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Abstract

Reliable and sensitive biosensors are required for fast and accurate diagnostics. Localized surface
plasmon resonances (LSPRs) in noble-metal nanoparticles possess very high refractive index
sensitivity close to the metal surface and therefore constitute an attractive biosensing platform. In
this thesis, label-free biosensing with LSPR was investigated and demonstrated. The spatial
sensing ranges of the particles were determined by thin layer deposition of dielectric materials. A
comparison between the classical SPR and LSPR was performed using the same experimental
setup. No obvious performance difference between the two sensing techniques was found. The
versatility of the LSPR sensing technique was demonstrated by miniaturization of the sensor area,
which could be reduced down to ~250 nanoparticles without compromising the short-term noise
level.

To further miniaturize the LSPR sensor, multiple single nanoparticles were measured using
hyperspectral imaging. It was shown that by combining LSPR refractive index sensing and an
enzyme linked immunoassay (ELISA), i.e. a horseradish peroxidase catalyzed precipitation, an
extremely low surface coverage of enzyme molecules could be detected on single isolated
nanoparticles. In a follow up investigation, electron beam lithography (EBL) and hyperspectral
imaging were combined to enable simultaneous measurements of up to 700 individual particles.
This made it possible to study statistical variations between the sensor particles. The observed
variations in the responses from individual particles were interpreted as a result of large variations
in sensitivity over the particle surface combined with the size distribution of the precipitate.

In a separate study, a photo functionalization strategy compatible with LSPR biosensors was
investigated. A biotin moiety was successfully functionalized with UV light on a self-assembled
monolayer of photoactive nitroindoline on gold surfaces. Adsorption of streptavidin and
streptavidin conjugated HRP to the surface-bound biotin could be monitored by the LSPR sensor.
This strategy might be utilized for spatially localized surface functionalization for multiplexed
miniaturized LSPR sensors.

In summary, despite many experimental problems, the results discussed in this thesis point
towards a number of important biosensing applications of plasmonic nanoparticles.

Keywords: Surface plasmon resonance, biosensing, single molecule, hyperspectral imaging, photo
functionalization, colloidal lithography, electron beam lithography
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Chapter 1 Introduction

In our daily life, we encounter many sensors of different types every day. When we approach the
exit, the door opens itself. When a fires starts, the smoke detector rings. A biosensor is a specific
type of sensor that reports the status and interactions of biological matter. The earliest biosensor
was probably the Canary bird that coal miners brought down in the mines for early detection of
poisonous gas. The Canary bird is more sensitive towards gas than humans therefore gives the
miners an early warning of the danger. Among modern biosensors, the most well-known is
probably the pregnancy home test, which detects increased levels of human chorionic
gonadotropin (hCG) as an indication of pregnancy.

The term ‘biosensor’ refers to a vast collection of different methods that are all based on the
central dogma illustrated in Figure 1-1. A biosensor is thus composed of four principle
components: the medium that carries the analytes of interest; selective capturing agents; a signal
transducer and read out component. The medium could take many forms, such as water, gas or
some complex body fluid, for exemple blood. The capturing agents can also take many forms, such
as single stranded DNA, antibody or antigen. The main function of the capturing agent is to
concentrate the analyte on the surface of the transducer. This usually relies on a specific
interaction between the capturing agent and the analyte.

>~
medium }

read out

Figure 1-1. There are normally four different components in a biosensor: the medium that carries the target molecule,
the capturing molecules on the surface of the signal transducer, the transducer and the read out system that detects the
change in transducer signal upon binding of the target molecules to the surface.



There are many types of transducers based on detecting different changes of physical properties.
The sensor could be based on a change in conductivity upon interaction with the target molecules,’'
a change of weight, as in the case of the quartz crystal microbalance® and the micro cantilever,”™ or
changes in refractive index from the analytes interaction with the transducer, as in ellipsometry’
and plasmon based sensors.”® The focus of this thesis is biosensor transducers based on surface
plasmonic resonance (SPR). In 1982, Nylander et al. demonstrated refractive index sensing with
plasmons on a thin gold film for the first time and this marked the start of SPR based biosensor
development.” "’

Localized surface plasmon resonance (LSPR) sensing, a special type of SPR sensing based on
nanostructures, was utilized for biosensing for the first time by Englebienne et al. in 1998." The
huge current interest in nanotechnology and nano-sized biosensors is partly due to the fact that we
are now able to fabricate and characterize architectures of that regime, but one also hope that
research in nanoscience will result in completely new sensing methods and applications.

The development of biosensors has huge application potential in several fields. One of the most
important applications is sensitive diagnostic devices. Novel nanoplasmonic biosensors could
potentially be used to complement central diagnostics labs and perhaps be used as point-of-care
devices to reduce the response time for diagnostics or for population screening. Plasmon based
biosensors have already found many applications in research and industry for studying molecular
interactions,”'* for example in the drug discovery industry.

Biosensors that do not require labeling, like QCM, SPR and LSPR, are very powerful tools to
study molecular interactions. This is due to several important reasons. The availability of labeled
molecules is always an issue. Labeled molecules could be affected by the label itself, which could
affect its native interaction strength with the target molecule. Many label free biosensors are also
capable to report the kinetics of the interaction by tracking the adsorption in real time, which can
directly indicate the binding strength between the molecules. The labeling step can also be labor
intensive and expensive.

The most important weakness of the label free techniques is that non-specific binding on the
sensor surface will also induce signal change that can be impossible to separate from the specific
binding of the target analyte. This has greatly limited the use of label-free biosensors in clinical
diagnostic applications, where biomarkers and analytes often exist in low concentrations in media
with high concentrations of background molecules.

The limit of detection (LOD) is the minimal detectable signal induced by an amount of molecules
per medium volume unit or per sensor surface area unit. A cutoff value of 3 times the noise level is
normally considered as an acceptable signal. The detectors in the read out system are usually very
sensitive, and good algorithms could extract the information with high accuracy. Therefore the
limit of detection is not limited by the noise in the signal, in many cases by signal from unspecific
binding from uninteresting molecules that are difficult to separate from the specific binding of the
target molecule to the surface of the sensor.



This thesis describes how LSPR can be used as a biosensor. In Chapter 2, different aspects of
biosensing will be described. A basic biosensor design principle based on the molecular interaction
and diffusion properties will also be discussed. In Chapter 3, the basics of SPR and LSPR sensing
are introduced. Fabrication methods used in this thesis is then discussed in chapter 4. Different
measurement setups and schemes for surface plasmon resonance sensing used are described in
Chapter 5. In Chapter 6, two important molecules used in my work are described in details,
namely horse radish peroxidase and nitroindoline. They are utilized for enhancing the sensitivity
of the sensor and for photo functionalization of the sensor surface, respectively. In Chapter 7, a
short summary of the appended papers and an outlook about the future works is given.






Chapter 2 Molecular interactions

Langmuir isotherm

High sensitivity and low limit of detection is often the most important parameters of a biosensor.
The limit of detection is usually given in amount of molecules per volume unit. The interaction
between the capturing entities on the transducer surface and the analytes in the reaction chamber
is one of the most important processes that determine the limit of detection. A biorecognition
reaction such as between an antibody and an antigen or an oligonucleotide hybridization can be
written as:

capturing molecule (on the sensor surface) + target molecule (in solution) < adsorbed molecule

The reaction is reversible and the forward reaction rate (adsorption) is denoted k,, while the
backward reaction (desorption) k. The adsorption of target molecule to the surface could be
considered as a second order reaction and the desorption as a first orders reaction, in the simplest
case. Then the change of surface concentration I'(t) is expressed as:

d;_(tt) = konco(rmax - F(t))' koff['(t) , (21)

where c; is the target molecule concentration in the medium close to the surface. The empty slots
available on the surface is denoted as I}, — I'(t), Where I}, is the maximum coverage of the

sensor and koffl"(t) is the desorption rate of the molecule from the surface. At equilibrium, d;—it)
=0, the surface coverage is:

— _fmax 2.2

Teq = Kp/co+1° 22)

The binding constant K, denotes the ratio k,¢s/ko,. This is the equation that ultimately limits all
the surface based biosensors. Except for some “inverse sensitivity” designs, where lower surface
coverage gives higher responses the sensor response will increase with the surface coverage I'."?



