begins
to fluctuate and suddenly drop a substantial bit. This was concluded being the cause of a bubble
forming inside the measurement chamber, moreover a bubble that was large enough so that it was
impossible to remove it by extensive flushing.
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Figure 31: The shift plots from experiment three, displaying the sudden drop in signal due to the

bubble.

Even though the bubble seemingly ruined the measurements, the data was adjusted in order to

salvage what knowledge could be gathered. The spectrum was removed around the creation of the
bubble and lifted at 200 minutes to match the signal level before the bubble. The shift spectrum
can be seen in figure 32, and the thickness in figure 33. During this experiment, only one solution
of glycerol was used (10.87%), and the sensitivities were determined as 43.5926 nm/RIU for the
small peak and 141.7687 nm/RIU for the big peak. The decay length was 10.6354 nm for the small

peak and 21.1378 nm for the big peak.
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Figure 32: The shift plots from experiment three with correction for the bubble. Red lines are
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glycerol concentration used in this measurement was 10.87%.
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Figure 33: The thickness from the third experiment.
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Looking at figure 32 and figure 33, we can see that there is a difference in signal for the first two
glycerol plateaus: the one right after the buffer baseline, and the one after POPC is deposited.
A calculation of the BRIS from the second plateau gives 28.0146 nm/RIU for the small peak and
107.8972 nm/RIU for the big peak. Even though, as mentioned above, the decay length also need
to be redetermined in order for the analysis to be correct, the thickness was recalculated using
the new values for the sensitivity. New decay lengths were calculated using these sensitivities,
while the response part of equation (38) stemming from the POPC adsorption remained the same.
The thickness is shown in figure 34, were only the main steps are highlighted for the quantitative
comparison with figure 33.
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Figure 34: The thickness from the third experiment recalculated using BRIS from the second peak
(after POPC deposition).

In 33, the thickness of the whole compound after addition of DNA lies just over 8 nm, while in
34 it is around 6.5 nm. This demonstrates that the results can differ substantially with changing
sensitivity. A total thickness of 8 nm gives a value of 3 nm for the DNA, which is around the same

value that the data from the second experiment hints at.

Another problem one can detect in figure 33 is that the baseline after the second glycerol step,
after adsorption of POPC, is not reverted to the same level as before the glycerol. This problem
may be remedied by simply letting the buffer flow for a longer amount of time. Even so, it is not
that surprising that glycerol, when interacting with POPC - a lipid membrane - leaves a permanent
mark on the signal, since glycerol itself is a component of a lipid membrane and thus have a high
solubility in it[48]. It may thus be a good idea not to add glycerol, i.e. do a BRIS measurement,
after addition of POPC. Moreover, if one only observes the shift induced by DNA from this higher
level, the thickness is rather around 1.5 nm than 3, and this is even more close to the result from

the second experiment.

Furthermore; the vesicles used in this experiment were smaller (35 nm) than before (65 nm) in
order to circumvent any potential problem with the detection range of the sensor being too small.
Still, the thickness of the vesicles can in this experiment not be derived. Looking at 33, the signal
is not stable when vesicles are exchanged with buffer, i.e. the buffer flushes away the vesicles, and
thus, they do not adequately bind to the DNA. This problem may solely be due to an inability of
the vesicles to reach the surface, due to the bubble.

A positive development worth pointing out between the second and third experiment is a decrease
of the error. A comparison of the errors at the adsorption of DNA is seen in figure 35. 35a displays

the second experiment with a standard deviation of 0.3572, and 35b the third experiment with a
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standard deviation of 0.2443. It can further be noted that in 35a, the signal fluctuates in a range
of 1 nm, while in 35b, the range is rather 0.5 nm. The source for this increase in accuracy is
the settings of the signal processing during the measurement; in the second experiment, the data
collection frequency was 1 HZ and in the third 0.1 HZ. This longer time between readings produces

a more smooth spectrum.
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Figure 35: The error during DNA adsorption for a) the second experiment and b) the third

experiment.

