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Nanoplasmonic Biosensing — Exploring Unique Possibilities
Magnus Jonsson
Department of Applied Physics, Chalmers University of Technology

Abstract

Bioanalytical sensors are indispensible tools in medical diagnostics and drug
discovery as well as for life science research, environmental monitoring and
food safety. In essence, they are used to detect and determine the
concentrations of specific biomolecules in complex mixtures. One increasingly
popular biosensing concept is that based on the peculiar optical properties of
metal nanostructures. Such structures possess nanoplasmonic properties, which
make them colored. In turn, the color of a nanoplasmonic structure is highly
sensitive to changes in the refractive index of the surrounding environment.
This makes it possible to monitor biomolecular binding events occurring close
to the metal surface through changes in the color of the structure.

In the work presented in this thesis, challenges of current biosensor
technologies have been addressed by exploring unique possibilities provided by
nanoplasmonic sensors. This includes utilizing the tight confinement of the
sensitivity to the surface to investigate structural biomolecular changes.
Nanoplasmonic structural sensing was further investigated using combined
nanoplasmonic and quartz crystal microbalance (QCM) measurements. This
was enabled using a thin gold film perforated with nanoholes, which served as
both the nanoplasmonic sensor and one of the electrodes of the QCM sensor.

Even with the most sensitive surface-based sensor, molecules can only be
detected if they reach the surface and bind. In fact, the transport of molecules
to the sensor surface can be a limiting factor for the performance of a
biosensor. In this work, two ways of improving mass transport were
investigated: (i) flow-through sensing using nanoplasmonic pores and (ii)
directed binding to high-sensitivity nanoscale regions using materials-specific
surface modifications. Both concepts were shown to enable a reduction in the
sensor response time of more than one order of magnitude compared with
conventional diffusion limited binding.

Finally, one reason for the potential of nanoplasmonic sensors stems from
their competitive performance combined with relatively simple instrumentation
and the possibility for scalable and low-cost fabrication. Steps towards a
portable nanoplasmonic sensor device, for example to be used for medical
diagnostics at point-of-care, were taken by integrating the opto-electrical
conversion directly on the sensor chip. This was achieved by designing the
nanoplasmonic sensor structure on an array of photoactive diodes. By simple
means, specific protein binding could be detected in a label-free and real-time
format through changes in the photocurrent output.

Keywords: nanoplasmonics, localized surface plasmon resonance, biosensor,
artificial cell membrane, structural sensing, quartz crystal microbalance,
nanofabrication, nanoholes, nanopores
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In 1959 Richard Feynman explained that “there is plenty of room at the bottom”.
He was probably referring to a nanohole.
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Introduction to the thesis

The work presented in this thesis is based on nanoplasmonic bioanalytical
sensing. Nanoplasmonic sensors are based on the fascinating optical properties
of nanoscale metal structures, perhaps most known for creating beautiful
colours in stained glass. A nanoplasmonic sensor is a good example of a
nanosensor, not only due to the small size of each sensing element, but also
because the concept utilizes phenomena that are unique to nanostructured
metals and not provided by the equivalent macroscopic size systems.

In this work, limitations of conventional biosensors and challenges in the
field of biosensing have been addressed by (i) exploring opportunities offered
by nanosensors in general, (ii) investigating properties specific to
nanoplasmonic sensors and (iii) utilizing concepts that are unique to certain
nanoplasmonic sensors, with focus on nanoplasmonic holes. Particular efforts
have been put into developing nanoplasmonic sensors for the investigation of
reactions related to mimics of natural cell membranes. With around half of the
most common medical drugs targeting cell membrane associated reactions, such
sensor systems may not only serve as important tools in basic research, but
could also have direct implications in drug development and for improved
medical diagnostics.

The thesis is divided into 7 chapters. The first provides an introduction to
bioanalytical sensing by presenting common sensor applications, existing
technologies and general challenges. The natural cell membrane and artificial
lipid bilayer membranes are presented in Chapter 2. Chapter 3 serves as an
introduction to the field of plasmonics. It presents the surface plasmon
polariton (SPP) and the localized surface plasmon (LSP) and how these
concepts can be used for sensing applications. Chapter 4 is dedicated to
plasmonic holes, the type of structure that was explored the most in this thesis.
It describes the optical properties of different plasmonic hole structures, with
focus on their capabilities for bioanalytical sensing. The chapter ends with a
comparison between nanoplasmonic holes and particles. Nanofabrication
methods, experimental setups and data analysis are presented in Chapter S.
This chapter also describes the quartz crystal microbalance with dissipation
monitoring (QCM-D), a complementary sensing method that was used in this
work. The main results from the appended papers are presented in Chapter 6.
Finally, conclusions are presented in Chapter 7, together with a discussion on
new directions and possible extensions of this work.






Chapter 1 Bioanalytical sensing

This chapter serves as an introduction to bioanalytical sensing, including why
there is a need for better and new types of biosensors. Basic principles are
presented, important applications discussed as well as challenges and unique
possibilities that nanobiosensors may offer.

1.1 Biosensor applications

The concept of sensors includes all devices that are used to monitor and
provide information on a physical quantity. Sensors are therefore a natural part
of our everyday life in the form of thermometers (temperature sensors),
microphones (sound sensors) and cameras (light sensors). The list could easily
be made longer. For example, around 100 different sensors can be found in the
modern car.

Bioanalytical sensors or biosensors form a sub-group of sensors that are used
to monitor and provide information on biological processes, such as
biomolecular interactions. Interactions between biomolecules (protein-protein,
protein-ligand, etc.) are essential for all living organisms as they control
processes ranging from signaling between cells to enzymatic activities. This
makes biosensors indispensible research tools in the quest to gain a better
understanding of fundamental biological mechanisms.

Biosensors can be used to measure the concentration of a substance in a
complex mixture. In turn, increased or lowered levels of specific biomolecules
(biomarkers) characterize many diseases, which manifests an important role of
biosensors in medical diagnostics. Biosensors are widely used in hospitals today
and efforts are put into developing diagnostic instruments for rapid testing at
point-of-care, which for instance may enable inexpensive diagnostics in the
developing world. There are only a few commercially available point-of-care
biosensors today, including pregnancy tests and blood glucose sensors. In
addition to a general need for such biosensors, their success is primarily due to
relatively simple instrumentation and low cost. The simplicity of biosensors has
been explored in this work and will be discussed in more detail below.

Biosensors are also essential tools in the medical drug industry, for example,
in the investigation of interactions between potential drugs and drug targets.
The fact that many drug targets are associated with cell membranes makes it
particularly relevant to develop sensors that enable the investigation of cell
membrane related interactions. The development of such sensors was one of
the main aims of this work. Other industrial applications of biosensors include



food analysis (detection of contaminants, vitamin levels, etc.) and
environmental monitoring, such as the detection of pesticides in water.

An early example of a biosensor is the glucose sensor developed by Clark et
al. in 1962." However, the very first example of biosensing is considered to be
the detection of toxic gases in coalmines. Interestingly, the sensor in this case
was a bird. Each coal miner brought a couple of canary birds down into the
mine and, because these birds are more sensitive to toxic gases than humans
are, signs of distress (or worse) could be interpreted as toxic gas being present
and time for evacuation.

1.2 Basic principles of biosensing

Regardless of how or what a sensor measures, it should provide some kind of
signal or response to the user. Further, although “yes or no” answers may be
sufficient for certain applications (e.g. “yes, you are pregnant!”), it is often
preferable if the signal can also provide information on the magnitude of the
variable measured (e.g. information on how far you are in your pregnancy).
The concentration of an analyte in a suspension will be used as the variable in
this discussion on biosensing. Different concentrations will then induce
different sensor responses (at equilibrium), forming a concentration-response
curve (see Fig.1.1a). This curve is not necessarily linear and the response
typically saturates at some upper value of the concentration. The saturation
could be due to limitations of the sensor itself (e.g. saturation of a detector) or
because of the interaction investigated (e.g. approaching full coverage for a
surface-based sensor). The response typically decreases with decreasing
concentration and at some point the signal is comparable to the noise in the
system or the precision with which changes in the sensor signal can be
measured (see also Fig. 1.1b)." This sets the limit of detection in terms of the
lowest detectable concentration. The dynamic range of the sensor system is
then the range between the lowest detectable concentration and the upper
value at which an increase in the concentration does not increase the
equilibrium sensor response. As mentioned above and discussed in more detail
below, the lower and upper limits are typically not only dependent on the
properties of the sensor, but also related to the reaction under investigation,
such as the affinity between an analyte-receptor pair.

Real-time sensing offers many advantages over end-point measurements. As
illustrated schematically in Fig. 1.1b, real-time measurements can, for example,
reveal whether two reactions with the same end responses have different
pathways. In the illustration, curve 1 increases monotonically until equilibrium,
while curve 2 follows a more complicated pathway. Similarly, real-time sensing
can also help improve the dynamic range of a sensor system. This can be

" Note that most sensors are based on the monitoring of changes in some
parameter. The absolute values of the sensor parameter are often less important.



Chapter 1 — Bioanalytical sensing

explained by the fact that although two different concentrations above the
upper limit of the dynamic range will induce similar sensor signals at
equilibrium, they may provide different kinetics and can therefore be
distinguished.

The signal induced by the reactions and the noise in the system are indicated
in Fig. 1.1b, where the noise corresponds to temporal fluctuations in the sensor
parameter that are not due to the reactions under investigation. For clear
detection, the signal should be significantly larger than the noise level. The
noise level, in turn, is typically related to the acquisition rate and can often be
decreased by increasing the acquisition time (or by averaging over a number of
data points). Hence, it is often more challenging to accurately monitor the
kinetics of a fast reaction compared with a reaction that is slower. On the other
hand, very slow reactions can be difficult to monitor accurately because of long-
term drifts in the sensor system. The drift could have many origins, from
mechanical instability or changes in room temperature to pressure changes in a
liquid flow cell etc.

Figure 1.1. Schematic examples of (a) a concentration-response curve (equilibrium
response) and (b) real-time sensing.

1.3 Transduction mechanisms

The sensor signal, or the response can be the intensity of a fluorescence signal,
as widely used in DNA arrays and ELISA assays (enzyme-linked
immunosorbent assay).” > Fluorescence-based techniques have proven to be
important tools in many fields of research, not only for sensing, but also in, for
example, various variants of imaging,’ including single-molecule detection in
living cells* > and in diffusion measurements using fluorescence recovery after
photobleaching (FRAP)® or fluorescence correlation spectroscopy'® ! (see ref
4 for a review of fluorescence-based methods). However, biological reactions in
general rely on the detailed three-dimensional structure of the biomolecules
and may be affected by the addition of fluorescent markers or other kinds of
labels. Furthermore, labeling can be time-consuming and for a mixture of many
types of biomolecules it may not even be feasible to label the actual molecule of
interest. Therefore, there has been a drive for sensor techniques that sense the
target molecule without requiring external labels.



1.3.1 Label-free sensors

Sensor techniques that do not require labeling are typically surface-based and
transduce biomolecular binding reactions in the vicinity to a surface via
corresponding changes in the electrical, mechanical or optical properties of the
system. Electrical or electrochemical sensor methods typically measure changes
in electrical current, potential or conductivity between electrodes.'”” An
example of a sensor with mechanical transduction is the quartz crystal
microbalance with dissipation monitoring (QCM-D, see Chapter5 for
details).”” The QCM-D is based on a piezoelectric quartz crystal, whose
mechanical resonance frequency (and damping) changes upon adsorption of
mass. The probably most commonly used label-free sensor is the optical surface
plasmon resonance (SPR) method,'* which detects changes in the refractive
index (RI) close to the sensor surface, as induced by, for example, biomolecular
binding. The SPR technique is based on surface plasmon polariton waves that
are optically excited at a metal/dielectric interface, as described in detail in
Chapter 3. Other optical techniques that rely on changes in interfacial RI
include ellipsometry,” dual polarization interferometry,'® optical waveguide
lightmode spectroscopy'’ and optical microcavities.'® The latter concept was
recently found to provide a sensitivity that enables single biomolecular binding
events to be monitored in a label-free format. Another interesting optical
sensor method is back-scattering interferometry.'” It can be used to investigate
molecular interactions in free solution as opposed to binding to a surface.
Electrical, mechanical and optical label-free sensors are all commercially
available, for example from the Swedish companies Q-Sense AB (QCM-D),
Layerlab AB (impedance-based) and Biacore AB (SPR, now GE Healthcare
Biosciences AB). Three sensor systems used in our group are shown in Fig. 1.2.

Figure 1.2. Three examples of commercially available biosensors (images taken in
our laboratories). The left image shows an E4 system from Q-Sense. The middle
image shows the z-LAB One system from Layerlab and the right a Biacore 2000
from GE Healthcare Biosciences.
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1.3.2 Nanobiosensors

Sensors that are based on nanoscale structures and/or nanoscale phenomena
have great potential for challenging existing sensor technologies. Apart from
competitive performance, many nanobiosensor methods, including the concept
explored in this work, may allow for the development of small, simple and
cheap devices, for example, to be used as point-of-care diagnostic instruments.
This promise stems partly from the fact that the instrumentation can be
simplified compared to many of the conventional techniques (explored in
Paper V) and also that simple and cheap nanofabrication methods are available
that allow for the production of a wide range of different nanostructures over
large areas (see Chapter 5).

In addition, specific nanosensors often provide unique possibilities that can
be used to address problems and limitations associated with conventional
sensors. For example, in this work we show that nanoscale sensors can be used
to improve transport of analytes to the sensor surface (Papers III and IV,
discussed in detail below). Further, the mere fact that nanosensors are small is
promising with respect to the development of miniaturized and dense array-
based sensor devices. > *!

Examples of label-free nanobiosensors include silicon nanowires, whose
electrical properties can be used to monitor biomolecular binding events in
real-time.”" > Mechanical alternatives include micro- and nanocantilevers, 2
for which either deflection or changes in the mechanical resonance frequency
can be used to study binding reactions. Note that the mechanical oscillation of a
cantilever is typically heavily damped when operated in a fluid. This was
recently addressed by instead placing the sample solution inside the cantilever
using suspended micro- and nanochannels.””* There are also nanosensors with
optical transduction. Those based on nanoplasmonics (the peculiar optical
properties of metal nanostructures) are particularly promising and have
received increased attention the last ten years.”>>* Most of the work presented
in this thesis is based on nanoplasmonics, which will be described in detail in
Chapters 3 and 4.

14 Specificity and selectivity

An interesting feature of label-free sensors is that, although they can detect the
binding of molecules, they are typically blind to the type of molecules that bind
to the sensor surface. For example, many optical techniques, including those
developed in this work, are based on detecting changes in RI close to the sensor
surface. In turn, a change in RI can be due to binding of in principle any type of
biomolecule. It is therefore highly important to control the surface chemistry in
such a way that only the interactions of interest occur on the surface. This is
indeed a challenge, but at the same time it makes these sensors versatile in the
sense that the surface chemistry can be modified for the application of interest.



To be able to measure the concentration of, for example, a specific type of
biomolecule in a blood sample, the surface chemistry should be selective. This
means that it should promote binding of the biomolecule of interest while
adsorption of all other molecules should be minimized (see Fig.1.3). This is
particularly challenging considering that typical biomarkers and other
biomolecules of interest are often present in low concentrations (nanomolar or
lower), while the concentration of many other molecules, whose adsorption
needs to be suppressed, is many orders of magnitude higher.

Polyethylene glycol (PEG) is known to be inert to biomolecular binding.” A
sufficiently dense layer of PEG on the sensor surface can therefore be used to
efficiently suppress unspecific binding of biomolecules. On gold, PEG can be
bound by having one end modified with a thiol group (thiolPEG). On materials
like glass, silicon dioxide (SiO,), silicon nitride (SiN") and titanium dioxide
(TiO,) it is useful to use PEG that is grafted to poly-L-lysine (PLL-g-PEG).*
After preventing all non-interesting biomolecules from binding to the sensor
surface, the task remains to promote binding of the biomolecule of interest.
This is typically addressed by the attachment of a receptor moiety to one end of
the PEG molecule, to which the analyte can bind specifically. Strategies other
than the use of PEG to reduce unspecific biomolecular adsorption include, for
example, the use of milk powder or bovine serum albumin, where the latter
enables the addition of receptor groups in a similar manner to PEG.* %

Figure 1.3. The illustration on the left shows the preferable situation of both
specific and selective binding, while the illustration on the right includes unspecific
adsorption of both the analyte and other molecules.

