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UNIVERSITY OF EXETER

Abstract

Engineering, Mathematics and Physical Sciences
School of Physics

Doctor of Philosophy

by Ciaran Stewart

Surface Plasmon Resonance (SPR) has been utilised in various forms in sensors
for many years. It is usually based on angular or wavelength interrogation of the
reflectivity minimum found with Transverse Magnetic (TM) light. However, as the
SPR is traversed there is also a very rapid change in the phase of the reflected TM
light there being no such change in the Transverse Electric (TE) light. Presented
in the thesis a new SPR sensor has been developed that exploits this rapid change
in optical phase. Linearly polarised light of mixed TM/TE polarisation is passed
through a polarization modulator, which adds a small amplitude modulation to
the polarisation. This modulated light is incident on a gold film 40 nm thick evap-
orated onto the base of a SF2 prism in the Kretschmann-Raether, configuration.
The coupling of the TM polarised light to the SPR is dependant on the properties
of the dielectric medium adjacent to the gold film. The SPR shifts when this
sensed medium undergoes a change in refractive index (or index or thickness if it
is a bound analyte layer). This in turn causes a change in the reflected ellipti-
cally polarised light. The change of the resultant modulated polarisation dither
is interrogated through the use of a phase sensitive detectors. Initially a simple
photo diode coupled with a lock-in amplifier was used to monitor the modulated
signal. This was expanded into an imaging technique by using two cameras (64
by 64 pixels) fabricated with the equivalent of a lock-in amplifier on each of the
4096 pixels. The spatial map of the modulation amplitude gives an optical phase
differential image. By imaging in this way it is possible to produce a multi channel

differential sensor.
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2.1 left)A Kretschmann-Raether SPP coupler is shown with a monochro-
matic light source incident at a fixed angle, the incident light is
polarized such that the E field is in the plane of the diagram as
indicated; middle) A graph of intensity against incident angle theta
two curves are plotted for 2 different bulk indices. The red line indi-
cates the angle that the intensity is sampled at. As the resonances
moves due to a different refractive index the intensity being moni-
tored changes as shown in part right) where intensity is plotted as
a function of time. . . . . . ..o 32

2.2 Two different methods to extract angle scanning data from a Kretschmann-
Raether SP coupler. Part a) shows a traditional angle scanning
setup TM linearly polarized monochromatic light is incident on a
Kretschmann-Raether configured prism. The prism is mounted on
a rotating table allowing all angles of incidences to be analyzed.
Plotted in b) are two such angles scans as the refractive index of
the dielectric the SPP samples changes the minimum reflectivity
shifts as shown on the extreme right. Bottom in c¢) shows how a
divergent beam of monochromatic light can be focused on to the
prism giving a range of angles of incidence, thus the reflected light
incident on a CCD camera will show a dark band associated with
the SP minimum as shown in d). The position of this band will
change as the refractive index shifts as is displayed in the middle of
the Figure. The position of this minimum on the CCD camera can
then be plotted with time as shown in the right hand Figure. . . . . 33

2.3 Wavelength interrogation of the SPR can be completed in a number
of ways, the simplest uses a a white light source and a prism in the
Kretschmann-Raether geometry. In the reflected spectrum there is
a minimum in the intensity corresponding to the wavelength with
the greatest coupling strength. As the refractive index changes this
minimum in wavelength shifts which can be monitored with time . . 34

2.4 The reflected TM polarised light undergoes a rapid phase change
as the resonance is traversed. This method can offer great increase
in the sensitivity of SPR sensing systems. . . . . . . .. . ... ... 34
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632 nm is incident on a BK7 Glass prism in the Kretschmann-
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The schematic of Matsubara et al. technique. A LED is used as
the light source which is focused using lens ‘L1" and ‘L2’ through a
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The schematic of Zhang et al’s. differential SPR sensing technique.
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the A; = 0 condition for an input polariser angle ¢ of 45°. . . . . .
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Schematic of dual channel dSPR sensor as well as the injection system.125

Plotted in (a) is the A; signal from both of the channels within
the dual channel sensor system. The bulk shift is caused by the
introduction of 0.25% IPA in water. Plotted for clarity in (b) is
a close up of the base line during flowing conditions, there is a
pronounced oscillation within the signal. As the flow is stopped
this oscillation is removed as shown in (¢). . . . . .. ... ... ..