4.1.4 Experiment 4 (PLL/Si NPs)

Considering the relatively unsatisfying results from three experiments on the POPC/DNA /vesicle
system, another, more simple, molecular system was studied. This was silica nanoparticles (Si
NPs) on polylysine (PLL) and the BRIS plot is shown in figure 36, the shift plots are shown in
figure 37 and the thickness in figure 38.
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The sensitivites were determined as 47.7561 nm/RIU for the small peak and 140.9214 nm/RIU
for the big peak, but a decay length was not determined in this experiment. The reason for the
lack of decay length is that no lipid bilayer of known length, such as POPC, or the like was used
during the measurement. Figure 37 and figure 38 are thus created using the decay lengths from
the previous experiment. As can be seen in 38, the PLL layer averages about 10 nm in thickness,
and apart from the previous experiment, glycerol does not seem to leave any permanent mark on
the signal, since the same level is reached after the glycerol step at around 190 minutes. The Si
NPs, on the other hand, behave rather strange. If one looks at figure 37, the signal from the small
peak flattens out and stabilizes at the same time as the signal from the big peak starts to drop.
The drop continuous until a sudden spike back to the saturation level. The small peak, however,
almost completely loses it’s signal at this time, and never regains the same saturation level. This
behaviour is indeed stranger than that of the POPC/DNA /Vesicles system, were such spikes in
signal were not present. When buffer is reintroduced at around 275 minutes, the signal for the big
peak is stable at the saturation level, which at least indicates that the PLL/Si NP electrostatic
interaction is strong. A further testimony to this is that the signal was really hard to decrease even
when the system later was flushed with SDS and Milli-Q. If we focus on the part immediately after
saturation, the thickness is around 70 nm, even though the noise is quite large. Subtracting the 10
nm stemming from the PLL, this leaves a thickness of 60 nm for the Si NPs, which interestingly

enough is close to the true diameter of 50 nm[49].

4.1.5 Experiment 5 (PLL/Si NPs with POPC deposition)

We now move on to experiment number five, which was also conducted with PLL and Si NPs. The

shift plots are shown in figure 39
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Figure 39: The shift plots from experiment five, displaying the main features with red lines and
text boxes. Black lines are glycerol(5.43% and 10.87%), green buffer and pink SDS.

A BRIS measurement was conducted at the beginning using glycerol solutions of concentrations
5.43% and 10.87%. After this, a POPC adsorption step was made in order for the decay length to
be determined. The POPC rupturing can be seen in figure 40, which proves that the decay length
could satisfyingly be determined. The sensitivites were determined to 51.00 nm/RIU for the small
peak and 166.16 nm/RIU for the big peak, and are displayed in figure 41. The decay lengths were
15.1224 nm for the small peak and 29.8749 nm for the big peak.
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Figure 41: The BRIS measurement from experiment five, showing the sensitivites for both peaks.

Comparing the obtained decay lengths, 12.6497 nm and 26.3403 nm, with 15.1224 nm and 29.8749
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nm that were used in the previous PLL/Si NPs experiment, there is some difference. The de-
cay lengths used in the previous measurement were, as mentioned above, taken from the third
POPC/DNA /Vesicle experiment. The main difference between these experiments was that in the
fifth, a new sensor - albeit with the same composition and fabricated using the same procedure
- was used. The decay lengths are intrinsic for a sensor, and thus it is no surprise that they are
different. Still, a difference in decay lengths can be observed between experiments on the same

sensor, and a more detailed analysis of this will be presented later in this section.

Moving on; after the POPC formation in figure 39, a series of plateaus are visible. A more clear

picture of this can be seen in figure 42.
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Figure 42: The shift plots during rinsing with SDS and buffer.

The noteworthy features of this part of the spectrum is the difference in baseline achieved with
SDS and buffer. The SDS was initially used in order to remove the POPC bilayer, and as soon
as this was done, the pumped solution was switched to buffer. However, the peak centroid shift
increased by around 0.5 nm for the buffer, thus establishing a baseline higher than that before the
POPC. As can be seen, the higher baseline established was the same each time buffer was being
pumped, and this consistency prompts the conclusion that some residual POPC interacted with
the sensor at these occasions. Lipid vesicle structure is heavily dependant on the ionic strength of
the solution[50], and the buffer is indeed created for the purpose of stabilizing such biomolecules.
SDS, however, seem to thoroughly remove any POPC still left in the system in the proximity of
the sensor. These results indicates that a complete cleaning procedure - the removal of the sensor
from the XNano and employment of both SDS and oxygen plasma - is necessary in order for the
results to be as accurate as possible. This effect, the redshift to due to residual POPC, may also

have interfered with prior experiments.

The thickness derived from the fifth experiment is shown in figure 43. As is apparent, a large
portion of the spectrum is void - data points that are either 0 or extremely large. The cause of
this, atleast for the Si NPs, is the very large ratio obtained. Looking at around 250 minutes in
figure 39, the ratio between the large peak and the small peak is larger than 5. The ratio is, through
the masterplot, translated into thickness. The ratio is shown in figure 44 and the masterplot is in
figure 45.
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Figure 44: The ratio from experiment five, highlighting the main features.
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the shift plots to the thickness, as produced by the sensitivites and the decay lengths.
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As is visible in the masterplot 45, ratios higher than 3.2 results in extremely high thicknesses,
and even higher than that is practically undefined. The problem with the thickness rendition is
therefore grounded in the sensitivites, the decay lengths or the shifts. The masterplot is created
using equation (35), and is clearly dependant on the three mentioned parameters. Looking at figure
44, the ratio is well above 6 for the most part of the Si NP addition, but is at the end lowered.
If this developement - the decrease of ratio with time - would be consequential throughout the
experiment is hard to say, but in order to test it, the experiment should be run for longer time
with buffer being added to the already established PLL/Si NP system. Since both sensitivities
and decay lengths were of similar to previous experiments, it is probable that the problem with
the thickness rendition does not lie in those parameters, but the actual shift plots. A possible
physiochemical problem in this experiment lies with silica particles; perhaps they bind to each
other, and thus creates a non-uniform layer on top of the PLL. This would indeed result in a very
high thickness.