" Note that the stochiometric form of silicon nitride is Si3Ny4, but not necessarily
the form used in experiments, which is why the term SiN is used here.
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Materials-specific surface chemistry. It is useful if the analyte can be
controlled to only bind on the sensitive part of the sensor. One reason is to
make sure not to loose precious analyte molecules that otherwise would also
bind on regions that do not result in a sensor response. In addition, for
nanoscale sensors in particular, directed binding to high-sensitivity areas can
help to improve sensor performance. This was explored in Paper IV and is
discussed in Chapter 6. For sensors that consist of more than one material,
directed binding can be achieved using materials-specific surface modifications.
A sensor surface with gold and SiO; regions will here be used as an example.

While thiolPEG binds on gold, it does not bind on SiO; (or SiN). It is thus
possible to modify a gold surface with thiolPEG (with or without bioactive
receptor molecules) while leaving neighboring SiO, areas unmodified and
available for subsequent modifications. For example, PLL-g-PEG can be used
in a second step. It will bind to the SiO,, but not to the passivated gold regions.
In this way, the analyte can be controlled to bind preferentially on gold, SiO, or
on both materials by having the thiolPEG, the PLL-g-PEG or both bioactive,
respectively (see Fig. 1.4).

Figure 1.4. Schematic illustrations showing different possibilities offered by
materials-specific surface chemistry. (a) Both surface are passivated. (b) Analyte
binding is promoted on the Au surface, but suppressed in the SiO, region. (¢) The
opposite situation from (b). (d) Binding promoted on both surfaces. (e) Binding of
different analytes is promoted on the two surfaces using an additional receptor.



1.5 Biomolecular binding reactions

The previous section presented strategies that enable controlled binding of
specific biomolecules to sensor surfaces. In this section, the surface coverage of
bound biomolecules (e.g. in terms of bound mass per area or number of bound
molecules per area) will be discussed. The surface coverage is an essential
parameter in biosensing. In fact, the sensor response of most label-free sensors,
including the ones used in this work, is directly related to the surface coverage
and not to the total bound mass or the total number of bound molecules.

The equilibrium situation will be treated first, followed by a discussion on
the rate of binding (and the time it takes to reach equilibrium or a detectable
coverage) and different limiting factors. In particular, the benefits of using
micro and nanofluidics to decrease sensor response times are discussed, with
the aim of showing that nanofluidic channels may be used to simultaneously
improve the binding rate and sample volume consumption (explored in
Paper III). An excellent and more extensive discussion on binding kinetics,
mass transport phenomena and the use of fluidics can be found in a recent
review by Squires et al.*®

1.5.1 Surface coverage at equilibrium

Most biomolecular interactions are reversible. For a surface-based sensor this
means that target analyte molecules will continuously bind and unbind to the
receptor molecules on the sensor surface. The change in surface coverage I (i.e.
the change in number of bound analyte molecules per unit area) with time ¢ can
be described by a first order differential equation:

d
) - 0] - ) (L)

The first and the second term in Eq. 1.1 represent binding and unbinding (with
reaction coefficients ko, and ko), respectively. The available number of binding
sites on the sensor surface represents full coverage, Imax, and c is the
concentration of analyte in the solution above the sensor surface. Equilibrium
is reached when the rates of binding and unbinding are equal and the relative
surface coverage at equilibrium, I%q/Imax, is then obtained as:

I 1 1
3 = = (1.2)
Fmax 1 + h 1 + &
KonC C

where Kp is the equilibrium dissociation constant. The inverse of Kp represents
the affinity and thus the strength of the interaction. As shown in Fig. 1.5, the
equilibrium surface coverage at different concentrations follows a sigmoidal
curve. Two curves with different dissociation constants are shown in the figure.
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Figure 1.5. Relative equilibrium coverage according to Eq.1.2 ([ig/ITmax=1
represents full coverage) with respect to concentration for two interactions with
different dissociation constants. The solid curve shows the situation for a strong
interaction, such as avidin binding to biotin receptors on a surface. The dashed
curve represents a weaker interaction (e.g. antigen-antibody binding).

The solid curve represents a strong biomolecular interaction, such as that
between NeutrAvidin (avidin analogue) and biotin receptors immobilized on a
sensor surface (Kp~1 pM).3”" The dashed curve instead shows the situation for a
weaker binding, such as an antigen antibody pair (Kp~1nM).>* ** For an
irreversible reaction (ko=0 and Kp=0) we have that I.q=In. for all
concentrations. The dissociation constant of an interaction corresponds to the
concentration at which Itq/I'ma=0.5. Hence, it can be determined from the
concentration-response curve under the assumption that the response is either
linearly dependent on the surface coverage or that the relation between
response and surface coverage is known. The concentration-response curve can,
in turn, be obtained experimentally by measuring the equilibrium sensor
response at different concentrations. A hypothetical noise level (at around 8%
coverage, much higher than for a typical biosensor) of the system was drawn in
Fig. 1.5 to emphasize that the detection limit in terms of bulk concentration
(with respect to the response at equilibrium) is highly dependent on the
strength of the interaction. The reason is simply the difference in equilibrium
surface coverage that is reached at the same concentration for reactions with
different affinities. Note also that in order for the reduction in bulk
concentration upon binding to be negligible, a sufficient amount of material is
required in the bulk suspension. For picomolar concentrations of a 60 kDa
protein like NeutrAvidin and a sensor with a detection limit of around

" While values reported for surface-based binding were chosen for the examples used
here, it is worth to note that the affinity between avidin and biotin is even stronger in
solution (Kp~1 fM).*’
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0.1 ng/cm” (corresponding to ~17 pmol/m®) and a sensor area of 100x100 um?, the
minimum sample volume needed is in the order of microliters in order for the
concentration not to drop more than around 10% upon binding.

1.5.2 Reaction limited binding

From the curves in Fig. 1.5 one might get the impression that it is
straightforward to detect, for example, picomolar concentrations when the
interaction is strong, while it seems very challenging when the interaction is
weak. While the latter is indeed the case, it is in fact often challenging to detect
low concentrations also for strong interactions. The discussion above was based
on the sensor response that is induced at equilibrium binding conditions and it
may not necessarily be feasible to reach equilibrium conditions within a
reasonable time scale. The binding kinetics for reaction controlled binding is
described by Eq. 1.1 with solutions (using boundary conditions I(0) =0 and
I(w) = Iq that take an exponential form (often termed the Langmuir
isotherm):*’

) _ 1 [1_e-(k0nc+k0ﬁ)t] (13)
Fmax KD '
1+-—0

C

From Eq 1.2 it is clear that for a specific concentration, two interactions with
the same affinity (and hence the same dissociation constant, Kp=Kko/kon) Will
have the same equilibrium coverage. However, the rate of the reaction, as
determined by the exponential term in Eq. 1.3, is dependent on both k., and
kott and not only on their ratio. This means that for a specific concentration, two
interactions with the same affinity, but different k., and ko, will display
different binding kinetics. The time to reach a certain fraction x of the
equilibrium surface coverage is obtained as:

B —In(l— x)

=1 (1.4)
I(onc’ + koff

To reach half the equilibrium coverage for picomolar concentrations of
NeutrAvidin (binding to biotin on a surface, kon~10° M's™, koi~10s) gives
a time scale in the order of an hour. It would only take a few seconds to reach a
detectable surface coverage assuming a detection limit of 0.1 ng/cm? for state of
the art sensors and a full surface coverage of around 230 ng/cm®.”* However,
these time scales only consider limitations set by the interaction itself (reaction
limited binding). In the following section it will be explained that transport of
molecules to the sensor surface is often the main limitation, which therefore
makes the biomolecular uptake slower than what is predicted by Eqgs. 1.3 and

1.4.
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1.5.3 Mass transport limitations

In the discussion above it was assumed that the concentration in close
proximity to the sensor surface is equal to the bulk concentration and constant
with time. However, upon binding, the region close to the sensor surface
becomes depleted of biomolecules, which reduces the local concentration.
Subsequent binding then relies on transport of more molecules to the sensor
surface. In particular for low concentrations of slowly diffusing analyte
molecules, the uptake kinetics can therefore deviate significantly from that
described by Eq.1.3. Instead, the rate of binding is often limited by the
transport of molecules to the sensor surface.

Diffusion limited binding. Under stagnant conditions, as commonly used in
sensor applications, molecules move around by diffusion only. Assuming that
all molecules that reach the sensor surface bind instantaneously, the
concentration is zero at the surface and increases with the distance from the
surface until it reaches that of the bulk solution. Diffusion limited binding to a
planar sensor surface can then be described by:*

. |Dt
) = 2c\/; (1.5)

where D is the diffusion coefficient of the analyte molecules in the sample.
Equation 1.5 gives the total number of molecules that has reached the sensor
surface per unit area after a certain time. For a 1pM concentration of
streptavidin or NeutrAvidin (molecular weight around 60 kDa) that binds to a
biotinylated surface (Kp~1 pM), the equilibrium coverage is around 19 nmol/m?
(115 ng/cm®, half of the maximum surface coverage).”” With a diffusion
coefficient of around 6x10™"!' m?s, it would take more than 100 000 years to
reach this surface coverage. To reach a detection limit of around 0.1 ng/cm? it
would still take more than a month, which is clearly many orders of magnitudes
longer than the times predicted based on reaction limited binding. This
illustrates that in this situation the mass transport must be significantly
improved in order to reach reasonable response times.

According to the diffusion limited model (Eq. 1.5) the biomolecular uptake
does not saturate with time. This is not physically possible for a system with a
limited number of binding sites and suggests that, while the initial binding is
often limited by mass transport, the uptake must convert to a reaction limited
behavior at some stage as the equilibrium surface coverage is approached. At
every point in time, the balance between molecules available for binding and
the available binding sites, together with the reaction rates, determine the exact
behavior of the binding (see Fig 1.6 for schematic illustrations where the two
different limiting factors dominate).
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Figure 1.6. Schematic illustrations of typical conditions for reaction and mass
transport limited binding. (a) A typical reaction limited situation: high
concentration, small molecules that diffuse quickly and few available binding sites.
The bound analyte molecules are drawn a distance from the receptors on purpose
to give the impression that the binding is also weak. (b) A typical mass transport
limited situation: there are only few molecules available for binding and they are
also large and diffuse slowly. This is combined with a high surface density of
available binding sites. The shaded area depicts a strong affinity between the
bound analyte and the receptor.

Fluidics for improving mass transport. A discussion will now be presented on
the role of fluidics in sensing applications. Note that most prefactors will be
neglected in the derivations and the absolute values in this section are only
rough estimates. Focus is instead on the orders of magnitudes and the scaling
behaviors, which are valuable when comparing different systems and for
understanding the influence of different parameters on the mass transport.
Furthermore, it is assumed that all molecules that reach the surface bind
instantaneously and remain bound.

For diffusive transport under stagnant conditions, the layer above the sensor
surface that is being depleted from molecules during binding is continuously
growing. The depletion length & scales as (D7) and typically extends hundreds
of micrometers already after a few minutes. Now assume that the sample
solution is instead constantly flown over the sensor surface. In this way,
transport of new molecules will compete with the growing depletion zone. The
depletion zone will reach a steady state that can be estimated by comparing the
time scale 7p for molecules to diffuse through the depletion zone to the surface
(‘L'D~62/D) and the time scale 7z for molecules at the same distance from the

surface to flow a certain distance / over the sensor surface with a flow speed v
(7 =I/v(9)). This gives:

5~ | (1.6)
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For a pressure driven flow, the velocity profile within a microfluidic channel is
parabolic with the highest speed in the middle and with no flow at the surfaces.
Close to the sensor surface the velocity can be approximated as linearly
dependent on the distance z from the surface:*

v(z)zﬂz (1.7)

wh?

where Q is the volumetric flow rate and w and & are the channel width and
height, respectively. Inserting Eq. 1.7 into Eq. 1.6 with z=6 gives the depletion
length as:

Dwha |
°~175 (1.8)

For a typical microfluidic channel of 100 pm width and height, a flow rate of
10 uL/min and D=6x10"" m%s as before, Eq. 1.8 gives an estimated depletion
length of less than 10 pm for all positions within 1 mm from the start of the
sensor surface (see Fig. 1.7a). In comparison, a depletion length of 10 pm is
obtained already after tens of milliseconds under stagnant conditions. One
might therefore suspect also an improvement in the transport of molecules to
the surface when this kind of flow is applied. The binding rate allowed by mass
transport will be equal to the flux of molecules to the sensor surface (number of
molecules reaching the surface per unit area and per unit time). Further,
because the transport rate at steady state is constant with time, the surface
coverage is obtained by simply multiplying the binding rate by z." By estimating
the concentration gradient as the difference in concentration from that of the
bulk to zero over the depletion length (-¢/0), the uptake can be described by:

1/3

Dc 23 Q
I(t)=-Dtvc=—1t ~cD — t 1.9
() 5 (whzl (1.9)

This gives the uptake at different positions along the sensor and the average
uptake over a sensor with length L is then:

L 1/3
Dyeragelt) = % [ r(t)dl - cDm(&) t (1.10)

average
’ ) wh?L

" The time to reach steady state is neglected. Also note that the expression is not
valid for slow flows or when the depletion length becomes comparable to the
channel dimensions. This is, for example, clear from the fact that Eq. 1.9 suggests
that I(¢)=0 for all t when Q=0.
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Figure 1.7. (a) Estimations of the depletion zone at steady state along a sensor for
three different channel heights and with Q=10 pL/min, D=6x10" m%s and
w=100 pm. (b) Identical to (a), but showing the depletion lengths relative to the
channel height. (¢) This schematic illustration is intended to illustrate the meaning
of the depletion zone. A molecule entering (/=0) at a height z” will on average
reach the sensor surface at a position /” at which the depletion length is z".

Using the same figures as above and with a 100 pm long sensor, a detectable
coverage (0.1 ng/cm?) at picomolar concentrations is obtained after around
10 min. This is much faster than under stagnant conditions (as previously
mentioned, it would take around a month), yet still far from the reaction limit
conditions, which gave values in the order of seconds. Hence, there is room for
further improvement. Note also that 10 min at 10 pL/min indicates that the
sample volume needed for detection in this situation is in the order of 100 pL.
By comparing this value with the volume that contains the number of molecules
needed on the surface for detection (<1 pL) it is clear that only a small fraction
of all molecules that flow past the sensor will actually be detected in this
situation. This is discussed further below.

For a given sample solution (fixed ¢ and D) the parameters one can play with
are those in the parentheses in Eq. 1.10. However, the 1/3-exponent renders
most changes rather undramatic. For example, an increase in the volumetric
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flow rate by a factor 10 only doubles the binding rate.” However, it does help
somewhat to decrease the channel height. For a fixed volumetric flow rate
(fixed Q) a decrease in the channel height from 100 pm to 10 pm, increases the
binding rate around 5 times. This is a first indication that a shift from micro- to
nanofluidics could be useful for these types of applications. However, it may
not be possible to use the same volumetric flow rate when decreasing the
channel height. It is therefore important to note that the binding rate will
increase with decreasing channel height also when the average flow speed in

the channel, vy, is kept fixed (vo=Q/wh, giving dI'/ dt « h™'/%). This means that
both the sensor response time and the sample consumption can be improved
simultaneously by scaling down the fluidics. It should be noted that, due to
rapidly increasing flow resistance with decreasing channel height, it may be
challenging also to keep the flow speed fixed. This potential problem may be
addressed, for example, by decreasing also the channel length. A concept for
nanoscale fluidics combined with sensing that takes these aspects into account
was reported in Paper III and is discussed in greater detail in Chapter 6.