Reaction time associated with biosensors

The performance of the biosensor is ultimately limited by the surface coverage at the equilibrium.
However, the time it takes to reach equilibrium can vary a lot between different affinity pairs. The
solution of Eq. (2.1) is:

re) _  konCpuik [1 — exp(— E)] : (23)

Imax  konChuiktkofs

where T = —————— is the characteristic time-constant for reaching equilibrium. In order to
KonCpuiktRoff
visualize the time dependence for the different affinity pairs, the surface coverage FF is plotted
max

for four different reaction times, t = 1h, 5h, 24h and at equilibrium. The values of k,, and ks
used for the streptavidin-biotin interaction pair was 5x10°M™'s™" and 10”s”". For the antibody case,
the k,,, and ks values for the anti -PSA and PSA was used which are 4x10* M's™ and 4x107 s
For simplicity of analysis, ¢y is for now assumed to be the same as the bulk solution cpyk. For a
reaction to reach 95% of the total coverage, the time needed is therefore tgsq,=3* 7. For a

concentration of 1pM, the t¢s9, = 21 hours for the antibody and antigen pair and for streptavidin
r

and biotin it is 54 hours. The surface coverage is plotted for different concentrations and

rmax

different reaction times in Figure 2-1, from which we can also read the Ky value at %2 [;,,,, when
the system is at equilibrium. It is also easy to see the effect of using a strong affinity pair. At 1 nM
concentration and after 1 hour, the antibody-antigen reaction barely results in 10% surface
coverage while streptavidin-biotin already give a full coverage.

streptavidin

——t=1h
—t=5h
——t=24h
—— equilibrium

08 +

06 -| antibody

[/ Tmax

04

02+

00 T

1E16 1815 1E14 1E13 1E12 1E11 1E10 1E9 1E8 1E7 1E6

protein concentration M

Figure 2-1. Streptavidin-biotin and antibody-antigen surface coverage at different concentrations and times.



The sensors geometric design and liquid handling is an extremely important consideration in
biosensing, since it directly affect the sensitivity. In the analysis above, the transport of molecules
is assumed instantaneous and, therefore, the concentration at the surface and in the bulk is the
same. In reality a depletion layer will quickly forms close to the surface even with microfluidics
and continuous injection of molecules to the surface. The effective concentration at the surface
will decrease and the molecules from the bulk need to diffuse towards the surface to counter the
concentration gradient.

In the following case I will consider the opposite, which is when the reaction rate is instantaneous
compared to the diffusion rate of the molecule, so that the reaction is mainly diffusion limited.
Sheehan et al'* has derived an expression for the number of molecules that has passed through
the surface of a hemispherical micro or nanoscale sensor after a time #:

2.4
N(a,t) = 2nNycpy D (at + Zaz\/nzn) 0

where N4 is Avogadro’s number, D is the diffusion constant for the analyte molecule and a is the
radius of the sensor hemisphere. This could be understood as a simulation of diffusion limited
reaction for which the reaction rate between the capturing agent and target is infinitely fast and
there is no desorption from the surface. It can therefore also be used as an expectation for the
absolute maximum number of molecule N that could end up on the surface of the sensor. To show
the effect of a miniaturized particle with different concentrations of analyte, equation (2.4) is used
to calculate the number of molecules at the surface of a hemispherical sensor with radii between
20 to 100 nm. The diffusion coefficient of the molecules used for the simulation is calculated from
the Stokes-FEinstein equation:

kpT
D= G:ﬁ (2.5)

where the 7 is the viscosity of water and r is the radius of the globular streptavidin molecule. For
100 fM to 1 pM concentrations and a sensor radius that varies from 20 nm to 100 nm, the number
of molecules that has diffused to the surface after and two hours is show in Figure 2-2. The
number of molecules that adsorbed on the surface calculated using the Langmuir isotherm is also
shown in the same plot. The value for k,, and k. used here is 10°M's! and 5x10° s'l, similar to the
reaction rate between streptavidin and biotin when one of the two is bound to a surface. Iy, the
maximum number of molecules that can be adsorbed on the surface, is estimated to be 200 ng/cm’.
Only using diffusion according to Eq. 2.4 as a measure for the number of molecules attaching on
the surface clearly gives an overestimate even for molecules with the highest affinity.
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Figure 2-2. Number of molecules attached to the surface of a hemispherical sensor with varying diameter versus
molecular concentration for one or two hours reaction duration.

When the diffusion of the analytes takes longer time to reach the surface then adsorption, the
reaction is said to be mass transport limited. In order to determine in which of the two above
mentioned rate limiting cases the system resides in, a dimensionless number, the Damkohler’s
number (Da), can be used.” Damkaohler’s number is simply the ratio between the maximum
reaction rate and the maximum diffusion rate. We can derive the Da number for our
hemispherical model sensor from the linear term in the Langmuir isotherm Eq. (2.1) divided by
the linear term in Eq. (2.4). The result is

Da = konlmaxa ) (2.6)
D

Damkohler’s number is simply the ratio between the reaction rate and the diffusion rate for a
system. D is the diffusion coefficient for the diffusing molecule and a is the radius of the sensor
surface. When Da > 1 the kinetic is mass transport limited and when Da < 1 the kinetics is reaction
limited. The sensor design should always strive to minimize the Da number in order to speed up



the sensor response time. For a single hemisphere with a diameter of 100 nm and a [;,,,, derived
from above, Da ~ 0.2. For a macroscopic gold film with a reaction surface of 1 cm” as in SPR
biosensors, the Damhohler’s number for streptavidin and biotin is Da~ 40000. However, if the
same experiment is performed on a nanostructured film with the same macroscopic dimensions
but with gold nanostructures that only corresponds to 10% of the total gold film’s area as in the
experiments in paper II, the effective [;,,,, is reduced correspondingly by a factor of ten. This also
results in a ten times decrease in Damkohler’s number. The higher number of molecules adsorbed
on the nanostructured surface is therefore due to that the system is less diffusion limited.

To consider both the surface reaction and the diffusion limitation, the Langmuir isotherm (2.1)
and Fick’s second law of diffusion

dc _ 93¢ (2.7)
at b a2x’

have to be coupled and solved together. Here x is the coordinate normal to the sensor surface.
There is no analytical solution to this equation system. However, one can use finite element
methods (FEM) to solve the equations for realistic cases, as illustrated in paper III.