A schematic of the setup used in imaging differential ellipsometric
surface plasmon resonance sensing. The setup is similar to that
used in the single and dual channel setups. Light is produced with
a LED with peak wavelength at 620 nm. The emitted light is colli-
mated with an achromatic lens (focal length of 8 cm). The light is
passed though an input polariser at an angle 15 degrees from pure
TM polarised light. This polarisation is modulated with a PEM
and a quarter waveplate. The light incident on the prism in the
Kretschmann-Raether geometry is linear polarised with a 47 kHz
polarisation modulation. The reflected light is passed though an
output polariser creating an intensity modulating beam. A system
of 2 lenses is used to image the surface of the prism on a pixelated
phase sensitive detector. . . . . . .. ... ... L.
An example of a speckle pattern, the intensity varies randomly from
zero intensity to a maximum. This speckle can introduce problems
to systems requiring imaging. . . . . . .. ... ...
Plotted is signal against time for a signal with two different signal
compositions; the top contains only A, and the second harmonic,
the bottom signal contains components of both A; and A, harmon-
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spond to 4 temporal integrations used to extract information about
the signal components. . . . . . .. ... ... L.
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A schematic of the flow cell. The arrows indicate the varying flow
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The frames are images of the A; signal during a bulk refractive
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a higher refractive index the refractive index contrast between he
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IMmages. . . . . . ..o
A further example of imaging M gF3 spots, The frames are images
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the data stream of individual pixels with time. Here 32 random
pixels have been displayed. . . . . . . . .. ...
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Printed onto the surface of gold is a 2 by 2 array of protein, the
upper spots being HFG the lower spots BSA. A solution of 300 nM
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changes the Ay signal. . . . . . . . .. ... L.
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allowing the cell to be imaged in focus as well as providing a useful
control surface to monitor non specific binding. As a solution of
50n M of anti-HFG in introduced (at a rate of 4.97 mL h™!) the
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Non specific binding is monitored in the bare gold and the BSA spots. 158

Plotted is the A; signal against time for a single BSA spot, a HFG
spot and the bare gold surface. The non specific binding is present
in both the bare gold and the BSA spot. . . . .. ... .. ... ..
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source, the phase of the modulation input to the camera can be
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Ay relative to the optical phase to be monitored. . . . . . . . .. ..
A series of images of the 4 channels A, B, C and D. The Images were
created using the setup detailed in Figure 7.2. The phase difference
between the optical phase and the electronic phase of the camera
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Plotted is signal against phase for A selection of pixel from all over
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nels intensity changes as the cosine of the phase with each channels
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Schematic of the setup used to test the sensitivity of the system to
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shown as indicated at the top of the Figure. . . . . . . ... .. ..
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Chapter 1

Introduction

The interest in optical biological and chemical sensing technologies has never been
higher than in recent years[1] [2]. The demand for increased sensitivity and paral-
lelism has arisen not only from areas of pure research, such as the burgeoning field
of proteomics, but also from the pharmaceutical industries due to its utilisation in
drug discovery processes. Chemists within the pharmaceutical industry are now
able to produce millions of potentially useful drug molecules that are either ran-
domly generated or are variations on a theme. Unfortunately this is of no value
unless you can test them reliably; it is impossible to know which ones may have
a future in therapeutic medicine, now or later. A wide range of optical meth-
ods are exploited in bio-chemical sensors including interferometry, spectroscopy
in optical waveguides, fluorescence spectroscopy and surface plasmon resonance
(SPR). Fluorescence spectroscopy offers ultra-high sensitivity(detecting single flu-
orescent molecules) but requires the use of fluorescent labels, which is frequently
undesirable as tagging of proteins can lead to denaturation. On the other hand in-
terferometric, waveguiding and SPR techniques have the advantage of being label
free. Additionally, they allow many reactions to be studied in real-time, allowing

the reaction binding kinetics to be quantified in detail.

1.1 Aim of this work

The phenomena which is used to address this demand for both high throughput,
high sensitivity sensing techniques is that of surface plasmon resonance(SPR). The

use of SPR based bio-sensors has become an area of research in recent years [1]
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[2]. Since the seminal work nylander et. al. [3] in 1982 the variation of sensing
application, the throughput and the sensitivity of the SPR based systems has
increased dramatically. SPR sensing techniques are constantly being developed
and refined in order to meet the increasing performance demands required. There
are 3 main avenues of research being focused upon; 1) increasing the sensitivity; 2)
miniaturisation, so that SPR sensors can be utilised in the field; and 3) increasing

the number of simultaneous sensing channels.

The aim of this work was to develop a phase differential surface plasmon imaging
system, principally for use within the pharmaceutical industry. This was achieved
by first producing a simple single channel method. The sensitivity enhancement
over many other methods comes from its differential nature. This phase differen-
tial measurement is achieved thought the use of a photo elastic modulator (PEM)
which induces a polarisation modulation. This polarisation modulation allows the
possibility of monitoring phase changes of the reflected light from SPR without a
second reference beam. Only when the set-up parameters of this single channel
was optimised was the technique expanded into an imaging format. Two different
CMOS pixelated detectors each with the equivalent of a lock-in amplifier attached
to each pixel are used to monitor an expanded beam i.e. image the sensing sur-
face. This greatly increases the potential throughput of the sensor as there are
4096 separate pixels on each detector hence, 4096 separate sensing channels. The

expansion into an imaging system resulted in a loss of sensitivity.