Finally, for situations where the total number of molecules is limited, the
capture efficiency may be a relevant parameter. The capture efficiency is here
defined as the fraction of all molecules in the convective flow that reach the
sensor surface and bind. As indicated in the example above, only a few percent
or less of all molecules flowing past the sensor will actually arrive at the surface
for a typical microfluidic system. The rest will end up as waste. Interestingly,
even though the depletion length decreases with decreasing channel height
(Eq. 1.10), the depletion length relative to the height of the channel exhibits the
opposite behavior (§/hoxh™” for fixed Q [see Fig. 1.7b], d/hoch™? for fixed vo). A
comparison between the flux to the surface and the total flux through the
channel reveals that decreasing the channel height can be employed to improve
the capture efficiency. Even though the discussion here is under the assumption
that 6<<h and hence not valid when 6 becomes comparable to A, one can
imagine situations where the channel dimensions and depletion lengths
coincide and that essentially all molecules will be captured (until reaction
limitations sets in).

" This works also the other way around, which can be used to decrease the sample
volume consumption. A decrease in Q by a factor 10 only decreases the binding
rate by around a factor 2.
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Other ways of improving mass transport. Many nanosensor concepts have in
common that small nanoscale regions are sensitive to binding (e.g. nanowires,*'
nanocantilevers™ or nanoparticles*'), while binding to areas that surround these
regions does not result in a sensor response. This gives a unique possibility to
improve the response time for purely diffusive binding, as shown in Paper IV
and discussed in Chapter 6. In brief, the concept is based on selective binding of
the analyte to high-sensitivity regions only. While the total number of bound
molecules at a given time will be the same whether molecules bind on sensitive
nanoscale regions or everywhere, the local surface coverage on the sensitive
regions will be higher in the first case. This concept may be particularly
valuable in situations where the sample volume is limited. Another interesting
possibility is to attract biomolecules to the surface or preconcentrate them, for
example, using electrokinetic effects.*> ** These principles are fundamentally
different from the ones discussed above, because the local concentration next
to the surface is increased and can even exceed that of the bulk solution.
Hence, such systems may improve the detection limit in terms of lowest bulk
concentration also for reaction limited situations.

1.6 Summary

The most important points of this chapter on bioanalytical sensing are, first of
all, that biosensors have direct and important applications and that there is
significant room for improvement. Focus of the chapter was put on some of the
key concepts in biosensing:

» Label-free sensing — simple sample preparation, no interference with
labels, generic sensors, etc.

* Real-time sensing — kinetic information, rapid detection, etc.

» Simplicity — point-of-care diagnostics, hand-held devices, etc.

* Fluidics — improvement of mass transport, rapid detection, etc.

Other important aspects of sensing, such as sensitivity maximization and noise
minimization are discussed in Chapters 3 and 5 in connection with the type of
sensors used in this work. Apart from addressing these general issues in
bioanalytical sensing, this work has focused on specific applications and sensing
compatible with artificial cell membranes in particular, as discussed in the next
chapter.
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Chapter 2 Lipid membranes

Artificially made mimics of the cell membrane were investigated in Papers I
and II and deserve some closer attention. After an introduction to the natural
cell membrane and a discussion of the importance of being able to study
reactions associated with cell membranes, artificial cell membrane mimics are
introduced, with focus on lipid vesicles and supported lipid bilayers.

2.1 The cell membrane

The core structural element of the cell membrane, also called the plasma
membrane, is a 5 nm thick lipid bilayer shell that surrounds the living cell. It is a
vital part of life as it makes it possible to maintain (and protect) molecules and
functioning organelles (which themselves are surrounded by lipid bilayer
membranes) inside confined compartments. The main constituents of the cell
membrane are amphiphilic lipid molecules. While the hydrophilic head group
of a lipid prefers to be exposed to water, its hydrophobic tails avoid such
contact. In aqueous solution, the lipids therefore spontaneously self-assemble
into a bilayer-like structure. The tails are shielded from the aqueous solution by
pointing towards each other and the polar head groups are facing the two liquid
environments inside and outside the cell, as depicted schematically in Fig. 2.1.
The resulting lipid bilayer structure acts as a hydrophobic barrier, which limits
the membrane permeability with respect to large, charged and polar molecules
as well as atomic ions.

Still, the cell membrane can enable selective transport of molecules in and
out of the cell, and it is also responsible for signaling between cells, adhesion of
cells to surfaces and to other cells, etc. These important properties are mainly
controlled by different kinds of proteins and protein complexes that are
embedded in the cell membrane (signaling receptors, ion channels, aquaporins,
etc.).* In fact, around 30% of the approximately 20,000-25,000 human genes®
code for proteins that are embedded in the cell membrane or in other ways
associated with membrane-related processes.® The restricted permeability
ensured by the lipid bilayer combined with selective membrane transport
makes it possible for cells to generate and sustain essential molecular gradients.
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Figure 2.1. A simplified schematic illustration of the cell membrane.

It should be emphasized that the complexity of the cell membrane is not
restricted to its composition. The cell membrane is constantly undergoing
changes, both in shape and by lateral movement of membrane components
within the lipid bilayer. The lateral fluidity is important as it makes the
membrane self healing, but also because it allows embedded proteins to form
complexes and lipids to organize into domains (often referred to as rafts)."’
Such organized structures, in turn, play essential functional roles in, for
example, membrane-fusion processes as well as in the pathogenesis of various
diseases.*"

The important role of the cell membrane is manifested by the fact that
around half of the most common drugs are directed towards membrane
receptors.*® However, despite their vital importance, the knowledge about the
structure and function of membrane proteins is still very limited. This is, to a
large extent, due to their low natural abundance and the difficulty to produce
and purify them.”' Furthermore, to preserve their function, membrane proteins
should be maintained in a native-like environment, that is, in a lipid bilayer.
Biosensors that are compatible with studies of lipid bilayer assemblies are
therefore particularly suitable for functional investigations of membrane
proteins, not only from a fundamental perspective, but also with respect to
applications for medical diagnostics and drug development.
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2.2 Supported cell membrane mimics

In order to study processes associated with the cell membrane in a controllable
way, it is valuable to use model membranes that are less complex than the
native cell membrane. The lipid vesicle and the supported lipid bilayer (SLB)
are two artificial membrane concepts commonly used in combination with
surface-based sensors and also the structures that were used in this work
(Fig. 2.2).

Figure 2.2. Schematic illustrations of a lipid vesicle (left) and a SLB on a surface
(right).

2.2.1 Lipid vesicles

One popular artificial cell membrane mimic is the lipid vesicle, also known as
liposome (see Fig. 2.2 left). It is a spherical lipid bilayer shell filled with
aqueous solution. Depending on preparation method, lipid vesicles may have
multiple shells (multilamellar vesicles) or single shells (unilamellar vesicles). In
this work, unilamellar lipid vesicles were used. They were prepared by the
extrusion method™ * in which an essentially unordered lipid suspension is
forced through a polymer membrane containing multiple nanopores. This
results in lipid vesicles being formed in a process similar to that of blowing soap
bubbles. The method enables the preparation of vesicles with different lipid
compositions and with diameters ranging from tens to hundreds of
nanometers.”

The possibility to tether lipid vesicles to a surface™ is highly valuable for
bioanalytical sensing applications, because the transduction mechanisms of
many sensors are, as described above, based on biomolecule-induced optical,
electrical or mechanical changes at or close to a sensor surface. One popular
means of attaching vesicles to a surface is to prepare the vesicles with a small
fraction of biotin-modified lipids. These vesicles can then be bound to a surface
modified with avidin (or streptavidin or NeutrAvidin).”> An increasingly
popular approach is to use DNA as surface tethers. A lipid vesicle modified
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with single-stranded DNA can be site-selectively bound to a surface modified
with complimentary DNA strands.”® °’ Because the hybridization process is
highly specific, this strategy has the potential for multiplexed automatic sorting
of vesicles, which may be of particular value for array-based membrane
proteomics.”® DNA tethers can be attached to lipid vesicles by, for example,
covalently attaching DNA to lipids modified with reactive head groups.”” One
can also use cholesterol-tagged DNA, which spontaneously incorporates into
lipid bilayers.®” ® In this case, the hydrophobic cholesterol part self-incorporate
into the hydrophobic part of the lipid bilayer, making the concept highly
attractive in combination with, for example, lipid vesicles derived directly from
native cell membranes.*

2.2.2 The supported lipid bilayer (SLB)

An alternative to immobilized lipid vesicles is the concept of supported lipid
bilayers (SLBs).” ®** A SLB is a planar lipid bilayer that rests on a support,
which may be part of a surface-based sensor system (see Fig. 2.2 right). Silica-
based supports (i.e. glass) are by far the most popular, mainly because of the
simple SLB preparation procedure. On silica, mica and some metal oxides, such
as titanium dioxide, SLBs can be formed spontaneously by adsorption and
spontaneous rupture of lipid vesicles, without the need for pre-functionalization
of the surface apart from normal cleaning procedures.”®’ In contrast, under
normal conditions, vesicles do not rupture on most other materials. These
include metals (e.g. gold) that are commonly used in electrical, mechanical as
well as optical surface based sensors.'” '* % ® Instead, vesicles adsorb and
remain non-ruptured on such surfaces. A simplified schematic illustration of the
SLB formation process on silicon dioxide (SiO;) is presented in Fig. 2.3. The
vesicles first adsorb and remain non-ruptured and after a critical surface
coverage they rupture to form a SLB on the surface. Analogous to the lateral
fluidity of a real cell membrane, the lipids in a SLB have a high lateral
diffusivity, although somewhat reduced compared with that of lipid vesicles.”
Similar to lipid vesicles, SLBs can be modified with different components,
including membrane proteins.”" Moreover, SLBs have been proven successful
in studies of crystallization of water-soluble proteins,” "*7 multivalent
interactions’® and cell adhesion,’ to mention a few important examples.

By forming a SLB from vesicles that contain a small fraction of fluorescently
labelled lipids (typically 0.1-1%), the final SLB also becomes fluorescent.
Except from traditional fluorescence-based imaging, this enables the
characterization of the lateral mobility in the artificial cell membrane using, for
example, fluorescence recovery after photobleaching (FRAP).* ° In FRAP,
fluorescent molecules in a small region (typically around 10 pm in diameter) of
the microscope’s field of view are photobleached. For a fluid SLB that is
considerably larger than the bleached region, non-bleached lipids will diffuse
into the bleached area and the fluorescence will recover over time. In contrast,
if the mobility is low or limited to regions smaller than the bleached area, as in
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the case of a layer of vesicles, there is essentially no fluorescence recovery. This
makes FRAP a powerful tool in the characterization of cell membrane mimics.

Other variants of supported cell membrane mimics include tethered and
polymer-supported lipid bilayers.”” ™ For certain applications, these are
promising alternatives to conventional SLBs, because they can also be formed
on materials that do not promote spontaneous SLB formation from vesicles and
because they provide a liquid reservoir under the lipid bilayer. The latter
property may be particularly beneficial when working with membrane-
protruding proteins. Another concept is that of free-hanging membranes”
(SLBs that span apertures), which also provides space under the membrane and
liquid reservoirs on both sides of the lipid bilayer.

Note that it is possible to produce patterns of both SLBs and vesicles. In the
case of vesicles, the DNA-controlled immobilization strategies discussed above
are promising for multiplexed sorting of vesicles on the sensor surface.”® DNA-
controlled binding, combined with materials-specific surface modifications, can
also be used to specifically attach vesicles to the most sensitive regions of a
nanosensor.” Several techniques have been developed to create patterns or
patches of SLBs. For example, barriers on a SiO, surface can be used to hinder
lipids from diffusing between two adjacent fluid SLB patches.*’ Microcontact
printing with patterned stamps is another attractive approach to create SLB
patches™ and more serial techniques include dip-pen nanolithography,* and
nanoshaving.*!

In this work, SLB formation from lipid vesicles was investigated with
nanoplasmonic sensing. The concepts of plasmonic and nanoplasmonic sensing
are discussed in the following two chapters.

Figure 2.3. Simplified schematic illustration of supported lipid bilayer formation
from vesicles on SiO,. The vesicles first adsorb and stay non-ruptured on the
surface and after a critical surface coverage they rupture to form a SLB.
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Chapter 3 Plasmonics — basics and sensing

This chapter is aimed at providing a general introduction to the field of
plasmonics as a basis for the next chapter that focuses on plasmonic holes. In
particular, the use of plasmonics for refractive index-based sensing will be
discussed.

In plasmonics, the interaction of electromagnetic radiation (light) and
metallic interfaces is explored. The research field is exceptionally broad, with
promising applications ranging from cheap light emitting diodes,”® data
storage systems™ and more efficient solar cells® to the recently developed
SPACER,”” °' which is a plasmon-based laser and even more exotic
phenomena, such as negative refractive index materials and invisibility
cloaks.” ®* Plasmonic applications within biology and medicine include both
diagnostics and treatment of cancer™ ** and, as explored in this work,
bioanalytical sensors.*>

The two main plasmonic components relevant for sensing applications are
surface plasmon polaritons (SPPs) and localized surface plasmons (LSPs, also
referred to as nanoplasmons). While SPPs are associated with flat metal films,
LSPs are associated with metal nanostructures. Plasmonic excitations
associated with metal films perforated with nanoholes are discussed in
Chapter 4.

3.1 Short introduction to the optics of metals

The optical properties of a bulk material, such as its color, can be described by
the material’s relative permittivity or dielectric function & In the simplest

approximation, a metal can be described as a free electron gas with the metal
dielectric function &y, given by:

(3.1)

where w is the angular frequency of light and w, the plasma frequency of the
metal (w,~1.4x10'® Hz for gold)™. Note that the dielectric function of the metal
is frequency dependent and that &,<0 and &,>0 for frequencies below and
above the plasma frequency, respectively. This means that the refractive index,
which is the square root of the dielectric function (n=¢"?), is imaginary and real
for frequencies below and above w,, respectively. For metals such as gold and
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silver, the frequency of visible light falls below wy, resulting in an imaginary
refractive index and highly reflective and mirror-like surfaces.

Damping of the electron motion due to inelastic processes such as collisions
in the material can be taken into account by introducing a damping frequency
y according to:

€m((1)) :1—m (32)

The dielectric function in this so-called Drude model is thus complex
(&m= &m +iem”") With the two components being:”’

2

em(0) =1- wzw_pyz (3.3)
. Opy
n'lo)= 37 (3:4)

For UV-visible-NIR frequencies, o is in the order of 1-10x10" Hz. Hence, for a
typical noble metal like gold (ygoia= 4x10" Hz)™ y is much smaller than «. This
implies both that &, is small in this frequency range and that &y" is close to that
described without the damping factor (Eq. 3.1).

According to the discussion above, the metal dielectric function approaches
1 at high frequencies (when w>>w,). This is typically not the case for a real
metal such as gold due to, for example, the influence of the positive
background of the metal ion cores.”” This can be taken into account by
replacing the first term in Eq. 3.2 with ¢, (typically between 1 and 10),”” which

is the value that &, approaches when w—>o:”

sm(w) =g, ———— (3.5)

w? +iyw

The simplest free electron gas approximation or the Drude model will mainly
be used in the discussions below, but it is worth mentioning that the complete
picture for a real metal is not described unless interband transitions in the
metal are also considered. This is typically done by adding one or several
Lorentz-oscillator terms to the dielectric function.”
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3.2 Surface plasmon polaritons

A surface plasmon polariton (SPP), first predicted by Ritchie in 1957,” is an
electromagnetic excitation of collective oscillations of the conduction electrons
near a metal surface. The SPP propagates as a wave at the interface between
the metal and a dielectric medium, such as air or water. The magnetic field
oscillates in the plane of the interface (SPPs are transverse magnetic waves).
The accompanying electric fields of the SPP have both a longitudinal
component in the direction of the propagation and components perpendicular
to the interface that decay exponentially into both the metal and the dielectric
medium (see Fig.3.1a).”” The penetration depth (decay length)” of the field
into the dielectric medium depends on the wavelength of the incident light and
on the dielectric functions of both materials and is typically hundreds of
nanometers.'” In sensing applications, the response is generated by changes in
the refractive index induced by biomolecular binding within the evanescent
field in the dielectric medium. Hence, the decay length is an important
parameter when comparing different plasmonic materials for sensing
applications, as discussed below.