In Figure 2-3, one such simulation is performed on a rod shaped particle with dimensions
60x40x120 nm for different bulk concentrations. As comparison, the number of molecules from
diffusion only and adsorption only calculated for a hemispherical sensor with same surface area
are also shown. It is clear that when the sensor is reaction limited, the Langmuir isotherm
describes the surface reaction fairly well.
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Figure 2-3. FEM simulation of the number of molecules that ends up on the nano sensor for diffusion limited adsorption
compared to the cases of diffusion only and adsorption only.
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Chapter 3 Introduction to plasmonic based refractive
index sensors

Introduction to plasmonics

The interaction between a metal and visible light is mainly controlled by the free conduction
electrons in the metal. The optical constants for gold and silver are shown in Figure 3-1. A
quantized collective oscillation of the conduction electrons is called a plasmon. In certain special
configurations the energy from light can be converted into plasmons. For instance, at metal
dielectric interfaces, a propagating surface wave of oscillating electrons can be excited at optical
frequencies. This surface charge density oscillation, with distinct resonance frequencies is called a
surface plasmon resonance (SPR). Surface plasmon resonances are most pronounced in thin metal
films and small metal particles. Nano sized gold and silver particles interact strongly with the
incident light due to surface plasmons, giving rise to the bright colors of gold and silver colloids.
This is also the reason behind many of the colorful medieval church windows, in which the glass
was stained by colloidal particles.

dielectric function

300 400 500 600 700 800 900 1000

wavelength nm

Figure 3-1. The experimental dielectric function of silver and gold, as reported by Johansson and Christy and Palik.'*"”

By solving Maxwell’s equations for a metal dielectric interface, with proper boundary conditions,
one finds an interface mode with wavenumber ki, according to:'"®

11



(3.1)

€d€m
ke, = k
spp Ph | eq+em

Here k,p, = %is the wavenumber of the incident photon in vacuum parallel to the interface, while

gq and &, are the dielectric functions for the dielectric medium and the metal, respectively. Noble
metals such as silver and gold have a large negative real part of €, in the visible part of the
electromagnetic spectrum, while the imaginary part of &, is small. At the interface between a
metal film and a dielectric, kg, has real component, which means that it is a propagating wave
mode that runs along the interface. The damping of the propagating wave is given by the
imaginary part of kg,,, which is due to the imaginary parts of the metal dielectric function and
other losses. When the damping is small, the wave can propagate several mm along the surface of
a thin film.

A propagating surface plasmon mode in a thin metal film, a so-called surface plasmon polariton
(SPP), can only be excited in special configurations. As shown in Figure 3-2 (red line), the wave
number of the photon is smaller than the wavenumber of the SPP mode. In order to excite the
SPP, the momentum of the photon parallel to the surface has to match that of the SPP. By using a
high refractive index prism to increase the momentum of the photon (green line), energy
conservation and momentum conservation can be matched simultaneously. This so-called
Kretschmann configuration is by far the most common method used to excite surface plasmons.
From equation (3.1) it is clear that the wavenumber of the SPP mode depends on the dielectric
medium through ¢,,. By changing the dielectric, for example from air to water, the wavenumber of
surface plasmon changes, which will in turn change the energy and the momentum needed to the
excite the plasmon as illustrated in Figure 3-2.

photon energy eV

photon
in air

/ photon in glass

Tk

spp

in air

K gpp in water

spp

4

6

8

k wavenumber m'

12
x10”

Figure 3-2. The dispersion relation of surface plasmons and light for an interface between a metal and a dielectric
interface. The line show the photon energy versus wave number for light travelling parallel to the surface in air (red)
and water (green) and the corresponding relation between the surface plasmon energy and wavenumber for an air-metal
interface (blue) and a water-metal interface (dashed line).
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Localised surface plasmon resonance

incident field metal nano particle

ZT S +++++
+ N
Ty

Figure 3-3. Schematic picture of nanoparticles interacting with light

The LSPR originate from resonance oscillations of the conductance electrons in the metallic
particles induced by an incident electromagnetic wave. When a metal particle is much smaller
than the wavelength of the incident light, the plasmon will not propagate as in the case of the thin
film SPR. Instead, the field will force the electrons to oscillate within the particle’s physical
boundary under the influence of the external field. The positive ion lattice of the metal particle
creates a restoring force due to Coulomb attraction similar to a spring in an harmonic oscillator,
see Figure 3-3. In the so called quasi-static approximation, a small sphere with radius a<< A is
subject to an electric field E, = Eye~*“t. The induced dipole moment of the sphere is given by

P = gy aE, (3.2)
with the polarizability function
a = 4mad Em=Ed (3.3)
Emt2€&q

Here ¢, is the dielectric function of the metal g4 is the dielectric constant of the environment, as
before, and ¢, is the vacuum permittivity. A resonance is obtained when |e,, + 2¢;4| is minimized,
that is when &, (1) = —2¢,. The interaction between the incident light and the particles is then
maximized.

The scattering cross section of the particle can be written as:

Em—&d
Emt2€&q

8 65,4 2
Csca = g”a k 5 (3.4)
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and the adsorption is

Caas = 4ma’kim {252} (3.5)

Emt2&q

The experimental cross section is then given by the sum Coyy = Cseq + Cogs - From Eq. 3.4 and 3.5,
the absorption cross-section is proportional to the particle’s volume while the scattering cross
section is proportional to its volume squared. When measuring the scattering intensity of a particle,
in e.g. a dark field microscope, a larger particle thus gives more scattered photons compared to a
smaller particle. When the particles get smaller, the scattering intensity drops like r° compared to
absorption, which drops like r’. At around a radius of 10 — 15 nm, the signal-to-noise ratio starts to
favor absorption measurements. '

If the nanoparticle is not a sphere, the polarizability function will be different from Eq. (3.3). It
turns out that an elongated particle has an LSPR that is red shifted compared to a spherical
particle. The reason behind this is that the restoring force from the positive lattice is reduced along
the elongated axis and therefore, the resonance occurs at a lower frequency (longer wavelength).
By simply changing the shape of a nanoparticle, one can thus tune the localized surface plasmon
resonance to occur in the wavelength region of interest. Figure 3-4, shows substrates with gold
nano-disks of the same thickness but different diameters. An increase in the aspect ratio with
increasing disk diameters obviously moves the resonance position towards the red. Figure 3-4 also
shown the effect of changing the dielectric around the nanodisk.
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Figure 3-4. Nanodisk substrates with four different aspect ratios produced by hole-mask colloidal lithography. The
sample were photographed in air (left samples) and in water (right samples). The particles are all 20 nm in height and
the diameters are 40, 60, 80 or 100 nm. The corresponding extinction spectra in both air (solid line) and water (dash line)
are also shown.
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If a metal particle is moved from vacuum to a dielectric medium with a higher ¢4, e.g. water, the
polarized electrons concentrated at the surface of the particle will polarize the dielectric medium
in the immediate vicinity of the particle. This polarized dielectric will reduce the Coulomb
attraction from the positive lattice of the metal particle, thereby decreasing the “spring constant”
and the resonance frequency. The higher dielectric constant, the more the Coulomb force will be
reduced.

The induced field from the oscillating electrons in the metal particle is extremely concentrated
around the particle surface. The total field outside the nanoparticle is the sum of the incident field
and the field induced by the nanoparticle, but at the LSP resonance, the induced field could be
orders of magnitude larger than the incident field. However, it is also extremely distance
dependent, since the intensity usually decreases as 1/r’. The extremely confined LSPR field is the
origin behind many surface-enhanced optical phenomena, e.g. surface-enhanced Raman scattering
and surface-enhanced fluorescence. Confined fields in gaps between particle dimers has been used
to demonstrate single molecule detection by SERS,* refractive index sensing.”