1.2 Outline of thesis

Chapter 2 contains a brief introduction to SPR and how it can be ultized in
SPR based sensors. Also within chapter 2 is a brief overview of some of the
methods currently employed SPR based systems. This overview focuses on the 3
common methods of coupling to the SPR mode, prism coupling, grating coupling

and waveguide coupling.

Chapter 3 deals with a much more in-depth explanation of the nature of SPR;
how incident light can be coupled to the SPR mode, and why the SPR can be
used in optical sensors. An in depth explanation of the phase sensitive differential
technique is also detailed within this chapter. The optimum setup parameters for

surface plasmon differential ellipsometry.
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The content of Chapter 4 deals with the initial results from single channel sensing.
The sensitivity of the system was tested by controlling the refractive index that
the sensor sampled. By monitoring the signal to noise during an experiment
where a number of different bulk index solutions are introduced to the system, A
sensitivity of ~ 2 x 1077 RIU was achieved which is better than the commercial

systems available.

Chapters 5 and 6 contains a 2D differntial SPR phase imaging system. Two
different cameras or pixelated detectors are presented both capable of monitoring
the 47kHz modulating signal, which are critical in interpreting the modulated
signal produced in differential SPR. There was a loss in sensitivity as the system
was expanded into this imaging format. Chapter 6 a laser is used as the light
source this produces a speckle pattern in the image. This in turn causes a large
pixel to pixel intensity variation. However a large proportion of the pixels archived
sensitivity of the order of 1 x 107% RIU .

The conclusions of this work are presented in Chapter 7 as well as some ideas for
the future of this technique. Also contained within Chapter 7 is a list of publication

patents and talks which have arisen due to this work.



Chapter 2

Sensing with Surface Plasmon

Resonance

2.1 Introduction

The majority of optically based sensing technologies require the use of some form
of tag, for instance a fluorophore in fluorescence based sensing. While adding tags
to the target measurand can vastly increase the potential detection limits, it may
greatly hinder throughput of the system, and may interfere with the measurement
itself. Surface plasmon resonance based sensors have the advantage that they re-
quire no additional ‘tag’, because fundamentaly surface plasmon resonance (SPR)
based sensors are refractive index sensors. In this Chapter some of the varying
methods for utilizing SPR in sensing applications is discussed. A summary of the

benefits of different techniques is included.

2.2 Surface Plasmon Resonance

A surface plasmon polariton (SPP) is a charge density oscillation confined to the
surface of a metal dielectric interface. Associated with the SPP are fields which
exponentially decay into both the metal and the dielectric media. The SPR is
observed in terms of a reflectivity minimum in angle or wavelength of the incident
light and a corresponding change in phase as the resonance is traversed. Due to

the evanescent nature of the fields the phenomena of SPR has great potential in
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the field of sensing as any small perturbation of these fields will effect the SPR. A
detailed electromagnetic theory of SPR is given in Chapter 4.

2.2.1 Introduction

Fundamentally all SPR based sensors are refractive index sensors; the position and
characteristics of SPR is linked with the refractive index of the adjacent dielectric
media. As detailed later in Chapter 3 any perturbations in the refractive index of
the adjacent media will change the properties of the SPR. There are a number of

ways to measure this change in the nature of the SPR.

2.2.2 Intensity

One of the simplest setups for monitoring the resonance with time is to use a fixed
angle technique and monitor the intensity shifts with time as shown in Figure 2.1.
A change in the refractive index, which the SPP samples, shifts the resonance and
the intensity shift can then be recorded. Due to the simple nature of this system
it can be low cost (relativity) to implement although it is difficult to achieve
a particularly high level of sensitivity to refractive index change[1][4][5][6] as the
change in light intensity is not as large and the shift in other variables. This scheme
however is ideally suited to being used in imaging systems where high throughput
is important, as a pixelated CCD detector can easily replace a standard photo
diode.

2.2.3 Angle

A second approach for extracting a signal from a shift in resonance is by per-
forming angle scans allowing one to track the angular position of the resonance.
As shown in Figure 2.2, instead of monitoring the resonance at a fixed angle an
angle scan is undertaken to map out the reflectivity against incident angle, to
locate the reflectivity minimum. The angle of the reflectivity minimum can then
be plotted with time. This method has the drawback that the sample will not
be viewed at a fixed angle which makes expanding the technique problematic for

imaging applications (thus reducing the scope for high throughput systems). Also
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FIGURE 2.1: left)A Kretschmann-Raether SPP coupler is shown with a
monochromatic light source incident at a fixed angle, the incident light is po-
larized such that the E field is in the plane of the diagram as indicated; middle)
A graph of intensity against incident angle theta two curves are plotted for 2
different bulk indices. The red line indicates the angle that the intensity is sam-
pled at. As the resonances moves due to a different refractive index the intensity
being monitored changes as shown in part right) where intensity is plotted as a
function of time.

the temporal resolution is limited to how quickly angle scans can be performed,

although Instruments from Eco Chemi can perform 76 full scans per second.