SPPs carry momentum, described by the wave vector kspp. The magnitude of
the wave vector, or the wave number kspp, is given by the dispersion relation:

(3.6)

where 7 is the refractive index of the dielectric medium and c the speed of light
in vacuum.” From the derivation of Eq. 3.6 (see for example the review by
Zayatz et al.'’!) it is clear that SPPs only are supported if the real components
of the dielectric functions of the two interface materials have opposite signs.
Hence, the condition for SPPs may be fulfilled at the interface between a metal
(below its plasma frequency such that &,°<0) and a dielectric medium, whose
dielectric function e=n” is both real and positive. Note that with a complex
metal dielectric function, Eq. 3.6 gives a complex wave vector. The imaginary
part corresponds to losses in the system and determines, for example, how far
the SPP will propagate on the surface. When the imaginary component of the
metal dielectric function is small (en"<<lem1, as for gold in the visible region),

" The decay length is defined as the distance from the surface at which the field
amplitude has decreased by a factor e, where e is the base of the natural logarithm.

" Note that, for thin metal films, the SPP fields in the metal of the two opposite
metal interfaces overlap and a coupled system is formed. This results in symmetric
and antisymmetric SPP modes, corresponding to the two SPP fields oscillating in
phase or out of phase, respectively.
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the real part of the wave vector can be approximated from Eq. 3.6 by simply
neglecting the imaginary component of &,. This approximation is used in the
following discussion.

Because &n'<0 (and lenl>n?) for all allowed frequencies, we have from
Eq. 3.6 that:

Kspp > % n (3.7)

Interestingly, the right hand side in Eq. 3.7 is equal to the wave number for
light at frequency w traveling in the same dielectric medium. Because the
momentum of a SPP is parallel to the surface, it is the momentum component
of the photon parallel to the surface that is relevant for the excitation of SPPs.
For light travelling in the dielectric towards the metal surface at an angle 6, the
wave number component parallel to the surface is:

Kohoton :%n- siné <%n (3.8)

From Eqgs.3.7 and 3.8, the following relation is obtained for any given
frequency regardless of incidence angle:

kphoton < I(SPP (39)

This is central, because it means that SPPs will not radiate into the dielectric
medium and also that light (incident on the surface in this particular way)
cannot excite SPPs. The reason is that both the frequency (energy) and the
wave vector (momentum) must be conserved in the conversion of photons to
SPPs or vice versa. Figure 3.1b illustrates graphically that the dispersion
relations for light in air and SPPs at a metal/air interface do not coincide. The
straight solid line shows the dispersion relation for light parallel to the metal
surface and the shaded grey area represents all possible incidence angles (the
light cone). It is clear that the photons have too small wave vectors in order to
excite SPPs. Further, while the dispersion relation for light is linear, the
dispersion curve for the SPP is not, but instead approaches wy(1+ n°)"* for
large values of kspp.
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Figure 3.1. (a) Schematic illustration of a SPP propagating at the interface
between a metal and a dielectric material. The filled regions illustrate the
exponentially decaying fields in both materials. (b) Dispersion relations for SPPs
at a gold/air interface and light in air (n=1). For the latter, the wave vector parallel
to the surface is used and the filled area represents all possible angles of incidence
(the light cone). The dashed line indicates that the frequency of the SPP
approaches wp(1+ n*)" for large wave vectors.

Optical excitation of SPPs. In 1968, Kretschmann and Raether'”” and Otto'”
presented methods that enable the excitation of SPPs on a flat metal film using
light. The two methods are similar in that they circumvent the phase mismatch
(or momentum mismatch) using attenuated light that is totally reflected at an
interface close to, but different from, the interface where the SPPs are excited.
The Kretschmann configuration, illustrated schematically in Fig. 3.2a, is based
on guiding light in a glass prism towards a thin metal film. From the discussion
above it is clear that this light cannot excite SPPs at the gold/glass interface (see
the solid curves in Fig. 3.2b). However, at a given frequency, it can provide the
extra momentum needed to match the wave vector of SPPs propagating on the
next (metal/air) interface, as shown in Fig. 3.2b. Hence, for a sufficiently thin
metal film, the evanescent field from light totally reflected at the glass/metal
interface can excite SPPs at the metal/air interface (n=1) when the following
condition is met:

I(photon = kSPP = (310)

(3.11)

Either the frequency (wavelength) or the angle of incidence (or both) can be
tuned to find solutions to Eq 3.11. It should also be noted that the process
works the other way around; SPPs excited in this way are inherently leaky and
can couple out as electromagnetic radiation into the prism.”” In both the
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angular and frequency spectra, a dip corresponding to SPP excitation appears
due to absorption in the metal combined with destructive interference between
directly reflected light and light that is reemitted from SPPs.”’

Apart from using the Kretschmann or the Otto configurations, the
momentum mismatch between SPPs and light at a metal/dielectric interface can
be circumvented using diffraction effects.'”" '**'% This was in fact also shown in
1968 when Ritchie et al.'” explored optical anomalies in gratings. These
anomalies had previously been reported by Wood in 1902 and were later
studied by, for example, Rayleigh and Fano.'™ ' 7 The grating-coupling
principle is based on the fact that light that is diffracted by a grating will
provide an additional component to the wave vector compared with that of the
incident light. The principle also holds for two-dimensional arrays of scattering
features on the metal surface, such as a periodic array of nanoholes. This and
similar systems will be treated separately in Chapter 4. Recently, Renger et
al.'® showed that SPPs can be excited by free-space photons also on flat metal
films using nonlinear effects. The principle is called four wave mixing and is
based on three photons (from two different laser beams) that interact to excite
a single SPP. Interestingly, in contrast to SPPs excited using the Kretschmann
configuration, these SPPs are not necessarily leaky, because this nonlinear
excitation process cannot simply be reversed into a radiative emission process.

Figure 3.2. (a) Schematic of the Kretschmann configuration illustrating how SPPs
at the metal/air interface can be excited using light incident through a glass prism
from the back of the thin metal film. (b) Dispersion relations for SPPs at a gold/air
(dashed trace) and a gold/glass (solid trace) interface. Also shown is the dispersion
of light in glass (straight curve) where the shaded grey areas represent all angles of
incidence and the darker shaded area represents angles of incidence that can
excite SPPs at the metal/air interface.

" These so-called Wood’s anomalies are light waves that are diffracted to move in
the plane of the surface.
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3.21 Surface plasmon resonance sensing

A closer inspection of Eq. 3.11 shows that the resonance condition is sensitive
to RI changes in the dielectric medium close to the metal/dielectric interface.
This means that a change in RI, for example induced by biomolecular binding,
will result in shifts in position of the dips in both the angular and frequency
spectra, as illustrated in Fig 3.3. This forms the base for using SPPs for RI-
based bioanalytical sensing. These sensors are called surface plasmon
resonance (SPR) sensors. It is important to note that the glass prism used in the
Kretschmann configuration has a dielectric constant not only larger than that of
air, but also larger than that of water or typical biologically relevant solutions.
This enables the concept also to be used in liquid environments to investigate
biomolecular reactions in real-time. Liedberg and coworkers developed the
first refractometric biosensor based on SPR in 1983." In their pioneering work,
they were able to probe antigen-antibody binding in real-time on a silver
surface. After the report of the first SPR biosensor, commercial systems, such
as those from the Swedish-based company Biacore (now GE Healthcare
Biosciences AB), have been developed and are now widely used around the
world. There are also several extensions of the concept including surface
plasmon enhanced fluorescence spectroscopy and imaging SPR.'*- 11

Figure 3.3. The SPR sensing concept illustrated for an RI increase (solid curves to
dashed curves). (a, b) At a fixed angle (the light dispersion is shown as a solid
straight line) an increase in RI results in a decrease in the SPR frequency and a
corresponding shift in the position of the dip in the frequency spectrum (red-shift
of the wavelength). (¢, d) At a fixed frequency, there will be an increase in the
position of the dip in the angle spectrum. Note that the spectra are only
schematics used to illustrate the concept.
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3.3 Localized surface plasmons

Metal nanoparticles cannot sustain SPPs, because there is simply no space for
them to propagate. Instead, light can couple to local collective oscillations of
the free electrons of the metal particle, as depicted schematically in Fig. 3.4a.
These excitations are called localized surface plasmons (LSPs) or
nanoplasmons. They are fundamentally different from SPPs as they do not
propagate and thereby do not carry momentum. As a result and in contrast to
the excitation of SPPs, there is no phase matching condition that has to be
considered and LSPs can be excited by free-space photons.

LSPs are excited at certain resonance frequencies (or resonance
wavelengths, typically in the visible region), resulting in scattering and
absorption at these frequencies. This explains why metal nanoparticles have
bright colors, as was used already by the Romans to color glass. The oldest and
probably most famous example is the Lycurgus cup, a Roman glass beaker
made in the 4™ century."’ Metal nanoparticles (gold/silver alloy) were
embedded in the glass, which explains the cup’s beautiful dichroic optical
properties. The plasmonic particles scatter green light strongly, which makes
the cup appear green when it is illuminated (with white light) from the side or
the front. For the same reason, the cup appears red when it is illuminated from
within or from behind, because the green light is removed from the transmitted
light by scattering and absorption by the particles (see Fig. 3.4b).

Figure 3.4. (a) Illustration of light interacting with metal nanoparticles. (b) The
author next to the Lycurgus cup on display at the British Museum in London. The
left and right insets show the cup imaged with illumination from behind and using
the camera flash, respectively.

When light interacts with a particle it will induce a dipole moment that is
proportional to the applied electric field via the polarizability a. For a sphere
that is much smaller than the wavelength, the applied electric field can be
assumed to be constant over the whole particle. In this electrostatic
approximation the polarizability is given by:

32



Chapter 3 — Plasmonics — basics and sensing

(3.12)

where a is the radius of the particle and # is the refractive index of the dielectric
surrounding. It is clear that the polarizability will obtain its maximum value
when the denominator is minimized. Because &, '<<len’l in the visible for
metals like gold (see above), this occurs to a first approximation when:

en'(0) = -2n? (3.13)

This is the so-called Frohlich condition, corresponding to the resonance
condition for excitation of LSPs, or the localized surface plasmon resonance
(LSPR), for small metal nanospheres in the electrostatic approximation.”” By
analogy with the discussion on SPPs above, &,” must be negative in order to
fulfill Eq. 3.13, restricting the excitation of LSPs to particles made of metal (or
dielectric particles surrounded by metal as discussed in Chapter 4). A real
metal has a non-zero imaginary component of the dielectric function, which
hinders the polarizability from approaching infinite values at resonance. Note
that the resonance condition (Eq. 3.13) is directly related to the refractive index
of the surrounding medium. This forms the base for using nanoplasmonic
structures for RI-based sensing, as discussed in detail below.

In this context, it is important to note that the excitation of LSPs results in
both scattering and absorption, with corresponding scattering and extinction
peaks that can be observed in the far-field (extinction = absorption +
scattering) by dark-field and transmission-mode optical spectroscopy,
respectively. Hence, in contrast to the excitation of SPPs on a flat metal surface,
no prism coupling is needed to excite LSPs. In turn, this opens up for relatively
simple instrumentation. The optical extinction cross section o of a metal
particle was derived already in 1908 by Gustav Mie.'"> For particles much
smaller than the wavelength of light (in the electrostatic dipole limit) the Mie
theory is reduced to:>*

o)l o)

3.14
c [sm’(w) +2n2] +£m”(w)2 ( :

It is clear that the extinction will be highest at the resonance condition (at the
LSPR, Eq. 3.13). It should also be noted that &,” determines the width of the
extinction peak. This can explain why noble metals such as gold and silver,
which have small imaginary components (small damping), provide relatively
sharp peaks and bright colours.

Apart from spheres, the optical properties can be solved analytically for only
a few other types of structures, such as ellipsoids. The optical properties of
structures that are similar to ellipsoids, such as nanodisks (used in Paper V) or
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nanorods, can be well described by approximating them as prolate (“cigar-
shaped”) and oblate (“pancake-like”) spheroids, respectively. Note that, such
non-spherical structures are asymmetric and that the LSPR will depend on the
polarization of the incident field. For high-aspect ratio structures, two plasmon
peaks may even be resolved, corresponding to resonances at different
polarizations.'” The longitudinal resonance (e.g. excitation along a gold
nanorod or along the surface of a disk) red-shifts approximately linearly with
the aspect ratio of the structure.'> '* This makes it possible to tune the
extinction peak position (i.e. the colour) of these structures over a wide range
of wavelengths.

Note that the electrostatic approximation used above describes the optical
properties fairly well for structures in the order of tens of nanometers. For
larger particles, with sizes approaching the wavelength of the incident light, the
applied electric field can no longer be considered constant over the particle.
This results in retardation of the depolarization field inside the particle and a
red-shift of the LSPR.'®> Moreover, an increase in radiative losses for growing
particle sizes weakens the resonance, resulting in a broadening of the peak.”” '

The approximations used above for small particles also fail to correctly
explain the optical properties of particles that are comparable to or smaller
than the effective mean free path of the electrons in the metal (below =10 nm),
because elastic damping at the particle surface becomes significant.''® For even
smaller particles (radius around 1 nm), one needs to start considering quantum
mechanical effects.”

3.3.1 Localized surface plasmons resonance sensing

It is clear that the resonance condition for excitation of LSPs (Eq3.13) is
sensitive to changes in the refractive index n of the surrounding environment.
Hence, not only SPPs, but also LSPs can be used for Rl-based label-free
biosensing. However, despite the use of colloidal gold in decorations for
centuries, the LSPR sensor was developed many years after Liedberg’s first
SPR sensor based on SPPs. The first report on LSPR sensing (also referred to
as nanoplasmonic sensing) was presented by Englebienne in 1998, who
monitored changes in the plasmon resonance of gold particles suspended in
solution as a means of probing antigen-antibody binding.”” More common
nowadays are surface-based nanoplasmonic sensing platforms using all sorts of

differently shaped structures depending on the specific application of interest.*"
117-121

The optical behavior of most structures can be qualitatively described by
replacing the factor 2 in Eq. 3.13 with a shape factor y:*'

em'(@) = —m? (3.15)
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Using the free electron gas model (Eq. 3.1) for the metal dielectric function and
shifting from frequencies to wavelengths, an approximate resonance peak
position wavelength A,c.x is obtained as:

% (3.16)

where 4, is the plasma wavelength related to w, as A,=27c/wp. Note that while
the free electron model does not provide accurate estimations of the particle
plasmon resonance wavelength, it is here used as a first means to understand
the qualitative behavior resulting from small changes in different parameters.
The derivative of Eq.3.16 with respect to n gives the sensitivity S of the
plasmon resonance peak position to small changes in the RI of the medium that
surrounds the structure (bulk RI sensitivity):

di 12
P, X (3.17)

s
dn P11/ ym?

Equations 3.16 and 3.17 suggest that both the bulk RI sensitivity and the
absolute peak position increase with the shape factor, which is 2 for a sphere,
but can be tailored to values above 20 for high-aspect ratio structures.” This is
in agreement with the above discussion on shape effects on the LSPR. Further,
Eq.3.17 predicts that the sensitivity will only weakly increase with the
refractive index. However, note that the free electron gas model is a simplified
approximation of the dielectric function of a real metal. In fact, due to
contributions from interband transitions in the metal, the real part of the
dielectric function for gold can be better approximated as being linearly

dependent on the wavelength in the visible wavelength range (500-800 nm,
ém =a-bA with a=34.66 and b=0.07),"** which inserted into Eq. 3.15 gives:

a- b)"peak = _an =
N ? a (3.18)

= "

Hence, this gives that the bulk sensitivity is instead linearly dependent on RI:

dA
peak XN
25— 3.19
dn b ( )
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Indeed, calculated absorption spectra for gold nanorods confirmed that the
sensitivity increases linearly with the refractive index.'” In Paper I, we
experimentally verified that the bulk RI sensitivity increases with RI for
plasmonic holes in a thin gold film. The results for gold holes were compared
with those of a silver structure with the same geometry, which was found to
possess approximately constant bulk RI sensitivity for increasing RI. However,
when narrow RI intervals are used, as in most practical situations, one can still
assume that the bulk RI sensitivity is constant also for gold structures. This, in
turn, simplifies the analysis of the LSPR data.