Biosensing with plasmons

In a typical sensing experiment with LSPR, a biomolecule is bound to the surface of the plasmonic
structures. The ambient dielectric is then changed from water to the biomolecules, which has a
dielectric constant higher than the water. For a typical protein, the refractive index is about 1,46
compared to waters 1.33. The amount of adsorbed biomolecules can be traced by the LSPR peak
position Ayqy-

The refractive index sensitivity can be obtained by differentiating the resonance condition of A spr
with respect to the refractive index of the medium n,”

OALsPR
=222 = 2l
on m
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The sensitivity of the LSPR particle is proportional to the real part of the dielectric function of the
metal &7, and inversely proportional to the slope %. Comparing the real parts of the dielectric

functions of gold and silver, in Figure 3-2, the slope of the two is almost same. However, the
absolute value of the real part of the dielectric function, &;,, is larger for silver than for gold at all
wavelengths. Together with an almost zero imaginary part of the dielectric function, this implies
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that silver gives better plasmonic resonators and higher more sensitivity to refractive index
changes. Despite this, gold is usually the metal of choice in sensor applications due to its chemical
inertness compared to silver.

Selective adsorption of biomolecules to the surface can be done by first functionalizing with
specific capture molecules, such as antibodies, antigens, nucleic acids or some other kinds of
affinity based molecular system. The measured peak shift AL can be used to estimate the effective
refractive index change, An,¢, by

Al = SbulkAneff , (37)

where Syyikis the bulk refractive index sensitivity. The effective refractive index takes into account
that the induced electromagnetic field only extends a small distance from the surface of the
nanoparticles, thereby defining the sensing volume of the LSPR. The field can in the simplest case
be approximated by an exponential decay, E(z) = E¢exp(-z/14) with a decay length 14, where z is the
distance from the particle surface. The sensitivity towards a refractive index change will therefore
be reduced with increasing z. An effective refractive index can then be defined as

Aneff = %fooo(n(z) - nmedium)eXp(_Z/ld)z dz, (3.8)

where n,,04ium 1S the refractive index of the medium in which the experiment is performed, e.g. air,
water or buffer.”® Sy is the bulk refractive index sensitivity, expressed in peak shift per refractive
index unit (nm/RIU). The bulk refractive index sensitivity is usually measured by monitoring the
peak shift AA while changing between media with different refractive indices, for example water
with different glycerol concentrations. The most sensitive place is obviously at the surface of the
nanoparticle. However the surface is often occupied by a layer of capturing agents such as
antibodies. This means that the decay length needs to somehow be matched to the sensing
experiment.

The field decay length l; can be experimentally obtained by depositing of a dielectric while
monitoring the LSPR peak position change. In Figure 3-5, nanostructures with two different
dimensions i.e. 120 nm in diameter with 30 nm height and 100 nm in diameter with 70 nm height
are compared and for deposition of alumina and silicon dioxide, respectively. The decay length of
the field estimated this way was 14 = 38 nm for the high aspect ratio discs and 14 = 28 nm for the low
aspect ratio disc.
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Figure 3-5. Measurement of the LSPR sensing range by deposition of dielectric material on the particle. A decay length
of 14 = 38 nm for the high aspect ratio discs and 14 = 28 nm for the low aspect ratio disks are obtained by fitting to an
exponential decay.

From the measured peak shift AA, the change of refractive index An could be calculated from
equation (3.7). The calculated refractive index change can then be converted to the mass of the
protein layer by de Feijter’s formula.”*

_ dbnesy (3.9)
on/dc

where I' is the surface mass and d is the protein thickness, dn/dc is usually set to 0,182 /cm® for
proteins.* By utilizing the particles refractive index sensitivity, the decay length and the physical
dimension of the bio molecules, the amount of adsorbed proteins on the surface of the
nanoparticles can be estimated through Eq. (3.7), (3.8) and (3.9).

The peak shift induced by a single molecule adsorption event is very dependent on the optical
mass of the molecule. Larger molecules occupy more of the induced plasmon field, which results
in a larger peak shift. This strategy has been explored by labeling the analyte molecules with
something with a larger optical mass, such as gold colloids or a larger protein.”*® Average protein
sizes are ~55 kDa, the size should be comparable with the dimension of streptavidin which is ~5
nm in diameter. In order to detect a single unlabeled protein, the field of the particle should match
the size of the molecule.
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I will estimate the peak shift induced by a single molecule using the fact that field decay length of
a single hemispherical particle is approximately half the particle radius.”” The hemisphere has no
sharp corners and the field is evenly distributed with no “hot spots”. Therefore the peak shift for a
single molecule of 2.5 nm in radius is:

— Asaturation
A}\single - 2ma? /mr? 3.10

where AAgqiuration 1S the peak shift from a full monolayer of the proteins with a thickness of 5 nm,
r= g In the denominator, 2ra? is the surface area of the sensor and m r2is the foot print of the

molecule. AAggtyration €an be expressed as:

—4
Msaturation = SpuAn(1l — eXp(F;)) 3.11

2 2
with higher power can be dropped since the sensor size is much larger than the molecule,. The

resulting single molecule peak shift is then:

2
Taylor expansion on (1 — exp(;;;‘;)) results in %T— (MTT) .... where the square term and terms

-~ 45bulkAnr3
Bingte = oubnr” . 3.12

In Figure 3-6 shows the estimated peak shift from one molecule with the average induced peak
shift per protein for different particle size and different particle sensitivity is plotted with Eq. 3.10.
Antosiewicz et al® has shown, using with the coupled dipole approximation, that the LSPR
frequency shifts is given by:

3.13

2V, nz+2’

where V, is the volume of the sensor and V; is the volume of the analyte molecule. The plasmon

shift is thus indeed inversely proportional the sensor volume has also been concluded by other
29

groups.
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Figure 3-6. Peak shift induced by a single protein molecule with a radius of 2,5 nm adsorbing with radius a on a
sensitivity between 100 and 200 nm per refractive index unit (RIU). The refractive index contrast An was 0.13.

Single molecule LSPR sensing has been reported for highly irregular nanoparticles,® but most
previous studies have only been able to resolve full or close to full monolayer protein coverage.”
Only with recently advances in experimental methodologies, has it been possible to detect single
unlabeled protein molecule adsorption using LSPR sensing. > ** The experiments were in both
cases performed on very small particles.
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Chapter 4 Fabrication of nanoparticles

One of the driving forces behind modern plasmonic research is the relatively recent ability to
manufacture nanostructures with great versatility and precision. Nanostructures could either be
fabricated in a top-down or a bottom-up fashion. Both fabrication principles have advantages and
disadvantages. Among bottom-up nanofabrication techniques, the most frequently appearing type
in the literature are different variations of colloidal lithography, such as nanosphere lithography
for making hexagons of triangles,” or hole mask colloidal lithography (HCL).” In comparison
with electron beam lithography, colloidal lithographic methods are cheaper and it is easier to
produce large surfaces. Colloidal lithography, such as HCL described below, can produce
homogenous substrates in cm” size with up to 40 % surface coverage. Producing a substrate like
that requires at least a year with electron beam lithography (EBL). The HCL structures are short
range ordered and relies only on the colloidal particle charge repulsion for self-assembly.
Therefore the surface interparticle distance is relatively fixed. By introducing ions to screen the
particle-particle charge repulsion, the interparticle distance can be slightly reduced. Substrates of
this kind are mostly useful for large area extinction measurements. Since the self-assembled
interparticle distance is much smaller than the optical diffraction limit, the only way to see
individual particle is to increase the particle distance by diluting the particle concentration so
much that the particle randomly adsorb on the surface. This approach can produce optically
resolvable but randomly positioned single particles. The biggest disadvantage of HCL, or any
other colloidal lithography technique, is the limited range of nanostructure shapes that can be
produced. The shapes of the nanostructures are defined by the size and shape of the colloidal
particle, which have spherical shape. However, playing with angled evaporations, angled etching,
or using various shadow effects created by the mask, it is possible to produce ellipsoids, cones,
crescent, rings, triangles and dimers etc. *>7°

Hole mask colloidal lithography

The basic steps of hole mask lithography is shown in Figure 4-1. First a sacrificial layer of poly
methyl methacrylate (PMMA) is spin coated on the surface of a piranha cleaned glass slide.
Figure 4-1a. The substrate is then soft-baked for 10 minutes in the oven at 180 °C. The resulting
layer of PMMA depends on the weight percent and the spin speed. The substrate is then oxygen
etched for 5s (plasma batch top) to decrease the hydrophobicity of the PMMA surface and allow
for wetting with water. Negatively charged poly-(diallyldimethyammonium) chloride (PDDA), is
applied on the surface in order to attract the positively charged polystyrene particles (PS). The
final size of the nanostructure is defined by the PS particles.