The sensitivities and decay lengths have varied throughout the experiments, and a compilation of
the parameter values as determined from the measurements can be seen in table 3. The values,
even though dissimilar, still adhere to certain trends; the sensitivity for the small peak is around 40
nm/RIU, and between 140 and 170 nm/RIU for the big peak. Moreover, the decay lengths exhibits
a similar pattern. The presence of distinct trends is assuring, as it points to some robustness in
the system. Even so; a variability of these parameters between experiments does not neccessarily
entail bad results, since the final thickness as a function of time of the whole system is calibrated

using these.

Experiment 1 2 3 4 5

BRIS Small: 39.1380 | Small: 47.8547 | Small: 43.5926 | Small: 47.7561 | Small: 51.0095
Big: 167.2174 Big: 168.9186 Big: 141.7687 Big: 140.9214 Big: 166.1624

Decay length Small: 13.6176 | Small: 12.9265 | Small: 10.6354 | Small: - Big: - | Small: 15.1224
Big: 28.2241 Big: 25.559 Big: 21.1378 Big: 29.8749

Table 3: Sensitivites (in nm/RIU) and decay lengths (in nm) for all experiments.
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5 Conclusion and Outlook

The nanoplasmonic dual-size ruler has been tested on two different molecular systems. The first
system - POPC/DNA /Vesicles - produced data with a noise of around 0.5 nm, which is relatively
good considering considering the small scale. How accurate the final results are with respect to
the thickness determination is hard to tell. The thickness in the second experiment was around
13 nm, while the real size of only the spherical vesicles were 65 nm. However, keeping in mind
that the vesicles are hollow, this might indeed be a good result. If it is, though, is dependent upon
how long the DNA molecules are, and how they are arranged on the surface. The second system
- PLL/Si NPs - produced worse results, providing unstable data and pointing at thicknesses way
beyond the detection limit. A common feature in both of these systems is that the final thicknesses
lies outside of the decay lengths for both peaks, and thus to further improve the sensor, nanodisks
of higher decay lengths should be synthesized.

What the bad results stem from is hard to say, but when looking at the data, the largest problem
does not seem to be the error, but the dynamics - the chemistry - of the systems studied. As was
discussed in the previous section, it is the ratio of shift plots that have the most impact on the
thickness. How the two disk sizes, the small and the big, reacts to the species adsorbed is naturally
critical for the results, and if the problem lies here, it has to be solved in the fabrication step of the
sensor. Alas, the fabrication of the sensor is one of the main areas through which the noise can be
reduced. The difference in the parameter values between experiments might also have an impact
on the results. The difference is perhaps due to difference in cleanliness of both the glass slide and
the sensor prior to measurement. Perhaps fouling affect the two peaks asymmetrically, and thus
produce the skew of the ratio that leads to strange thicknesses. To avoid this, a consistent cleaning

regime has to be employed.

The main contribution to the noise in these experiments are, according to [17], due to excessive
oxide around the sensor, and hence the fabrication step is probably the best way to deal with the
remaining noise. Another way to generally improve the experiment is to be very careful not to
introduce bubbles in the system. The best way to do this, as gathered through these experiments,
is to use the pump in pushing mode as opposed to suction mode, since the latter seem to introduce
more air into the system. Furthermore, finding a setup where decay length and BRIS can be
determined throughout the experiment, perhaps by something that can be deposited in between

steps that are of known thickness, would increase the accuracy.

It is appropriate to make a distinction between qualitative and quantitative experimental results.
Even though the thickness determination is still not satisfying, a structural change such as that
of the kink representing the rupture and formation of POPC is is in itself a proof-of-concept
that the presented sensor is capable of register conformational and structural changes. This is
important, since one of the applications envisioned for this sensor is the ability to monitor for
example thermodynamics and kinetics, and for this to be possible, qualitative changes in the
spectrum needs to be visible. Since the sensor has been shown to adequately record a structural
change within a lipid membrane, the main conclusion of this thesis is as follows: the best way to
further demonstrate the function of the dual-size ruler is to apply it in an even simpler system,
preferably POPC together with one molecule that does not behave like DNA, i.e. that does not
have the ability to be slanted when adsorbed to the lipid bilayer. The capability to determine if
DNA is slanted or standing straight is one of the goals with the sensor, but in order to know if
this is even possible to record with it, a simpler test system should be employed, e.g. a spherically
symmetrical nanoparticle deposited on top of POPC.
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