3.3.2 LSPR versus SPR sensing

Note that the bulk RI sensitivity of LSPR sensors is generally lower than that of
SPR sensors. However, the decay length of the plasmonic field associated with
LSPs is also considerably shorter (tens of nanometers or less) compared with
that of typical SPPs on flat metal surfaces (hundreds of nanometers).'**'* As a
result, a thin (<10 nm) adsorbed film will occupy a larger fraction of the total
sensing volume for a LSPR sensor compared with a SPR sensor. In turn,
responses induced by changes in the inferfacial refractive index due to, for
example, binding of biomolecules to the surface, are comparable for the two
sensor concepts.'?® This also makes the concepts similar in terms of signal-to-
noise ratios (see also Section 3.3.3), which ultimately determines the detection
limit of the sensor. Further, as explored in Papers I and II and discussed in
Chapter 6, plasmonic sensors with short decay lengths provide a unique means
to probe structural changes on a surface without the introduction of external
labels. It should also be noted that there are ways of utilizing the whole
plasmonic field for sensors with long sensing depths, for example using dextran
matrices.'?’

Apart from the competitive performance of LSPR sensors compared with
existing state of the art commercial instruments, they have other interesting
potentials. One is that the instrumentation can be made relatively simple and
inexpensive. This is mainly due to the fact that there is no restriction on the
angle of excitation, which enables transmission-mode measurements. With a
future point-of-care diagnostic application or hand held device in mind we
simplified the LSPR sensing concept further by converting the optical signal
into an electrical output directly on the sensor chip (Paper V). Another
interesting feature of LSPR sensors is that the sensitive field is, in contrast to
the field of propagating plasmons, spatially confined in three dimensions.”
This, together with the possibility to measure on single plasmonic particles,"*®
12 allows for the development of dense array-based sensing® and multiplex
screening of, for example, drug candidates. Finally, the potential of LSPR
structures for bioanalytical sensing is directly reflected by the many interesting
and relevant applications that have been developed since the first LSPR sensor
report in 1998. These include the analysis of recombinant protein expression,""
the detection of biomarkers for Alzheimer’s disease'”" and the investigation of
DNA hybridization'** to mention only a few examples.
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3.3.3 Performance of LSPR sensors

Although the magnitude of the plasmon resonance wavelength shifts induced
by bulk or local RI changes is important and of fundamental interest, there are
additional parameters that will affect the performance of the sensor. The
“figure of merit” (FOM) defined as the bulk RI sensitivity divided by the full
width at half maximum (FWHM) was introduced as a means to consider that a
peak with small width can be tracked with better precision than a wide peak."
Narrow peaks can, in turn, be obtained using metals with low values of the
imaginary part of the dielectric function (see Eq. 3.14), such as gold and silver.
These are also the two plasmonic materials most commonly used for
biosensing. Gold has the additional advantage of being less prone to oxidation
than silver. Further, there are established surface modification schemes
available for gold (see also Section 1.4). Gold was therefore used as the
plasmonic material in all the work presented in this thesis apart from in Paper I,
where the sensing capabilities of gold and silver hole structures with the same
geometry were compared. In that study, layers of silicon oxide protected both
metals from oxidation.

The main underlying reason for the benefit of a narrow peak is that a
spectrometer does not provide direct values of peak positions, but information
on changes in intensity at different wavelengths around the peak. The signal-to-
noise ratio is directly related to the magnitude of these intensity changes (see
also Section 5.2). In turn, for a given peak shift, the highest intensity changes
are provided by the peak with the highest slopes (on both sides). In this respect
it is important to note that the peak slopes are not only determined by the peak
width, but also by the magnitude of the peak, which is therefore an additional
parameter that is important for the performance of a nanoplasmonic sensor.
The importance of these three parameters (RI sensitivity, peak width and peak
magnitude) has recently begun to be acknowledged by the community when
comparing the potential of different nanoplasmonic structures for sensing
applications (see Paper V).”* ' Note also that the parameter monitored
during a biosensing experiment is not necessarily the peak position. For
example, in Paper V we monitored changes in the extinction of gold nanodisks
at a single wavelength where the slope of the peak was high.
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Chapter 4 Plasmonic nanoholes

Two main types of plasmon resonances have been discussed so far, SPPs and
LSPs. It has also been described how these concepts can be used for
bioanalytical sensing. While SPPs can be excited on flat metal films, LSPs are
associated with metal nanostructures. This section extends the concept of
plasmonics to the fascinating world of metal nanoholes. Interestingly, a flat
metal film that is perforated with nanosized apertures can support both SPPs
and LSPs, because such a structure provides both flat metal/dielectric interfaces
for the propagation of SPPs and nanosized features that can sustain localized
resonances. It will be discussed that both the size and the shape of individual
holes as well as their arrangement are important for the optical properties of
perforated metal films. In particular, focus is on short-range ordered (non-
periodic) nanoholes in thin (tens of nanometers) gold films, which is the type of
structure that was used in most of the work of this thesis. In the last section, a
number of unique possibilities provided by perforated metal films are
highlighted.

4.1 Spherical metallic voids

LSPs are not restricted to discrete particles, but can also be sustained by
dielectric nanostructures surrounded by metal. For example, the polarizability
of a dielectric void inside a bulk metal (the inverse structure of a metal particle)
can be found by simply switching the position of #n” and &y in Eq. 3.12:”

2
e (0)

o =4ma " +28m(a))

(4.1)

The modified Frohlich LSP resonance condition for such a void system is then:
1
lw]=-=n 4.2
en'(@) =~ (42)

Note that the induced electric fields (Einducea®-aEappiica) Of a void and a particle
have opposite directions with respect to the applied field, as illustrated
schematically in Fig. 4.1."%° It is evident from Eq. 3.12 that the induced electric
field for a particle is antiparallel to the applied field (remember that &,'<0). In
contrast, the induced field of a void will be parallel to the applied driving field.
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Figure 4.1. Schematic illustration of the dipolar plasmon resonances of a particle
(left) and a void (right). The left arrow indicates the direction of the applied field
(at a certain point in time) and the other arrows indicate the directions of the
induced electric fields.

4.2 Single nanoholes in thin metal films

Similar to a spherical void embedded in a metal, single holes in a metal film can
also sustain dipolar optical resonances.””"*” *® These resonances, here denoted
hole plasmons (HPs), have been found to behave similarly to those of discrete
metal structures, such as nanodisks (the inverse of a nanohole).””” *®* One of
the main differences between holes and disks is that the HP has an additional
decay channel into SPPs, as verified experimentally using near-field optical
techniques."”’ In fact, the optical properties of a hole in a thin metal film on a
glass substrate, including the influence of hole diameter and film thickness on
the plasmon resonance, can be described from the resonance conditions for
antisymmetric SPPs using the hole as the excitation source.””” Conceptually,
one can picture the HPs of a single hole as LSP-like resonances that decay into
SPPs.

Single holes in a thin metal film provide similar sensing capabilities with
respect to both sensitivity and decay length to those of typical LSPR
structures.” Moreover, theoretical studies show that the sensitive HP field is, at
least partly, localized to the void of the hole."””” From a sensing perspective, this
resembles the localized fields associated with plasmonic particles, as discussed
in Chapter 3.
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4.3 Periodic arrays of nanoholes in metal films

We now move from the case of a single hole in a metal film to metal films that
are perforated with many holes. If the holes are arranged in a periodic square
array, the structure can act as a two-dimensional grating (see also
Section 3.2).'* This means that light that is diffracted by the array will provide
additional momentum components, uGy; and vGy, to that of the incident
photons, where x and y denotes the orientation of the hole array and u and v
are integers representing the scattering orders of the array. For light incident
on a square-array of apertures in a metal film, the phase matching condition for
excitation of SPPs becomes:'"'

keop = [Konoton” SIN(6) + UG, +VG,| (4.3)

In contrast to the situation of a flat metal film without holes (see Chapter 3),
the additional momentum provided by the grating makes it possible to excite
SPPs at an interface using photons incident from the same side. In fact, SPPs
can even be excited at normal incidence, to a first approximation at
wavelengths (Aspp) that satisfy:'*?

P £.Nn°
Aspp = 1/ " (4.4)
" '\/UZ '|‘V2 Emt ﬂ2

where it was used that w=27c¢/A and that |Gy|=22/P, with P being the lattice
spacing.'*" It was also assumed that kspp can be described by Eq. 3.6 and hence,
that the metal film is sufficiently thick so that effects from coupling between
SPPs on the opposite interfaces can be neglected (above around 100 nm for
gold films)'*. The resulting SPPs of a periodic hole array can be described as
SPP Bloch waves, or standing waves between the holes.'**

It is clear from Eq. 4.4 that the plasmon resonance wavelengths are sensitive
to changes in RI, as verified experimentally and utilized for sensing by Brolo et
al."” Considering that a periodic array of metal nanoholes can act as a grating,
it may not be surprising that the optical properties and sensing capabilities of
these structures are similar to those of conventional grating-coupled SPR. The
bulk sensitivity is typically in the order of hundreds of nanometers per
refractive index units (nm/RIU) and the decay length hundreds of
nanometers.'” For example, Im et al."*® used atomic layer deposition to show
that there is essentially no decrease in the sensitivity to changes in RI within
50 nm from the surface for 200 nm thick gold and silver nanohole arrays. This
should be compared with the field having decayed almost completely after
50 nm in the case of thin metal films perforated with nanoholes that are instead
arranged in a short-range order,'® as discussed in the next section.
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4.4 Short-range ordered nanoholes in thin metal films

Figure 4.2a shows a scanning electron microscopy (SEM) image of a thin
(30 nm) gold film perforated with 130 nm in diameter nanoholes that are
arranged in a short-range order. The short-range order refers to a distribution
with a characteristic separation between the nearest neighbor holes, but
without long-range order (no periodicity, see also Section 5.1.1). Qualitatively,
the optical properties of such plasmonic hole films are similar to the properties
of discrete LSPR structures, as demonstrated in a direct comparison between
short-range ordered metal nanodisks and nanoholes with the same
dimensions.'*’ For example, the bulk RI sensitivity of short-range ordered holes
in thin metal films has values similar to those of LSPR sensors.'*’ This is in
contrast to periodic plasmonic hole arrays, whose sensitivity better resembles
that of grating-coupled SPR sensors, as discussed above. We (Paper II) and
others'> '*® have shown that the average decay length of the plasmonic field is
in the order of tens of nanometers for short-range ordered holes in thin gold
films supported on glass. This is again closer to that of typical LSPR
structures'>* ' and single holes in thin metal films™ rather than that of typical
SPR structures, including reported values for periodic plasmonic holes.'*> 4% %0
On the other hand, the optical properties of short-range ordered holes have
been demonstrated to be highly sensitive to the characteristic separation
between holes,'*” which highlights the role of SPPs in the system, enabling holes
to interact at significantly longer distances (hundreds of nanometers) compared
with discrete plasmonic particles.""* '*" In this respect it is also interesting to
note that thin (tens of nanometers) metal films on glass substrates support
antisymmetric SPPs and that the fields of those SPPs are more tightly confined
to the surface compared with those of non-coupled SPPs associated with
thicker films.”” " This field confinement is in agreement with the short decay
lengths reported for short-range ordered holes in thin metal films. To the best
of my knowledge, the decay length of short-range ordered holes in optically
thick metal films has not yet been reported.

Figure 4.2. (a) Scanning electron microscopy image of a typical sample with short-
range ordered nanoholes (diameter around 130 nm) in a 30 nm thick gold film
supported on glass. The scale bar is 200 nm. (b) Extinction spectra acquired in air
of the same sample.
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Chapter 4 - Plasmonic nanoholes

Dahlin et al.”! demonstrated that short-range ordered holes in a thin metal
film can be used for bioanalytical sensing based on the plasmon resonance
being sensitive to changes in RI within the void of the holes. The structure can
be produced using simple and scalable nanofabrication methods (see
Chapter 5) and provides excellent sensing capabilities. This work has to a large
extent been focused on exploring and utilizing the characteristic features of
short-range ordered nanoplasmonic hole systems (see Section4.7 and
Chapter 6).

4.5 Effect of film thickness

A thin gold film (tens of nanometers) is semi-transparent to light in the visible
wavelength range and therefore optically thin. For such structures, the
excitation of plasmons is typically associated with extinction peaks, as reported
for short-range ordered holes by Prikulis et al.'*’ and as recently presented for
periodic nanohole arrays.”* '** For a thick and opaque metal film (around 200
nm thick)'*’ perforated with nanoholes, the excitation of plasmons can instead
result in an enhanced transmission, with corresponding peaks in the
transmission spectrum (dips in the extinction spectrum).*” ™ In fact,
considering only the area of the holes, certain hole structures can even exhibit
extraordinary transmission, with transmission efficiencies above unity in certain
wavelength regions.'*” Moreover, corrugations around a nanohole can act as an
antenna to further enhance the transmission.”” Although the discussion in this
thesis is mainly focused on properties that are important for RI-based sensing,
it is worth noting that the full picture of the optical properties of plasmonic hole
systems is complex. It includes considerations of interference effects between
light that is directly transmitted through the holes and scattered light
originating from the excitation of plasmons as well as contributions from
Wood’s anomalies.'** > *1% However, regardless of whether a plasmonic
system provides peaks or dips or both in the extinction spectrum, it can be used
for sensing as long as its plasmonic resonances are sensitive to changes in the
RI of the surrounding environment. Different structures can then provide
different sensing capabilities in terms of, for example, bulk RI sensitivity, decay
length, peak shape (magnitude, FWHM, etc.) and field localization to the holes.
Interestingly, studies on short-range ordered holes have so far primarily been
based on relatively thin metal films (15-60 nm),** 125 147 148. 1L 159 160 ypije
periodic arrays of holes are typically based on enhanced transmission through
optically thick (>100 nm) metal films. Recently, there have been reports on the
sensing capabilities of periodic nanohole arrays also in relatively thin metal
films.">* '8 162 A direct comparison of the sensing properties (bulk RI
sensitivity, decay length, field localization etc.) of identical arrays of holes in
thin and thick metal films could help to reveal the individual influences of hole
arrangement and film thickness, respectively.
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4.6 Effect of hole shape

The optical properties of plasmonic void structures are highly related to the
hole geometry. Apart from the possibility to vary the hole diameter”” '’ and
the film thickness'™ ', the shape of a hole can be modified in different ways.
For example, the optical properties of both single’*® and periodic arrays'® of
elliptical holes have been investigated. Lesuffluer et al.'® used a periodic
double-hole structure to obtain high bulk RI sensitivity (=600 nm/RIU)
combined with sharper resonances than for comparable circular hole arrays. In
that study, finite-difference time domain simulations revealed a short decay
length close to the apexes (20 nm, similar to the decay lengths measured for
short-range ordered plasmonic holes in thin metal films). Localized plasmon
modes have also been reported for periodic arrays of truncated spherical voids
embedded in a metal surface (like spherical voids, but not completely
embedded), for which the field localization was highly influenced by the degree
of truncation.'® ' Moreover, the variation of the geometry of nanobottles
(two holes of different diameters stacked on top of each other) could be used to
control the field localization in the voids.'"” '® Other void-like systems suitable
for sensing applications include nanoslit arrays'® and metal multilayer
structures, which, for example, have been used for spatially resolved
biosensing.'"'7

4.7 Comparing particles and holes

From the above sections it is clear that the optical properties of plasmonic
nanoholes can be varied significantly by different design parameters. In
particular, it was reasoned that short-range ordered nanoholes in thin metal
films provide similar sensing capabilities to sensors that are based on discrete
LSPR structures. The work of this thesis has to a large extent focused on
utilizing certain unique features of such holes. For example, in contrast to
discrete nanoparticles, a perforated metal film is a continuous and conductive
film, which can be used as an electrode (Fig.4.3a and b). This enabled the
optical nanoplasmonic sensing method to be combined with techniques based
on electrical read-out. In Paper II this was utilized for simultaneous QCM-D
and nanoplasmonic measurements on the same surface. Furthermore, holes are
unique in the sense that they can be designed to penetrate through the whole
substrate (Fig.4.3c). In this way they can, for example, act as nanofluidic
channels with integrated nanoplasmonic elements (Paper III). In contrast,
discrete plasmonic particles can be employed as mobile probes (Fig. 4.3d). For
example, their strong scattering properties can be used for in vivo imaging,
which, combined with controlled accumulation, has great potential for
improved cancer diagnostics.'” Moreover, the absorbing components of the
plasmonic excitations in particles permit local plasmonic heating and
photothermal treatment of cancer.”* 174-176
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Chapter 4 - Plasmonic nanoholes

Figure 4.3. Schematic illustrations of fundamental differences between nanoholes
in a metal film and nanoparticles. (a) A metal film perforated with nanoholes is
conductive and can enable an electric current to flow. (b) Nanoparticles supported
on a substrate will not support an electric current. (¢) Nanoholes without substrate
(or that penetrate through the whole substrate) are open on both sides and can be
used as nanofluidic channels. (d) Nanoparticles without substrate can be used in
solution, for example as mobile probes.
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Chapter 5 Experimental procedures and
methods

This chapter starts with a presentation of various methods of fabricating
nanoplasmonic structures, with focus on the techniques used in this work. Next,
optical extinction measurements are discussed. This includes important factors
to consider when acquiring extinction spectra from either large or small areas
as well as the importance of suitable data analysis. Finally, the quartz crystal
microbalance with dissipation monitoring (QCM-D) technique is presented.
The QCM-D was used in a combined nanoplasmonic and QCM-D setup in
Paper II and as a complementary label-free sensing technique in Papers III and
IV.