As shown in Figure 4-1 b-f, after the colloid particles have been adsorbed on the surface, a 10 nm
layer of metal is evaporated on the PS covered surface to form a mask. The metal covered PS
particles are then removed by tape stripping. The subsequent O, plasma etching will create holes
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in the PMMA. The metal nanostructures are formed through metal deposition inside the hole. The
HCL substrate is completed by dissolving the sacrificial layer in the final liftoff process, Figure
4-1b-f.

The O, plasma etching creates undercuts in the PMMA layers so that the liftoff step can remove
the whole resist layer with ease. The undercut could be increased by increasing the O, etching time.
If the undercuts is large enough, two angular evaporations can be performed. In the angular
evaporation, two particles of the same or two different metals can be made with edge to edge
separation below ten nanometers, see Figure 4-1g-h.

a b PS particles C Audeposition
PMMA
substrate
d 02 etch e f  metal deposition
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h  metal depositions i
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Figure 4-1. a-g)The steps involved in fabrication of HCL samples. h-i) variations of HCL may produce dimers with
different metals. inset g) Sideview of gold nanoparticles produced by HCL. inset i) dimers of gold and silver with gap
size ~10 nm.
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Electron beam lithography

Electron beam lithography (EBL),” focused ion beam etching (FIB) and nano imprinting™® are
some of the most used top down nanofabrication techniques. The main strength of the top down
techniques is that the user has control of the design and the placement of the nanostructures.
However, top down techniques, such as EBL, is time-consuming and expensive, in particular for
any larger surface coverage, and therefore nanoplasmonic EBL structures are mostly used in
various optical microscopy studies.

The principle of EBL is straightforward; a thin layer of e-beam resist is spin coated on a substrate
and structures in the resist are written by an electron beam. The machine is similar to an ordinary
electron microscope with electrons accelerated from the emitter and de-magnified on the surface.
The e-beam resists used are electron sensitive polymers that either crosslink or break when
exposed to the e-beam. If a positive resist is used, the exposed parts are dissolved in the
development phase. The pattern is transferred from the resist to the final metal structures in a
similar fashion as in HCL, i.e. the metal is first deposited on the structures before removal of the
resist in the lift off.

Unlike the photolithographic methods, where the resolution is limited by the wavelength of the
exposure to UV light, the de Broglie wavelength of accelerated electrons is very short. It is
typically 0,01 nm for an acceleration voltage of 50 kV. In reality the beam size is around a few
nanometers in diameter. However, the limiting factor is not the beam size but the backscattered
electrons. Backscattered electrons are electrons that scatter back from the substrate into the resist
layer, thereby exposing the resist a second time. This so-called proximity effect reduces the
resolution and cause pattern variations. The proximity effect can be reduced by using a double
layer resist with a thin structure-defining layer on top, so that the dose requirement can be
reduced and the second layer of resist can filter away part of the secondary electrons.

Using a double layer resist also results in more successful lift off processes. An undercut can be
created in EBL in the lower resist layer. The layer in the bottom has a higher sensitivity towards
electrons compared to the layer on top, so that the bottom layer is more exposed compared to the
top layer. After two developments of the structure, first of the top layer and then of the bottom
layer, a natural undercut is created. Another benefit from using the double layer is that structures
with larger aspect ratio can be created compared to a single layer structure.

Figure 4-2a-e shows the important steps in the EBL fabrication that has been used in my studies.
A double resist layer consisting of methyl methacrylate (MMA) as the low molecular weight resist
and ZEP as the high molecular weight resist. On top of the top resist layer, a metal film by gold or
chromium is required in order to remove the charges from the electron beam during the exposure.
After the electron beam exposure, the low molecular weight layer of MMA is over exposed
compared to the high molecular weight layer ZEP, as shown in Figure 4-2b. The metal layer is first
etched before the two resists are dissolved in developers. Gold is evaporated through the ZEP
layer to form the final metal structure, Figure 4-2 d. Due to the over exposure of the lower layer of
the resist, the lift off process is very easy to perform.
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Figure 4-2. a-e) The steps involved in fabrication of EBI samples. f) SEM image of single particle array produced by
EBL. inset f) magnified SEM image if a single nano rod made by EBL.
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Chapter 5 Schemes of measurement and analysis

Optical measurements

The first things one note with noble metal nanoparticles are the different colors they display.
Extinction measurements are the most straightforward way to quantify the colors, i.e. the optical
response of the nanoparticles. Figure 5-1 illustrates experimental schemes for extinction and
scattering measurement of LSPR substrates. Extinction measurement measures the loss of light
passing through the sample and is defined as.

Ext(1) = log j‘t’gg , (5.1)

where [, and I; are the incoming light and transmitted light. Extinction spectroscopy is one of the
most commonly used methods to study LSPR and to measure the peak shift induced by refractive
index changes around nanoparticles. Since the nanoparticles can be excited from virtually any
angle, no special configurations are required. The experimental requirements are small: a halogen
lamp as light source and a simple spectrometer are all that is needed. In the case of dense particle
layers, when the LSPR surface behave more like a homogenous surface, it is often more useful to
talk about transmission and reflection rather than extinction and scattering.
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Figure 5-1. a) Extinction and scattering measurement of LSPR substrate. b) Kretschmann configuration of SPR
measurement using white light.

25



In order to collect scattering from a particle layer using the same equipment, the scattering from
the particles is simply collected from an angle separate from the directly transmitted light. The
spectrum of scattered light I has to be normalized to the incident light spectrum I in order to get
the real scattering spectrum:

LD 5.2
Sca()l)oclo(/l). (52)

In a typical thin film SPR measurement in the Kretschmann configuration, see Figure 5-1b, the
light source is either a single wavelength laser or a white light source. In the first case, the light is
focused on the metal film, thereby giving multiple incident angles in an attenuated total internal
reflection mode. Since only a certain angle contains the correct the ky component for SPR, the
light will be absorbed for a specific reflection angle that can be resolved by a CCD array. When
using a white light source, the light is instead collimated so that photons with correct energy are
used to excite the SPR. For a given incidence angle, the reflected spectrum then shows a dip at

ASPR~

Micro extinction and dark field measurements

Extinction measurements can be performed in a microscope with the probed area orders of
magnitude reduced compared to spectrometer measurement without compromising the accuracy
of the peak position measurements. When measuring extinction in a microscope, the objective
should have a low numeric aperture (NA) in order to reduce the amount of scattered light
gathered by the spectrometer. However if the density of particles on the substrate is very low, as in
single particle experiments, dark field (DF) scattering measurements is more favorable compared
to extinction measurements.

In order to perform a dark field (DF) measurement, a hollow cone of light illuminates the surface
at an angle higher than the collection angle of the objective. In this way only the scattered light is
collected. Objectives with high numeric aperture (NA) is desired for more efficient photon
collection, but their NA has to be smaller than that of the DF condenser. For an air DF condenser,
the maximum possible objective NA is ~ 0,9.

As previously discussed, LSPR sensors can be made small since they are not limited by the
propagation length of the plasmon. The smallest possible LSPR sensor is obviously a simple
nanoparticle. Dark field measurements on single particles can be done in several different ways.
The simplest way to collect the scattered light from the particle is with a thin fiber placed directly
at the position of the particle in the image plan of the microscope. The light collected from the
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fiber is coupled to the spectrometer, which is usually equipped with a 1 D CCD array.” That
spectrum measured from only one particle is collected by the small opening of the fiber.

The image from the particles on the sample stage can also be imaged at the slit of the
spectrometer.” By closing the slit so that only one line of particles visible, the light from isolated
particles can be spread on to individual lines of a 2D CCD camera. In this way, spectra from
several individual particles can be measured at the same time. Methods that are based on limiting
the number of particles highly limit the throughput of the experiments. In order to use single
LSPR particles as individual sensors to study the stochastic biological process or sub-populations
in a sample that would otherwise be obscured in an ensemble measurement, statistical analysis of
large sample numbers is required. This is difficult to achieve with ordinary spectroscopy.

To study a statistically significant number of single particles with high throughput, imaging
techniques has been utilized. Imaging particle arrays using a single wavelength is based on the
intensity change induced by a peak shift. The power of this technique is the fast time resolution of
the measurement. However, a drawback is that the measurement is very sensitive to other types of
changes, such as vibrational changes if only one intensity is monitored. Since the spectral
fluctuations in the form of peak position shift is horizontal to the changes in the intensity
variations due to several types of noise, such as shot noise, read out noise and vibrational noise,
obtaining the spectral information should in principal give better noise reduction than purely
intensity based measurements. Using a tunable filter to image particles at different wavelengths to
build up a 3D cube of images, with the third dimension being the spectral information, has been
investigated by several groups. The maximum number of particles that can be studied is in
principle only limited by the detector size and the diffraction limitation of the light.** However,
the high throughput and accuracy in spectral information also result in poor time resolution.
Recent advantages in single particle imaging has resulted in several other innovative techniques,
such as objective grating imaging.*

Single particle spectral imaging and image analysis

Even though an image says more than thousand words, a spectrum gives much more detailed
information than merely intensity readings. The use of tunable filters for spatial and spectral
imaging can be found in many applications in various fields of science and technology where both
spectral and spatial information are required, from observing the biggest know objects such as
stars, the Earth and environment monitoring, to the smallest observable things such as
nanoparticles. “*

Two most general methods for the wavelength selection are to either spread the beam of light into
its full spectrum based on diffraction and refraction or to transmit only specific wavelengths using
band-pass filters. Although diffraction gratings offer superior spectral resolution and easier
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wavelength readings, they are difficult to use for two dimensional spatial imaging. Filters, on the
other, hand offers better spatial imaging solutions but lack the spectral resolution that is offered
by the diffraction gratings.

The liquid crystal tunable filter (LCTF) used throughout this thesis is based on the classical Lyot-
Ohman design. It is based on two linear polarizers with a birefringent material in the middle.
Depending on the vaccum wavelength of the light 1y and the thickness of the birefringent material
L, the phase I" will be:

2mAnL
Ao

r = 53
where the An is the difference in refractive index between the two polarization in the birefringent
material. The transmitted intensity T in a single cell is

T = cos?(T'/2) 5.4

The transmitted light from the multiples of I beside the central wavelength need to be suppressed
by multiple cells with retarder length increased with a factor of 2 for each cell, so that the
transmission minima overlaps with the transmission maxima, which can be seen in the
transmission profile of each individual cell with different L in Figure 5.2, where the last images
shows the transmission profile through all of four cells.
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Figure 5-2. The transmission profile through Lyot Ohman filter with four different cell lengths and the combined
transmission for four cells together.*
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The drawback of this kind of filter is that it cannot have high spectral resolution without being
extremely thick, due to the requirement of multiple cells. This is also the reason why LCTF filters
are usually bulky and cannot be placed in front of the cameras without additional lens systems. In
addition to the retarder, a liquid crystal layer is added. The liquid crystal molecules are dipolar
and birefringent molecules that upon an applied potential reorient its axis which consequently
changes its retardation. The retardation of the liquid crystals can be changed continuously by the
applied potential, consequently changing the transmission wavelength continuously.
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Figure 5-3. a) A single cell in LCTF. A single cell in LCTF consists of two linear polarizer and a fixed retarder and a
liquid crystal retarder. b) The liquid crystal changes its orientation upon applied potential which tune the total
retardation of the cell, consequently changes the transmission wavelength continuously.

In our measurements we have placed a liquid crystal tunable filter (LCTF) light path either in
front of the lamp or in front of the camera. A LCTF selects a narrow part of the light spectrum
with a typical bandwidth of 7 to 10 nm. By scanning through the whole spectrum with the LCTF
while taking intensity images of all the particles in the field of view, a scattering intensity profile
can be built for each of the particles. Hundreds of scattering spectra from individual particles
could be obtained in one scan, see Figure 5-4. However the intensity at each wavelength needs to
be collected in at least 1 second in order to get enough photons. One scan takes in general a few
minutes for a single scan with 200 data points per spectrum. However faster kinetics can be
achieved by reducing the number of data points.
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Figure 5-4. The while light from the lamp is first filtered by the LCTF before entering the dark field condenser. The
scattered light collected by the objective is imaged by a 2D CCD camera. From the intensity images of the particles, up
to 700 scattering spectra from individual particles can be constructed.

For single particle measurement, the substrate can be produced by both HCL and EBL. However,
the inter-particle distances in HCL are not well controlled and it can be often difficult to separate
two particles from each other if the distance between them is close to the diffraction limit. EBL is
then a better choice to produce single particle sensor substrates because the particle distances and
sizes can be well controlled. Figure 5-5 shows the scattering peak position distribution of up to 700
nanoparticles measured with LCTF in one single scan. The differences in peak positions of the
nanoparticles are due to the inhomogeneity of the particles.
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Figure 5-5. Nanorods prepared by EBL measured using the LCTF. The number of measured particles were 698.

One of the most important parts of the LCTF measurement is the image analysis. Figure 5-6 shows
the intensity profile of a few nanoparticles on one line of pixels on the camera at 650 nm
wavelength. The mass centers of the intensities for each of the particles are first extracted. Around
each of the centroids, an octagonal mask is then drawn, defining the regions of interest. The
number of pixels that is included in the analysis for a single particle is 74, which includes ~ 80
percent of the total counts corresponding to a single particle. The motivation of using a small
number of pixels is to decrease the possible read out noise that is associated with the number of
pixels.
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Figure 5-6. Intensity profile along one line of the pixels on the CCD camera.
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The lamp spectrum is also collected in the same way as the particles, but with the objective
aperture opened up instead. It is very essential to use the lamp spectrum from exact same pixels
that are extracted for each of the particles due to inhomogeneous illumination and possible
differences in the pixels response. The dark counts are measured with the shutter of the camera
closed.