5.1 Fabrication of nanoplasmonic structures

A wide range of nanoplasmonic particles can be fabricated using wet-chemical
synthesis, including spheres,41 rods,'”” cubes,'”® shells,'” rice™ and stars.'™
Although surface-based sensing can be enabled by immobilizing these particles
on a substrate,” it is more common to fabricate surface-based sensors using
lithography methods by which the nanostructure is produced directly on the
substrate. Electron beam lithography (EBL) and focused ion beam (FIB)
lithography are two techniques that can be used to produce surface-supported
nanoplasmonic structures with more or less full control of both shape and
distribution and with a spatial resolution in the order of tens of nanometers.'*>
153 In EBL, a nanopattern is first defined in a resist by scanning a highly focused
electron beam over the surface followed by development in an organic solution.
Subsequent etching, metal deposition and/or lift-off processes can then be used
to transfer the pattern into a plasmonic metal nanostructure on the substrate.
FIB milling is also based on scanning a beam over the surface, but instead of
“writing” in a resist, a focused ion beam is used to mill nanopatterns directly in,
for example, a thin gold film.'*

Parallel nanofabrication. EBL and FIB lithography are particularly useful
for the investigation of complex structures and specific particle arrangements.
However, they are not suitable for the production of mutliple samples and/or
nanostructures over large areas (>cm”). The reason is that both EBL and FIB
lithography are serial in nature and thereby slow and expensive. A number of
parallel fabrication techniques have been developed that allow nanostructures
to be produced simultaneously instead of one by one. Some of these methods
are based on the use of nanopatterned masters, from which several sensor
substrates with the same or inverse nanopattern can be fabricated. For
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example, several elastomeric molds (usually in poly(dimethylsiloxane)
[PDMS]) can be produced from one single Si master using soft lithography
(molding)."™ Such elastomeric molds can, in turn, be used to produce
plasmonic nanostructures using nanoimprint lithography followed by metal
deposition'”" > ' or by a combined process called PEEL (phase-shifting
photolithography, etching, electron-beam deposition and lift-off)."*® Nagpal et
al."¥ developed another method based on deposition of metal and epoxy
directly on an ultrasmooth Si master followed by template stripping. These
methods are all highly versatile in the sense that the type of nanostructures that
can be produced is (more or less) only restricted to the patterns provided by the
master.

There are also parallel nanofabrication methods that are not dependent on a
master. Instead, the nanostructure is defined directly on each sensor substrate.
For example, interference lithography can be used to directly define periodic
arrays of both plasmonic holes'® and nanobottles'® without first making a
master. Another concept is based on the use of thin substrate-supported
nanoporous alumina as a template for electrodeposition of metals.'"® With this
technique, arrays of aligned plasmonic rods can be produced, including
segmented and core/shell structures.'® ' Furthermore, free-standing arrays of
nanotubes can be fabricated by using a sacrificial core made of polypyrrole.""
We recently contributed by investigating the biosensing capabilities of such
nanotubes."”>

Nanoplasmonic structures can also be fabricated by metal deposition directly
onto a planar substrate. The evaporation of sufficiently thin gold films (nominal
thickness typically below 10nm) results in the formation of plasmonic
nanoislands on the surface that can be used for sensing applications."'® '
Glancing angle deposition (GLAD) is another interesting concept. It utilizes
self-shadowing effects obtained when metal is evaporated at high angles with
respect to the substrate normal."”* Combined with controlled sample rotation,
GLAD can be used to create structures such as freestanding zig-zag and spiral-
like nanorods'** as well as plasmonic structures for sensing applications.'*

In this thesis, different versions of colloidal lithography (CL)"® were
employed to fabricate nanostructured surfaces. CL is fast, simple and can be
used to fabricate nanostructures over large areas. The concept is based on the
self-assembly of nanospheres onto a surface. The pattern created by the
colloids (typically hexagonal close-packed or short-range ordered) can be used
as a mask to create a wide range of plasmonic structures, including disks,'"*
holes, 2% 147 17 ‘[riangles,198 crescents'” and nanorings.200 The variations of CL
used in this work are presented in more detail below.
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Chapter 5 —Experimental procedures and methods

5.1.1 Sparse colloidal lithography

Short-range ordered apertures in a metal film can be fabricated by means of
sparse colloidal lithography (SCL),**"** as was done in most of the appended
papers. The method, often known as colloidal lithography, is rapid, inexpensive
and can produce large and high-quality areas of nanostructures. The SCL
principle is illustrated schematically in Fig.5.1. In brief, a clean substrate is
functionalized with electrolytes to render the surface positively charged.
Negatively charged polystyrene colloids suspended in water (with or without
salt) are then let to adsorb onto the surface. While attracted electrostatically to
the surface, the charged colloids repel each other and spontaneously arrange
themselves into a short-range order, yet without long-range periodicity. The
characteristic distance between neighboring particles can be controlled by
varying the salt concentration of the colloidal solution.”” In the next step the
colloidal layer acts as a mask during evaporation of metal (gold or silver in this
work). This means that the metal is deposited everywhere on the substrate with
the exception of under the particles. Subsequent removal of the colloids by tape
stripping (admittedly, this sounds too easy, but works excellently) or sonication
in, e.g. chloroform, produces a metal film with short-range ordered apertures.

Figure 5.1. (a-d) Schematic illustration of the fabrication of short-range ordered
apertures in a thin metal film using SCL. The clean substrate (a) is modified with
electrolytes before deposition of colloids (b). Metal is evaporated (c) followed by
removal of the colloids (d). (e) Two top view scanning electron microscopy (SEM)
images at different magnifications of a typical sample produced with SCL. The
structure consists of 140 nm diameter short-range ordered nanoholes in a 30 nm
thick gold film supported on glass.
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5.1.2 Hole-mask colloidal lithography

In an extension of SCL, named hole-mask colloidal lithography (HCL),
Fredriksson et al. used a sacrificial polymer layer to enable the production of
surface-supported nanodisks, oriented elliptical nanodiscs, arrays of
nanoparticle pairs and nanocones.’” HCL was used in Paper V and is
illustrated schematically in Fig. 5.2. In a first step, SCL is performed on top of a
substrate coated with PMMA (poly(methyl methacrylate)) to create a metal
mask (for example in chromium). The holes in the metal film are then
transferred into the PMMA by oxygen plasma. Subsequent metal deposition
and PMMA lift off finally result in plasmonic disks on the substrate.

Figure 5.2. Schematic illustration of the fabrication of plasmonic nanodisks on a
surface using HCL. (a) Colloidal deposition on a substrate coated with a thin layer
of PMMA. (b) Deposition of a hole-mask, typically in chromium. (¢) Colloidal lift
off. (d) Oxygen plasma treatment to transfer the nanohole pattern into the
PMMA layer. (e) Metal evaporation, gold was used in this work (a thin (~1 nm)
layer of chromium or titanium is typically used to improve the adhesion between
the substrate and the gold disks). (f) Metal nanodisks are finally realized by
PMMA lift off in, for example, acetone.
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Chapter 5 —Experimental procedures and methods

5.1.3 Nanosphere lithography

Both methods described above (SCL and HCL) provide short-range ordered
arrays of nanostructures. Alternatively, a close-packed hexagonal array of
colloids can be formed on the surface. Evaporation of metal through such a
mask and subsequent removal of the colloids results in arrays of triangular
nanoparticles (see Fig. 5.3a and b).*” This version of CL is usually referred to
as nanosphere lithography (NSL).** The colloids can also be shrunk before
metal evaporation by, for example, plasma etching, which creates a hexagonal
array of nanoholes in the metal film (see Fig. 5.3c and d)."> '° In a variant of
NSL, Coyle et al.'® combined colloidal masks and electroplating to create
truncated spherical nanovoids on a metal surface, as mentioned in Chapter 4.

Figure 5.3. SEM images illustrating NSL. (a) Close-packed array of polystyrene
colloids (obtained by spin coating). (b) Triangular nanoparticles can be created by
metal evaporation followed by removal of the colloids. (¢) Alternatively, the
colloids can be shrunk before evaporation. (d) Hexagonal array of nanoholes
obtained using a structure like the one in (c) as an evaporation mask.
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5.2 Extinction spectroscopy

There are many different ways of performing biosensing with plasmonic
structures. These include transmission-based extinction spectroscopy,"
reflection spectroscopy”” *** and dark-field or scattering spectroscopy.”’® 2”7 We
recently showed that in most cases, with the exception of measurements on
single plasmonic particles or holes, extinction spectroscopy will outperform
dark-field mode spectroscopy in terms of sensing performance.””® Extinction
spectroscopy was used for biosensing experiments in most of the work
presented in this thesis, except in Paper V, in which opto-electrical conversion
was directly achieved on the sensor chip.

Excitation of nanoplasmons typically results in both absorption and
scattering. There will be a corresponding decrease in the light that is
transmitted through the nanoplasmonic structure in the same wavelength
range. In extinction spectroscopy, scattering and absorption are measured
together as the fraction of light not transmitted through the sample. The
extinction Eaps(A) can be defined as:

I reference ()L)

Enps(2) = l0g ) (5.1)

sample(

where Iieference(A) is the incident light (reference) and ILgmpie(4) is the light
transmitted through the sample. This gives extinction values in absorption units
(Abs). An alternative definition of the extinction that instead gives the fraction
of light not transmitted, with values from 0 (no extinction) to 1 (no
transmission) is:

Isample ()“)

E; .-(A)=1-
fraction ( ) | reference ()”)

(5.2)

This definition was used in Paper III, while the previous definition was
employed in most of the other papers.
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5.2.1 Extinction measurements on large areas

A schematic illustration of the extinction setup used to probe large areas
(around 5 mm in diameter) in this work is presented in Fig. 5.4. The sample is
exposed to light from a white light source (tungsten-halogen) via an optical
fiber and a collimating lens. The forward transmitted light is then collected by
another lens and a fiber connected to a spectrometer. To obtain short
integration times, and thus high temporal resolution, a spectrometer with fixed
grating was chosen. A spectrum can then be acquired in a few milliseconds
compared to minutes for conventional spectrometers based on moveable
gratings.

In nanoplasmonic sensing one typically monitors temporal changes in the
wavelength at maximum extinction (the peak position). As discussed in
Chapter 3, the nanoplasmonic structure should have a high RI sensitivity
combined with a narrow peak and a large peak height in order to provide large
changes in extinction at specific wavelengths. The optical components should
then be chosen so that these changes can be measured with as high precision as
possible. First, the largest source of noise is typically shot noise, which is
proportional to the square root of the intensity (I'?). The signal is instead
proportional to I, which means that the signal-to-noise ratio increases
approximately as I'2. Hence, when the aim is to probe small changes in the
detected signal one should strive for high intensities in terms of the number of
photoelectrons generated in the detector per time unit. For measurements on
large areas, as in the setup described here (spot size around 5 mm in diameter),
the intensity of the collected light can easily be high. Therefore, despite its
lower sensitivity compared with typical CCD-based detectors, a photo diode
array (PDA) spectrometer was chosen, because of its higher well depth (high
dynamic range).

Figure 5.4. Schematic illustration of an extinction setup as used in this work. The
sample is illuminated with collimated light from a white light source via an optical
fiber and a collimating lens. The transmitted light is then coupled into a second
fiber via another lens. A diode array spectrometer with a fixed grating collects the
spectral information, which is sent to a computer for analysis.
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5.2.2 Extinction spectroscopy on small areas

The possibility to perform experiments on small (~10x10 um?®) areas is valuable
in many respects, not least for the development of multiplexed array-based
sensing. In this work, extinction spectroscopy on small areas (microextinction
spectroscopy) was used in the investigation of free-standing membranes with
nanoplasmonic pores (Paper III).

Extinction measurements on small areas can be achieved by connecting a
spectrometer to a conventional microscope. With respect to noise
minimization, the same principles apply as for measurements on larger areas.
However, for short acquisition times (~10 ms), the intensity (even when using
high-intensity light sources) collected from a micrometer-sized spot is typically
lower than what is required in order to work close to saturation (and hence
utilize the full dynamic range) of a PDA detector. In this situation, a
spectrometer based on a CCD array is preferable, because it has higher
sensitivity and can generate more photoelectrons per time unit.

5.2.3 Data analysis — The centroid method

After choosing optical components to measure changes in optical extinction
with as high precision as possible, it is time to discuss proper treatment of the
data. Note that the spectrometer will not provide direct peak position values.
The spectra merely provide information on the extinction at specific
wavelengths. In order to find and track the peak position one can fit these
values to a polynomial function. Peak maxima (and dip minima) are then found
at wavelengths at which the derivative of this polynomial function is zero. An
alternative to probe changes in the peak maximum is to monitor changes in the
wavelength at the centre of mass of the peak (the centroid).'® ** Compared
with the peak maximum, the centroid is often more stable and less susceptible
to, for example, fluctuations in the light source. In turn, this results in a
significant reduction in the temporal noise. Furthermore, if the peak shape does
not change during measurement and if the area used to calculate the centroid is
kept constant, shifts in peak and centroid positions are identical for a given shift
in the plasmon resonance. As depicted in Fig. 5.5, the centroid A of the area
above E(A,) and between A, and A, can be calculated according to:'®

}A[E(A) - E(2,)]or
ho =2 (5.3)

{ E(4) - (2, )d2
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Figure 5.5. Illustration of the centroid method. The graph is an extinction
spectrum of short-range ordered holes in a thin gold film. A, corresponds to the
centroid of the shaded area.