32



Chapter 6 Surface chemistry and biomolecules

HRP enzymology

Enzymes are one of the most usable classes of molecules in our body. Without their function,
important chemical reactions cannot occur with sufficient rate for us to survive. Enzymes that are
associated with hydroperoxides are amoung the most efficient enzymes known. Horseradish
peroxidase (HRP) where the name is used very generically for the enzymes extracted from the
root of horseradish, are in fact 15 different isoenzymes where HRP C is the most abundant one.
Its general reaction formula is

H202 +2AH > 2H20 + 2A-

where AH and A-is the enzyme’s reducing substrate and the resulting radical product. This may
indicate that the possible in vivo functions in plants are cross-linking of cellular molecules through
radical polymerization.”” It was also found that certain isoenzymes of HRP are associated with
wound healing of the plants.*® The typical reducing substrates are aromatic phenols, phenolic acids,
indoles and amines. The modern use of HRP in bioscience is mainly associated with the enzyme
linked immuno sandwich assay (ELISA). Since its development in the 70s, which replaced the use
of radio activity labeling, the technique have become the standard in many medical diagnostic
assays.” In many assays, colorless and non-fluorescent molecules were made into substrate
molecules for HRP. After reaction with HRP, the molecules are turned into marker molecules
with color or fluorescence. The traditional ELISA assays are performed in 96 wellplates and
readout by plate readers either by transmission or fluorescence measurement.

HRP have also been used for studying ultra-structures in cells with electron microscopy by
precipitating a monomeric molecules into an electron dense polymer.”” The precipitates are
localized and forms only at the site of the HRP enzyme. The polymerization ability of HRP has
also been investigated in aquatic phenol removal by polymerizing the toxic monomeric phenol
into insoluble polyphenol which then can be removed.”’ The most commonly used substrate for
local precipitation with HRP for ultra-structure imaging in cells is 3,3’-diaminobezidine (DAB).

Figure 6-1 shows a simplified version of the full reaction cycle extracted for a fungal peroxidase.’
It can be assumed that the overall reaction cycle is valid for HRP as well. The native enzyme
bound with two water molecules is replaced by a hydroperoxide molecule in the reaction center,
which consists of a ferric heme structure (shown as the red square). The hydroperoxide first
oxidize the reaction center of the enzyme by removing two electrons. One of the electrons comes
from the metal core (Fe(IIl) ->Fe(IV)), the other one results in a cation radical on the heme
structure (compound I). Compound I is subsequently reduced twice by two hydrogen donators A-
H to recreate the native enzyme. In the same process two radicals A- are produced, which can be
used in a radical induced polymerization reaction.
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Figure 6-1. The catalytic reaction circle of a peroxidase. The native enzyme is first oxidased by peroxide to create
compound I. The enzyme then goes through two reductions to create two A- radicals. Diaminobenzidine (DAB), shown
in the middle of the figure, is one of the most popular HRP substrate.

New developments of techniques that are based on a combination of surface sensitive tools, such
as SPR and LSPR, with enzymatic amplification, like ELISA, have been shown to be very
powerful. The precipitated molecules by HRP on the surface can enhance the responses two
orders of magnitudes for SPR and one order of magnitudes in LSPR.” The reason for the lower
enhancement for LSPR is the shorter decay length of the electromagnetic field compared to the
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propagating plasmon. However, we have shown that if the surface coverage of HRP is low, two
orders of magnitudes enhancement is still obtainable.

Other groups have also been working on the concept of combining enzymatic amplification with
plasmonic sensors. Most noticeably is the recent work done by Rodriguez-Lorenzo et al, where
instead of using surface bound particles one used suspended colloidal particles for sensing. The
claimed sensitivity was 10 M for an antibody antigen pair. * If this holds true, this can be a very
interesting sensor for the future ultrasensitive diagnostics since suspended particles certainly
speaks for cost efficiency and read-out simplicity.

However, several considerations need to be addressed using enzymes for signal enhancement,
especially in single molecule sensors. At the single molecule level, the seemingly identical copies
of the enzymes show both heterogeneity of stationary properties so-called statistic disorder and
the time-dependent fluctuations so-called dynamic disorder.”* Using single molecule techniques to
study single enzymes has resulted in new information that could not be obtained in ensemble
measurements.” In single molecule sensors, the heterogeneity of the individual enzymes works to
our disfavor. The major differences in responses due to the heterogeneity of the individual
enzymes makes correct quantification difficult.

Self-assembled monolayers

Self-assembled monolayers (SAM) on different kinds of surfaces have been the key building block
for many applications in nanotechnology. Especially in biosensor application, SAM’s function as
the linker that bridges the biochemical moieties with the solid state transducer. A typical SAM
molecule includes three difference parts with different functionalities. The head of the molecule
anchor the molecule to the surface, the backbones of the molecules utilize the van der Waals
interaction to stabilize the monolayer structure and the terminal group, which is the exposed part
of the monolayer, adds the additional functions to the modified surface. Different SAM molecules
have been developed for many different surfaces, e.g. silane based head groups forms SAM on
silicon surfaces, alkanoic acids forms SAM on metal oxides and thiol based head groups forms
SAM on gold surfaces.”*’

Different terminal groups have also been developed depending on the requirement of the
application. For examples, poly-ethylene-glycol moieties serve as a hydrophilic and human body
friendly coverage for the colloidal surface and substrate; carboxylic acids can be utilized in amine
coupling based chemistry to further modify the surface, and biotins provide surface binding sites
for avidin molecules.

Streptavidin and biotin
Streptavidin is a tetrameric molecule with four binding pockets for biotin. Its molecular weight is
55 kDa. The dimension of the streptavidin molecule is 5,4x5,8x4,8 nm.*® One of the strongest
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known molecular interactions is between biotin and streptavidin. Here K}, is exceptionally low,
approximately 10" M™s" measured in solution.” Due to its strong interactions, it is one of the
most often used bio-recognition pairs.

When molecules are bound to a surface, the binding constant may drastically decrease. Even
though the affinity coefficients ko, and ko for avidin and biotin are among the most measured
properties, the literature values show a huge spread due to different experimental setups,
conditions and different biotin surface concentrations. In table Table 6-1, I have summarized a few
different biotin streptavidin binding constants and the special experimental conditions specified in
the articles. The measured affinity constants vary within such a broad range that special
considerations should be taken when comparing the results. A strong affinity coefficient between a
monoclonal antibody and an antigen for PSA is also presented as a comparison.

Koy M ls! Ko 87 Kp Measurement
1.2x10° 6x10° 5x10"" Fluorescent avidin binding
to biotinylated lipid
9x10° 7,2x107 8x10™" SPR measurement °!
NA 1,4x10° NA Biotinylated gold surface
measured with SPR
4,7x10° NA NA Beads with bound SA
binding to a surface®
3x10°-4,5x10 NA NA Solution measurement using
FRET*
NA NA 10" LSPR particles®
5.3x10" 0,9x10” 1,6x10™" Measured in solution™
4x10° 4x107 1x10” PSA-anti-PSA by SPR®

Table 6-1. Literature values for the biotin-avidin affinity constant show a wide spread of k,, and kg values. *number
calculated from the given literature values. For comparison a strong monoclonal antibody and antigen interaction for
PSA is also given.

For surface based sensors the maximum number of binding sites for a molecule, [},4,, 1S an
important parameter to determine. Several studies have been performed by other groups to
measure the saturated surface layer of streptavidin on a self-assembled monolayer with biotin. The
obtained saturated streptavidin layer varies from 420 ng/cm” measured using QCM-D to 200
ng/cm’ measured with SPR. ** % If the saturated surface concentration is 420 nm/cm’, then each of
the streptavidin molecules would only occupy an area of 22 nm?, less than the close packed form of
streptavidin. However a closer look at the measurement techniques shows that QCM-D measures
both the protein’s mass and the water molecules trapped inside the protein layer. The hydration
fraction is 58% measured by Nilebick et al.”” The mass measured by SPR is therefore more
accurate. 200 ng/cm’ gives a surface coverage of 60% of the total surface which is in very good
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agreement with the maximum surface coverage one would expect from random sequential
adsorption which is 55%.

Photochemistry and photofunctionalizaton

Using photons to activate specific parts of molecules to make specific reactions possible is very
interesting for both biochemistry and organic synthesis, because it is a rather clean process without
additional activator chemicals. Special efforts have been made to synthesize functional molecules
that can be activated by visible or blue light, in order to avoid deep UV light that may destroy
other molecules that are not participating in the reaction. One popular activation methods is to
use light induced acryl transfer to create an intermediate reactive towards nucleophile groups,
which after the reaction forms a covalent bond between the molecules. The interest of using light
to activate the molecules is motivated by our excellent control over light, which is much more
precise in both space and time compared to any other mechanism.

The general reaction scheme for light activated N-acyl-5-bromo-7-indoline (Bni) is shown in
Scheme 6.1. When illuminated with ~360-380 nm light, the acyl group in the molecule is
transferred to the nitrogroup of the molecule to produce a reactive intermediate. This
intermediate has two different path ways: if there are nucleophiles in the solution, the nucleophilic
attack on the reactive intermediate creates a new bond between the attacking nucleophile and the
acyl group. The reactive intermediate can also self-dessociate into the indoline group and a group
with acyl, as shown in path b in Scheme 8.1.” The mechanism has been successfully utilized in
making caged molecules with the neurotransmitter L-glutamate, which is inactive when bound to
the indoline molecules, but released by photolysis.””!
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Scheme 6.1. Two path ways of indoline molecules after light activation.

Photoactivable molecules are especially interesting for light induced patterning of the surface.
Compared with general microarrays where spot sizes are in tens of microns,’”” photo activation can
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produce spots as small as the diffraction limit. Several different strategies for photo
functionalization of the surface have been invented. Using Bni for surface patterning, the R group
is substituted by an alkanethiol allows the Bni molecules to form a self-assembled monolayer on
the gold surface. Biomoities, such as biotin, with a primary amine terminal can function as a
nucleophile that reacts with the acyl group to be covalently bound to the acyl group on the surface.
Water molecules promote the self-dissociation of the indoline molecule (path b), and should be
avoided for high yield of surface functionalization.” Solvents with nucleophiles may compete with
the biotin amine functionalization and should therefore also be avoided.
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Chapter 7 Summary of appended papers and outlook

Paper I Ultrahigh sensitivity made simple: nanoplasmonic label-free biosensing with an extremely
low limit-of-detection for bacterial and cancer diagnostics

We used HCL to produce samples and performed biosensing experiments in an extinction setup
consisting of only a lamp and a miniature spectrometer. Using this setup, we performed label free
measurements of antibody and antigen interactions for two clinically relevant biomarkers, namely
prostate specific antigen, a biomarker for prostate cancer and extracellular adherence protein, a
potential biomarker for Staphylococcus aureus. The nanoparticle substrate had high extinction
coefficient, resulting in a noise level in the peak position determination below 10* nm. We could
potentially detect as little as 20pg/cm’ protein binding to the surface.

Paper II: Refractometric Sensing Using Propagating versus Localized Surface Plasmons: A Direct
Comparison

In this paper, we compared SPR and LSPR sensing performed under exactly same experimental
conditions, in terms of liquid handling, molecular interactions, light sources and detectors. SPR
was exited in the Kretschmann configuration via a prism and the LSPR was exited in transmission
and scattering mode. We found that the sensitivity of the two methods were very similar, despite
one magnitude larger bulk refractive index sensitivity and figure of merit for SPR compared to
LSPR. The explanation to this is that the sensing volume for the LSPR is much better matched to
the biomolecules than in the SPR case.

Paper III: High-Resolution Microspectroscopy of Plasmonic Nanostructures for Miniaturized
Biosensing

In this paper, the probed surface of the particle substrate is greately reduced and the extinction
measurement is performed in a microscope without losing much performance. The minimum
number probed particles can be reduced to ~250 with maintained short-time noise level. A
detailed discussion of when extinction is more favorable than dark field measurements is also
included in the article.

Paper I'V: Plasmon-enhanced Colorimetric ELISA with Single Molecule Sensitivity

In this paper, we used a single particle LSPR assay that utilizes enzymatic signal amplification of
horse radish peroxidase in order to increase the peak shift from a single protein by producing a
precipitate around the particle. In order to study peak shifts from many particles at the same time,
a liquid crystal tunable filter was used to achieve single particle spectral imaging. Scattering
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spectra of up to 100 individual particles were obtained simultaneously. We achieved a sensitivity
as low as only a few molecules per particle for multiple individual nanoparticles, which may pave
the way for diagnostic applications.

Paper V: Towards Plasmonic Biosensors Functionalized by a Photo-Induced Surface Reaction

We used nitroindoline based photoactivable molecules to form a self assembled monolayer on the
gold surface of a nanoplasmonic sensor and a quartz crystal microbalance (QCM) sensor. Using
biotin amine together with UV excitation, we successfully functionalized the biotin moity on both
of the sensor surfaces. This may pave the way for localized photofunctionalization that is highly
compatible with nanoplasmonic sensors.

Paper VI: ELISA enhanced LSPR sensing on large arrays of single particles prepared by electron
beam lithography

In this paper, we characterized the ELISA enhanced LSPR sensing in depth by using a large array
of single particles prepared by electron beam lithography. Up to 700 different particles could be
evenly placed on the substrate and studied simultaneously. We characterized the particle’s bulk
refractive index sensitivity variation and the sensitivity distributions on individual particles. The
HRP induced precipitates were also studied by TEM and AFM to verify the size and the shape of
the particle. We analyzed our results based on the new information and we also discussed a
possible way to achieve digital responses from single molecules.
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Future works

Further understanding of the HRP precipitation reaction is essential for optimizing the ELISA
enhanced plasmonic sensors, therefore more studies on the formations of the precipitation and
their morphologies are required. If the background of the precipitation can be reduced, this will be
interesting for both ELISA enhanced plasmonic sensors and for the large community of
researchers that are studying molecular localization in cells with HRP induced precipitations.

In my measurements only streptavidin and biotin interactions were studied. If antibody and
antigens were used, the extra distance between the particle surface and the enzyme will reduce the
responses. Thoughtful optimization is required because on one hand a confined field increases the
responses close to the surface but if the precipitation happens at a distance from the sensor surface,
the confined field may not extend far enough.

In order for the ELISA enhanced plasmonic sensor to achieve a broader impact, we still need to
show that this technique can conceptually outperform the ordinary colorimetric ELISA in a 96
well plate with the same antibody and antigen pair. The advantage of LSPR in this case is that
they are fully compatible with most of the ELISA plate reader that are based on transmission
measurement.

The photo-functionalization strategy that I have investigated in this thesis is a possible tool for
localized functionalization of a single or multiple particles, thereby realizing the maximal
miniaturization of a multiplexed sensor. However, in order to realize this goal, non specific
binding of the proteins needs to be further reduced.

Hyperspectral imaging of LSPR particles have proven to be a very interesting technique to obtain
a statistically significant number of signals from independent sensors. However the drawback of
this technique is the slow scan rate that limits the possibility to follow the kinetics on the surface of
the particle in real time. One way to improving the scan rate is by decreasing the number of data
points that construct a spectrum. A study of how the scan rate affects the signal to noise ratio is
required to answer the question how fast we can measure. Utilizing this miniaturized sensor arrays,
may also enable us to study the local distribution of the molecules i.e. close to a living cell in a
label free fashion. This can potentially give us new interesting information about how the cell
interacts with its surroundings.

In conclusion, the single LSPR sensor array combined with the hyperspectral imaging technique is
an interesting new measurement methodology which potential has not been entirely realized yet.
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