The spectrometer collects information in every pixel, each of which
corresponds to a small, yet discrete wavelength range. The integrals in Eq. 5.3
must therefore be converted to sums. This, in turn, may create step-like noise
during temporal measurements whenever A, or A, changes value (in order to
keep the area corresponding to the centroid constant). This can be
circumvented by fitting the peak to a polynomial function
(E(A)=po+piA+...+pn)") at every time step. The integration can now be
performed directly from the polynomial coefficients as:

f AE[p,A‘ - plaa]dx
Jy =2t (5.4)
fE[p,A' - p,Aa]dA

31l -2 AR %)
A=,
S |12 2)-mit -1

i=0

(5.5)

In this work, changes in the peak position and in the centroid were typically
monitored, calculated and plotted at the same time using custom-designed
Matlab (The Mathworks) or LabView (National Instruments) programs.
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5.3 The quartz crystal microbalance

The quartz crystal microbalance with dissipation (QCM-D) monitoring
technique is a mechanical weighting device that is widely used for label-free
biosensing.”' In this work it was employed both as a complementary method to
investigate and optimize surface modification protocols and in a combined
nanoplasmonic and QCM-D setup (Paper II). Quartz is a piezoelectric
material, which means that a quartz crystal will deform when exposed to an
electric field. A thin AT-cut crystal will deform in shear mode and by applying
an alternating potential over the crystal, for example, by the use of evaporated
gold electrodes on both sides of the crystal, it can be forced into oscillation. At
certain frequencies the crystal can oscillate more easily, resulting in an
enhancement of the oscillation amplitude. These resonance frequencies are
determined by the thickness of the crystal and therefore shift upon mass
adsorption. The resonance frequencies can be measured in real-time, which has
been employed for decades to monitor the film thickness increase during, for
example, thermal evaporation or chemical vapor deposition.®®

The extension of the QCM to measurements in fluids was enabled by new
electric circuitry,”"' and the QCM is now one of the most commonly used
weighting devices used for monitoring biomolecular surface reactions in real-
time and in a label-free fashion. In contrast to optical techniques that are
sensitive to changes in the refractive index, such as the SPR method or the
nanoplasmonic sensors developed in this work, the QCM measures the mass
that is coupled to the oscillation of the crystal. This means that, apart from the
mass of adsorbed molecules, the liquid inside and hydrodynamically coupled
between bound molecules is also sensed. Keller et al. utilized this to monitor
the structural change during the formation of a lipid bilayer from adsorption
and rupture of vesicles on a SiO, surface.”'? The difference in the temporal
response compared with that of adsorption of vesicles that did not rupture was
dramatic (see also Chapter 6). In addition to the resonance frequencies, the
damping of the crystal oscillation provides information on the visco-elastic
properties of bound molecules.” The damping is quantified as the dissipation,
which also is useful in the investigation of structural changes, such as vesicle
rupture on the sensor surface.”’* This is described in more detail in Chapter 6
for a combined nanoplasmonic and QCM-D setup developed in this work.

56



Chapter 5 —Experimental procedures and methods

5.3.1 Theoretical description of the QCM

The resonance frequencies f, at which a QCM crystal is easily excited into
oscillation can be determined from (see Fig. 5.6):%

-MNo ho135 (5.6)
n_2tq! T Ay Y .

f

where 1, is the thickness of the crystal and v the speed of sound in the quartz
material. There are resonance frequencies for every odd number of the
overtone number n. For a 334 um thick crystal and using v=3340 m/s, the
fundamental frequency is 5 MHz. By introducing the density of the crystal p,
the mass dependency becomes more apparent:”

_ WgPq _ NVgPy

(5.7)
" 2typ,  2m,
Differentiation of Eq. 5.7 with respect to mass then yields:
nv, o, f
df, = -——1dm, = -—"dm (5.8)
" omz e Tmy e

A small change in mass (per area), Am, will thus result in a frequency shift Af,
according to:

Figure 5.6. (a) Schematic illustration of a quartz crystal with thickness #; and
fundamental resonance wavelength A. (b) Illustration of a decaying crystal
oscillation from which both fand D are obtained.

" Note that the term mass is in this discussion used to describe the mass of the
crystal per unit area and hence, it is independent on the crystal diameter.
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(5.9)
Af, = —hAm =-CnAm
My
This relation is known as the Sauerbrey equation.””> For 5 MHz crystals (as
used in this work), the sensitivity constant C is 17.7 ngem“Hz'.*'* Note that C is
dependent on the mass of the crystal and, hence, the linearity between the
frequency shift and mass adsorption is only a good approximation in the case of
adsorbed masses that are much smaller than the total mass of the crystal. This is
however normally not an issue in biosensing applications.

As mentioned above, the damping, or the dissipation D of the crystal
provides information on the visco-elastic properties of the adsorbed
biomolecular layer. One way of measuring the resonance frequency and the
energy dissipation simultaneously is by exciting the crystal close to the
resonance frequency and by monitoring the free oscillation decay after
disconnection of the driving voltage (see Fig.5.6b). The dissipation is then
determined from:*"

D= (5.10)

where T is the decay time constant, corresponding to the time it takes for the
free oscillation amplitude to decrease by a factor e, where e is the base of the
natural logarithm.

Note that the Sauerbrey equation considers a change in the mass of the
crystal, which means that the adsorbed mass is treated as a rigid film that
perfectly follows the oscillation of the crystal. This is not true, for example, for
a crystal in contact with a viscous fluid. Instead Af and AD induced by a viscous
fluid can be described by:*"°

1
Af =-— ~ff 5.11
qupq PrMs ( a)

1 | psny
AD :—1/ (5.11b)
ty0q \ of

where pr and 7; are the density and the viscosity of the fluid, respectively.
Furthermore, neither Eq.5.9 (a rigid film) nor Eq.5.11 (a viscous fluid)
describes the situation of a non-rigid film that is adsorbed on a QCM crystal
(e.g. a layer of lipid vesicles). In such situations, the adsorbed film must be
represented by a visco-elastic description, where a Voigt-based representation
has been found capable of reproducing the measured changes in f and D at
multiple harmonics.”*"
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Chapter 6 Results and discussion

The main results obtained during the work presented in this thesis are
summarized in this chapter. The focus is put on discussing certain unique
possibilities provided by nanoplasmonic sensors, in particular those based on
short-range ordered nanoplasmonic holes.

6.1 Nanoplasmonic structural sensing — Papers I and 11

The plasmonic field of both conventional plasmonic sensors and nanoplasmonic
sensors is strongest at the surface and decays rapidly away from the surface.
However, one of the main differences between the two types of sensors is the
difference in decay length. While the field of a typical conventional plasmonic
sensor extends several hundred nanometers from the sensor surface, the decay
length of nanoplasmonic sensors is often in the order of tens of nanometers or
less. In Papers I and II we utilized the short decay length of short-range
ordered nanoholes in thin metal films to study biomolecular structural changes
on the sensor surface.

A molecule, with a refractive index that differs from the surrounding
solution, that enters the plasmonic field will induce a shift in the plasmon
resonance. This forms the base for using nanoplasmonics for RI-based sensing,
as discussed in Chapters 3 and 4. The magnitude of the shift induced by the
molecule is related to the square of the plasmonic field strength (i.e. the field
intensity). A molecule that binds directly onto the surface will therefore induce
a larger plasmonic shift compared with a molecule that binds or in other ways
becomes located at a certain distance from the surface (e.g. a tethered
molecule, see Fig. 6.1). As a result, not only the binding of molecules, but also
the movement of molecules closer to or further away from the surface should
result in shifts in the plasmon resonance. This suggests that it would in principle
be possible to study structural changes that result in alterations in the RI
distribution in the vicinity of the metal surface.
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Figure 6.1. Schematic illustration of the principle behind nanoplasmonic structural
sensing. The shaded areas depict the rapidly decaying plasmonic field. The left
molecule (i) is close to the sensor surface and induces a larger shift in the plasmon
resonance than the middle molecule (ii) that is further away from the surface. The
movement between these two positions results in a plasmon shift corresponding to
the difference between the two shifts, as illustrated for the molecule on the right

(iii).

The concept of nanoplasmonic structural sensing was described in Paper I
and further investigated in Paper II, by monitoring the formation of a SLB
from adsorption and rupture of lipid vesicles on short-range ordered
nanoplasmonic hole sensors (see Fig. 6.2). Rupture of lipid vesicles into SLBs
could be achieved by coating the structure with a thin layer of SiOy, due to the
fact that rupture takes place on glass and SiOy, but not on gold (see Chapter 2).
The SLB formation was investigated in real-time by monitoring the temporal
variation in the plasmon resonance, as shown in Fig. 6.3. The nanoplasmonic
sensor structure was mounted in a flow cell that was filled with buffer. Lipid
vesicles were injected into the flow cell at 0 min and subsequent adsorption to
the surface induced local changes in RI resulting in a corresponding increase in
the plasmon resonance (the plasmon resonance shift is denoted AA in Fig. 6.3).
At around 5 min, the sensor response accelerated before it was finally saturated
after around 10 min. The acceleration and corresponding kink in the curve is
attributed to the rupture of vesicles, which results in the average lipid
distribution moving closer to the sensor surface and into a stronger plasmonic
field. The kink in the response is marked with a dashed circle in Fig. 6.3.
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Chapter 6 — Results and discussion

Note that, by using a small fraction of labeled lipids in the vesicles, the
successful formation of a macroscopic SLB on the sensor surface could be
verified separately by fluorescence-based microscopy, including FRAP. The
SLB was shown to be fluid with a high lateral mobility. It was also concluded
that the SLB followed the contour of the substrate in a similar manner to that
depicted in Fig. 6.2. As expected, no kink in the sensor response curve was
observed in situations when vesicle rupture did not occur. In subsequent work
by the Van Duyne group, the concept of nanoplasmonic structural sensing also
proved promising in a the study of reversible protein conformations.*'®

Figure 6.2. Schematic illustration of SLB formation from vesicles on a SiOy-coated
nanoplasmonic hole surface.

Figure 6.3. Temporal variation in the plasmon resonance during SLB formation on
SiOy-coated short-range ordered nanoholes in a thin (30 nm) metal film. The kink
at around 5 min (marked with the dashed circle) is attributed to vesicle rupture.
An initial (at around 0 min) drop in peak shift due to a wavelength dependence on
the light scattering of vesicles has been removed.
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6.2 Combined nanoplasmonic and QCM-D sensing — Paper II

Short-range ordered nanoplasmonic holes and nanoplasmonic particles provide
similar sensing capabilities. A fundamental difference between the two
structures is that while particles are discrete entities, a perforated metal film is
continuous and electrically conductive. This enables the latter to be used as a
nanoplasmonic electrode. In Paper 11 this was utilized for combined
nanoplasmonic and QCM-D measurements. A perforated nanoplasmonic hole
film was used as the sensing electrode of a QCM crystal. By making a hole in
the backside electrode, the nanoplasmonic response could be measured using
conventional transmission spectroscopy as depicted schematically in Fig. 6.4.

The potential of the combined setup was investigated by the formation of a
SLB from adsorption and rupture of lipid vesicles. As in the study presented in
Paper I, the sensor surface was coated with a thin layer of SiOy to facilitate SLB
formation. In 1998, the Kasemo group showed that both the frequency and the
dissipation of the QCM-D setup provide clear signatures for the rupture of lipid
vesicles into a planar SLB,*? as presented for the combined setup in Fig. 6.5a.
The reason for the signature in the frequency response is that the crystal
oscillation is affected not only by the mass of the lipids of the adsorbed and
intact vesicles, but also by the liquid inside these vesicles. This leads to a
relatively large decrease in the frequency upon initial vesicle adsorption.
However, when the vesicles rupture (at around 5-6 min in Fig. 6.5a), the liquid
inside them is released and no longer sensed by the QCM-D. The rupture

Figure 6.4. Schematic illustration of the combined sensor principle for
simultaneous nanoplasmonic and QCM-D measurements on the same surface.
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Chapter 6 — Results and discussion

process therefore results in a decrease in the effective mass on the sensor and a
corresponding increase in the frequency until saturation at around -25 Hz for a
SLB on a crystal with resonance close to 5 MHz (normalized with the overtone
number). The energy dissipation signal reflects the visco-elastic properties of
the system. There is an increase in dissipation as bulky vesicles adsorb on the
surface. During rupture, a more rigid layer is formed and the dissipation
decreases to a relatively small value of around 1x10° for the final SLB.

In Figure 6.5b, the change in dissipation of the QCM crystal is plotted
together with the nanoplasmonic response. A clear correlation in time can be
observed between the two signatures for SLB formation. This verifies that the
nanoplasmonic kinks observed in Paper I originated from vesicle rupture. Note
also, that the nanoplasmonic response provides an estimate of the start of the
vesicle rupture process as the time at which the curve starts to deviate from a
typical binding curve (marked with a dashed arrow in Fig. 6.5b).

Apart from being suitable for studies of structural changes, the combined
sensor setup was also shown to provide improved means to quantify the bound
mass on the sensor surface. This exemplifies that the combination of two
different sensor techniques, such as the one presented here, often provide more
information about a reaction than the two techniques separately. The reason is
mainly that the responses of different sensor methods have different origins. In
this example, the nanoplasmonic response is due to local changes in the
refractive index, while the QCM-D response corresponds to mass coupled to
the oscillating crystal. Apart from nanoplasmonic sensing, the QCM-D
technique has been combined with, for example, reflectometry*"” and SPR.*!*

Figure 6.5. (a) Temporal variation of the dissipation AD (dashed curve) and the
frequency Af/3 (solid curve) at the 3rd overtone during SLB formation on the
nanostructured surface. (b) Same as in (a), but instead showing the dissipation
(dashed curve) and the plasmonic peak shift AZ (solid curve). An initial (at around
0 min) drop in peak shift due to a wavelength dependence on the light scattering
of vesicles has been removed. The vertical dashed lines in (a) and (b) are provided
as visual aids and to demonstrate the temporal correlation between the turnover
in the dissipation and the nanoplasmonic kink. The short black line and
corresponding dashed arrow demonstrate the possibility of investigating the
initiation of vesicle rupture from the kinky nanoplasmonic response.
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6.3 Flow-through nanoplasmonic sensing — Paper 111

The previous section described how a metallic hole film can be used as a
nanoplasmonic electrode. In Paper 111, the continuity of a perforated metal film
was instead used to create nanoplasmonic pores, designed to penetrate the
whole substrate (see Fig. 6.6). Such a system may find numerous interesting
applications as reflected on in Chapter 7. This study was focused on
investigating the possibility of using the structure to improve mass transport in
biosensing applications.

Note that even if a biosensor could provide single-molecule resolution, the
molecules would only be detected if they interact with the surface. As discussed
in detail in Chapter 1, the mass transport is typically slow under stagnant
conditions, but can be improved by letting the sample solution flow parallel to
the sensor surface. In particular, it was reasoned that the channel dimensions
could be decreased in order to simultaneously decrease the sensor response
time and the amount of sample needed for detection.

Figure 6.6. Schematic illustration of the protocol for the fabrication of short-range
ordered nanoplasmonic pores. A detailed description can be found in Paper III.
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Chapter 6 — Results and discussion

Periodic arrays of plasmonic pores were investigated by Eftekhari et al.**

and Yanik et al.**' In Paper III, the concept of plasmonic pores was for the first
time explored for short-range ordered arrays of nanopores. As illustrated in
Fig. 6.6, a fully parallel fabrication scheme was developed that allowed the
simultaneous production of around 100 sensor chips with one or more
nanoplasmonic membranes or alternatively, over 1000 membranes on a single
wafer. The method is based on colloidal lithography and standard
microfabrication steps, such as photolithography and reactive ion etching
(RIE), as indicated in Fig. 6.6 and described in detail in Paper III.

The fabrication protocol was successfully used to fabricate membranes in
gold and SiN perforated with pores possessing nanoplasmonic properties
(Fig. 6.7a and b). A materials-specific surface modification scheme, first
established using the QCM-D technique, was used to enable specific binding of
NeutrAvidin to the gold regions, while efficiently suppressing non-specific
adsorption to the SiN (see Fig. 6.7c). NeutrAvidin was then allowed to flow
through the pores (from the SiN side) and bind to the gold, resulting in the
solid trace in Fig. 6.7d. A comparison with the same reaction under stagnant
conditions (for non-through-going nanoplasmonic holes, dashed curve in
Fig. 6.7d) shows that the binding rate was more than one order of magnitude
higher for the flow-through case. This shows that the concept can provide
efficient transport of molecules to the sensor surface.

Figure 6.7. Nanoplasmonic flow-through sensing. (a) SEM image of the backside
of a corner of a nanoplasmonic membrane fabricated by RIE from the frontside.
(b) Extinction spectrum in air of a sample similar to the one in (a). (¢) Schematic
illustration of the relatively simple experimental setup and of the materials-
specific surface modification used. (d) The solid trace shows the specific binding of
NeutrAvidin, flowing through the pores and binding specifically to the gold. The
dashed curve shows the same reaction, but under stagnant conditions for a sample
with nanoplasmonic wells. Both curves are normalized to the respective final
saturated values.
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6.4 Improving performance by directed binding — Paper I'V

In PapersI and II, the tight confinement of the plasmonic field (and
corresponding sensitivity) to the sensor surface enabled the realization of
nanoplasmonic structural sensing. The sensitivity of nanosensors is often also
confined laterally on the sensor surface. This provides a means of improving
the binding rate for mass transport limited reactions.

The concept is illustrated in Fig. 6.8. For mass transport limited binding, a
certain number of molecules per surface area will have reached the sensor
surface after a given time. In a conventional situation, these molecules bind in a
uniform way over the sensor surface (Fig.6.8a and c). Alternatively, the
molecules that reach the surface can be directed to bind preferentially on small
bioactive areas (Fig. 6.8b and d), while adsorption on surrounding areas is
suppressed. In the latter case, the local coverage on areas that promote binding
will (at a given time) be higher than for uniform binding.

For a macroscopic sensor, such as a conventional SPR system, uniform and
directed binding (Fig. 6.8a and b) will provide similar sensor signals. The reason
is that the sensor response will in this case reflect the average surface coverage,
which, in turn, will be approximately the same for the two situations.

Figure 6.8. The concept of improving the uptake rate by directed binding to high-
sensitivity regions (the shaded regions depicts the sensitivity). (a) The
conventional situation of binding everywhere on a macroscale sensor surface. (b)
Directed binding to nanoscale regions on a macroscale sensor will increase the
local concentration of bound mass, but the average coverage on the sensor surface
will be the same as in (a). (¢) Binding everywhere on a nanoscale sensor will result
in the same coverage in the sensitive region as for uniform binding on a
macroscale sensor (a). (d) This is the most interesting situation. By directing the
binding to the sensitive part of a nanosensor, the local coverage can be increased.
In contrast to (b), the average coverage in the sensitive region is improved.
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Chapter 6 — Results and discussion

The situation is different if the sensitivity is localized to small regions, as in
the case of typical nanosensors (see Fig. 6.8c and d). If binding is controlled to
occur only in the high-sensitivity regions (Fig. 6.8d), a larger fraction of all
molecules that reach the sensor surface will contribute to the sensor signal
compared with the situation of uniform binding (Fig. 6.8c). This leads to a more
rapid increase in the effective surface coverage.

In Paper IV, a short-range ordered nanoplasmonic hole sensor (see Fig. 6.9)
was used to investigate whether directed binding to high-sensitivity regions can
decrease the sensor response time for mass transport limited binding reactions.
Both the bottom of and regions between the holes consisted of TiO,, while gold
was exposed on the sidewalls of the holes. Using materials-specific surface
modifications based on PLL-g-PEG and thiolPEG with or without bioactive
end groups, NeutrAvidin molecules could be controlled to bind (i) everywhere,
(ii) nowhere or (iii) preferentially to any of the two materials. Results from a
typical experiment are shown in Fig 6.9. The bottom curve corresponds to
binding everywhere while the upper curve shows the situation when binding is
directed to the walls of the holes only (both curves were normalized using the
bulk RI sensitivity of the individual samples). It is clear that directed binding to
the highly sensitive gold walls provides a significantly faster increase in the
sensor response. This indicates that the local surface coverage in the sensitive
plasmonic field increases faster in this situation compared with the case when
binding is allowed everywhere. Furthermore, finite element simulations
revealed that the binding process is not uniform, but can, for example, be
significantly faster close to borders between binding and non-binding regions.
This is particularly interesting since the plasmonic field is also non-uniform and
typically highest close to metal edges. Insights into how to control the detailed
binding rate and the plasmonic field distribution are likely to lead to further
improvements of this concept.

It is important to note that binding reactions at low concentrations are often
mass transport limited and slow (see Chapter 1). In fact, the binding rate can be
the limiting parameter with respect to the lowest concentration that can be
detected. This manifests the promise of the concept (as well as the previous
concept of flow-through sensing) and highlights another unique possibility with
nanoscale sensors.

Figure 6.9. The upper curve corresponds to directed binding to the sidewalls of the
holes (top schematic illustration) and the lower curve to binding everywhere
(lower schematic illustration). 2 nM concentration of NeutrAvidin was used in
both cases. More details on the results can be found in Paper I'V.

67



6.5 Nanoplasmonic sensing with on-chip detection — Paper V

Simplicity has been a keyword in many aspects of this work. Perhaps
surprisingly to some, this was not to make it easier for me and my colleagues to
do the work, but with future applications in mind. The nanoplasmonic
structures have been fabricated with simple, scalable and low-cost methods.
Moreover, the reason for the choice of nanoplasmonics as the biosensing
concept was partly to eliminate the need for complicated optics. The basic
components of a typical nanoplasmonic sensor setup (see Chapter 5) are a light
source and a spectrometer. In the work presented in Paper V, we eliminated
the need for the relatively bulky and costly spectrometer by working at one
wavelength only and directly converting the optical signal into an electrical
signal on the sensor chip.

The concept is based on nanoplasmonic gold disks fabricated on a chip with
an array of photosensitive p-n junctions (see Fig. 6.10a). These photovoltaic
diodes convert light transmitted by the LSPR structure into an electrical signal
that will be proportional to the intensity of the transmitted light. In turn, by
working at a wavelength where the slope of the peak is high (Fig. 6.10b), the
transmitted intensity (and hence, also the photocurrent) will be highly sensitive
to changes in the plasmon resonance. A biomolecular binding reaction could
then be monitored through changes in the photocurrent (Fig. 6.10c).

Figure 6.10. Illustration of the concept of on-chip detection. (a) The sensor
design. Gold disks were fabricated using hole-mask colloidal lithography on an
array of photoactive diodes. (b) Changes in peak position result in changes in the
extinction (and transmission) at wavelengths where the slope of the peak is high.
(¢) Changes in the plasmon resonance, as induced by a biomolecular binding
reaction, result in changes in the transmission, which in turn, modulates the
photocurrent output. Note that the curves in (b) and (c) are only illustrations.
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Chapter 7 Conclusions, reflections and outlook

Finally, I will summarize and reflect on possible extensions of the concepts
presented in this thesis. The focus has been to investigate various plasmonic
sensor systems and to utilize features specific to certain structures to address
challenges in bioanalytical sensing. In particular, unique possibilities provided
by short-range ordered nanoholes in thin gold films have been explored. Apart
from providing excellent nanoplasmonic sensing capabilities, this structure is
continuous and electrically conductive. It could therefore be used as one of the
electrodes in a QCM sensor, enabling combined nanoplasmonic and QCM
measurements. I would like to stress that (i) other continuous structures (e.g.
periodic hole arrays, nanoslit arrays, etc.) could potentially also be used as
plasmonic electrodes in a similar manner and (ii) the use of nanoplasmonic
electrodes is not restricted to the excitation and read-out of QCM crystals, but
could also be used in other contexts, such as to enable combined
nanoplasmonic and electrochemical sensing.

Sensors based on discrete LSPR structures and short-range ordered holes in
thin metal films possess relatively short sensing depths (typically tens of
nanometers). In this work, it was shown that a short decay length provides a
unique means to probe structural changes on the sensor surface, exemplified by
the formation of a supported lipid bilayer from the adsorption and subsequent
rupture of lipid vesicles. Structural changes, in turn, are common in many
biomolecular processes. For example, the binding between an analyte and a
receptor is often accompanied by a conformational change of the combined
system. The possibility to study such changes with nanoplasmonics may be
particularly valuable in the investigation of drug molecules binding to drug
targets on a sensor surface. While drug molecules are small (typically below
500 Da) and hard to detect directly, the binding often induces concurrent
conformational changes in the drug target that may be used as an indirect
measure of the binding reaction.'® %22

The fact that the majority of drugs target cell membrane receptors makes
sensor methods compatible with lipid bilayer membranes particularly valuable.
In fact, the decision to study vesicle rupture on nanoplasmonic structures was
not only based on the structural change that is involved in that process, but also
with the aim to develop a nanoplasmonic sensor suitable for the investigation of
reactions associated with cell membranes. Using SLBs modified with lipid-
anchored membrane receptors, specific protein binding could be monitored
through the nanoplasmonic response with a competitive signal-to-noise ratio
(Papers I and II). One of our current objectives is to extend the concept of
nanoplasmonic sensing of artificial cell membranes to the investigation of not
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only binding to, but also transport through lipid bilayers. An interesting
platform in this respect could be single lipid vesicles immobilized at the bottom
of nanoplasmonic holes.* Molecular transport in and out of the vesicles may
potentially be probed by monitoring changes in RI inside the vesicles, as
recently performed successfully using conventional SPR.*** 2%

Another potential concept for the investigation of membrane transport is
lipid bilayers that span nanoplasmonic holes or pores. In a recent report by
us,”” we presented steps towards this goal by demonstrating that SLBs can be
made to span SiO; nanowells if driven over a hole surface using the shear forces
of a bulk flow in a microfluidic channel. Current efforts focus on combining this
method with nanoplasmonic platforms similar to those presented in this thesis.
In particular, it would be valuable to form membranes over nanoplasmonic
through-going pores. While solid-state nanopores are commonly used for
electrical measurements of transport through lipid bilayers,” % %7 the
extension to solid-state nanoplasmonic pores could enable combined
nanoplasmonic and electrical investigation of cell membrane transport. Note
also that solid-state nanopores are not restricted to be used in combination with
lipid bilayers, but are also commonly employed to measure translocation of
DNA?® and have, for example, been used to study unzipping of DNA
molecules,” to perform force measurements of DNA®™’ and to investigate
DNA and protein complexes.” The combination of electrical and
nanoplasmonic read-out may also be valuable for such applications.

The nanoplasmonic pores developed in this work were used primarily for
flow-through sensing, which was found to be promising for (i) improvement of
sensor response times, (ii) decrease in required sample volumes and (iii)
increase in capture efficiency compared with typical microfluidic systems. In
some applications, such as the detection of virus in drinking water, it may be
valuable to be able to probe larger sample volumes. However, the volumetric
throughput that is possible to achieve using a nanochannel is typically lower
than that provided by a microfluidic channel. In this respect it is interesting that
the concept presented in this work provides a two-dimensional array of
nanochannels that can be used in parallel. In this way, the system could act as a
filter with plasmonic sensor elements integrated in the pores. Furthermore, the
concept of nanoplasmonic pores could potentially be combined with the use of
electric fields to accumulate target molecules at the site of detection.*>**

Directed binding to high-sensitivity regions could also be used to decrease
sensor response times, by enabling the local surface coverage in nanoscale
regions to increase more rapidly compared with the situation when binding is
also allowed on non-sensitive regions. The principle is generic and could be
applied to other nanosensor methods, including plasmonic systems apart from
short-range ordered nanoholes as well as nanowire field-effect devices® or
nanocantilevers,” under the assumption that the binding can be controlled to
occur locally in high-sensitivity regions for such systems.

The fact that the concept of directed binding is passive, in the sense that it
does not rely on fluidic handling, makes it particularly promising with respect
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to use in simple devices. In turn, one of the main strengths of nanoplasmonic
sensing is that it can be made simple, both with respect to fabrication and
instrumentation. Compared with conventional setups, nanoplasmonic sensing
was in this work simplified by the integration of the opto-electrical conversion
directly on the sensor chip. In future work, the performance can likely be
improved by the use of multiple LEDs at different emission wavelengths
together with photodiodes that are sensitive in different wavelength regions.
This makes the combination of the concept with standard color CCD arrays
highly interesting. I believe such systems have great potential to be used for
simple sensing in an array-based format. Further, a spacer layer between the
sensor structure and the detector array could enable the use of low-cost
consumable sensor chips, while the detector and light sources could be reused.

The sensing concepts presented in this thesis are all based on the sensitivity
of plasmon resonances to the refractive index of the surrounding environment.
It should be mentioned that the strong electromagnetic fields associated with
metal nanostructures can also be beneficial in other contexts. For example, the
evanescent near-field inside a nanohole in an aluminum film (a zero-mode
waveguide) can be used to excite fluorescent molecules locally inside the
holes.”* This platform has enabled fluorescence correlation spectroscopy' to
be performed in extremely small observation volumes and was, for example,
used to study lipid diffusion in cell membranes.””> Moreover, the strong
electromagnetic fields of nanoplasmonic structures can serve to enhance signals
that correspond to intrinsic properties of the biomolecules themselves.
Examples of promising concepts are surface-enhanced Raman spectroscopy
(SERS)” and surface-enhanced infrared absorption (SEIRA) spectroscopy.”
These methods have in common that they can provide chemical information
and thereby molecular identification of bound species. I believe the concepts
presented in this thesis, especially the nanoplasmonic electrodes and the
nanoplasmonic pores, could be valuable also in combination with these
methods.

In this outlook section I have reflected on some of the extensions of the
work presented in this thesis that I think are particularly promising. Note that
the potential applications that have been discussed are highly diverse, ranging
from the investigation of molecular transport through artificial cell membranes,
to the development of hand-held diagnostic devices. In turn, I think the
diversity of potential applications directly reflects the large variation in the
possibilities provided by different nanoplasmonic sensors. The large variety of
nanoplasmonic systems provides the great opportunity to design and optimize a
sensor for a given task. I think this is one of the main strengths of
nanoplasmonic sensing and that this will result in numerous important
applications in the future.
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Popularvetenskaplig sammanfattning

Bioanalytiska sensorer dr instrument som anvinds for att studera interaktioner
mellan olika biomolekyler, framfor allt for detektion och/eller bestimning av
koncentrationen av en specifik biomolekyl (protein, virus etc.) i en provldsning
(till exempel i ett blodprov). Det gor biosensorer till oerhort viktiga hjalpmedel
inom en rad olika omrdden, sdsom likemedelsutveckling, medicinsk diagnostik,
analys av mat och dricksvatten mm.

Den hidr avhandlingen behandlar utveckling och anvidndning av
bioanalytiska sensorer baserade péd nanostrukturerat guld, det vill sdga
guldstrukturer som ar ungefdr 1000 gdnger mindre &n vidden pé ett hérstra.
Medan de flesta dr vana vid att se guld som litt gulaktigt (det vi menar med
guldfirgat), skimrar nanoguld istéllet i specifika farger. Sedan urminnes tider
har det hidr fenomenet anvints for att farga glas, genom att biddda in
nanopartiklar av guld och andra metaller i glaset. Anvindandet av fenomenet
for bioanalytisk sensing dr baserat pa att en guldnanostrukturs firg dr beroende
av vad som finns i den ndrmsta omgivningen (omgivningens brytningsindex).
En fordndring 1 omgivningens brytningsindex, till exempel genom inbindning av
biomolekyler till strukturen, resulterar i ett fargskift. Det gor det mojligt att
studera den hir typen av inbindningsprocesser genom att helt enkelt méta
fordndringar i guldstrukturens firg. Sensorer som baseras pa det hidr fenomenet
kallas nanoplasmonsensorer och i det hér arbetet har utmaningar inom
omradet for biosensing adresserats genom att utveckla nya koncept och
utforska unika mojligheter med sddana sensorer och framfor allt med de som é&r
baserade pa tunna guldfilmer perforerade med nanohal.

De primira resultaten fran arbetet inkluderar (i) demonstration av ett nytt
sdtt att méta biomolekyldra strukturella fordndringar, (ii) anvindning av en
guldnanohdlfilm som elektrod fér nanoplasmonsensing kombinerat med en
annan sensorteknik baserad pd en oscillerande piezoelektrisk kvartskristall
(QCM), (iii) utveckling och anvidndning av nanoplasmonsensorer som &r
kompatibla med studier av artificiella cellmembran, (iv) utveckling av tvé olika
metoder att Oka inbindningshastigheten till sensorytan och dérmed en
minskning av tiden for detektion och slutligen (v) integrering av elektrisk
detektion direkt pd sensorchipet som ett steg mot smé, billiga och
anviandarvinliga instrument for anvidndning hemma hos patienten, pé
flygplatser, 1 utvecklingslédnder osv.
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