Rather than rotating the sample it is possible to do a pseudo-angle scan by using
a convergent beam setup[l]. In the setup illustrated in Figure 2.2, incident on the
SPR coupler is a convergent monochromatic beam rather than a parallel beam.
Thus multiple angles are incident on the system rather than a single angle. The
reflected beam, now divergent, can be viewed on a CCD or other pixelated device.
On the pixelated detector the minimum of the SPR will appear as a dark band.
The position of the minimum can be readily monitored in time. This technique
relies on both the spatial resolution of the detector and the angle spread within
the divergent beam. With a smaller beam spread, the angular distribution of the
beam is less, yielding a higher angular resolution on detection[1]. However this
reduces the detection range as the SPR minimum for large changes in refractive

index moves off the detector.

2.2.4 Wavelength

Another approach maintains a fixed angle of incidence but monitors the SPR
in terms of wavelength. SPR spectroscopy|7] utilizes a poly-chromatic or broad

spectrum light source. As the optimum coupling angle changes with wavelength
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FIGURE 2.2: Two different methods to extract angle scanning data from a
Kretschmann-Raether SP coupler. Part a) shows a traditional angle scanning
setup TM linearly polarized monochromatic light is incident on a Kretschmann-
Raether configured prism. The prism is mounted on a rotating table allowing
all angles of incidences to be analyzed. Plotted in b) are two such angles scans
as the refractive index of the dielectric the SPP samples changes the minimum
reflectivity shifts as shown on the extreme right. Bottom in ¢) shows how a
divergent beam of monochromatic light can be focused on to the prism giving a
range of angles of incidence, thus the reflected light incident on a CCD camera
will show a dark band associated with the SP minimum as shown in d). The
position of this band will change as the refractive index shifts as is displayed in
the middle of the Figure. The position of this minimum on the CCD camera
can then be plotted with time as shown in the right hand Figure.

the reflected spectrum will have a characteristic minimum associated with the SPR
as seen in Figure 2.3. As the refractive index changes the position of this minimum

shifts as shown in Figure 2.3

2.2.5 Phase

A less utilized approach is to monitor the change in phase of the reflected TM

polarized light as the resonance is traversed. Figure 2.4 illustrates the dependence
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FIGURE 2.3: Wavelength interrogation of the SPR can be completed in a
number of ways, the simplest uses a a white light source and a prism in the
Kretschmann-Raether geometry. In the reflected spectrum there is a minimum
in the intensity corresponding to the wavelength with the greatest coupling
strength. As the refractive index changes this minimum in wavelength shifts
which can be monitored with time

of phase on the incident angle in a Kretschmann-Raether geometry. The sharpness

in the change in phase either side of the SPR is of obvious significance; as the SPR

position changes, the reflected phase at a fixed angle undergoes a rapid shift in

phase which can greatly enhance the possible sensitivity of the system to changes

in refractive index. The only drawback of this approach is that the optical setups

in general require much more complexity.

Phase

Anghe g

Time

FIGURE 2.4: The reflected TM polarised light undergoes a rapid phase change
as the resonance is traversed. This method can offer great increase in the
sensitivity of SPR sensing systems.

2.3 Differential techniques

One of the key driving mechanisms of SPR sensing is the increase in sensitivity.

Recently differential optical techniques have been investigated to boost the sys-

tems sensitivity. The differential nature of these methods provides a method of
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enhancing small changes to measured signals. Differential methods generally rely
on adding a modulation to either the incident intensity|[8], angle[9], wavelength[10]
or phase[8]. Figure 2.5 demonstrates the benefits of monitoring a differential signal.
The Figure shows both the reflectivity with angle and the differential reflectivity
with angle. The response of the differential signal to changing angle has a sharper
response than the reflectivity minimum. This is true for differential wavelength

and differential phase measurements.

2.4 Comparison of Techniques

2.4.1 Characteristics of Comparison

Later in this Chapter many of the different techniques used in various sensing
applications will be presented. Of key importance is a quantification of each of
the different methods of utilizing SPR in sensing technologies. There are a number
of important properties common to all SPR based sensors; sensitivity, linearity,

dynamic range and limit of detection.

2.4.2 Sensitivity

The sensitivity of a system can be defined as the smallest measurable signal shift
due to a change in the sensed medium. In SPR based sensors this is the smallest
resolvable signal change caused by a shift in the refractive index of the sensed
medium. In SPR sensors this is most commonly associated with the change due

to bulk refractive index.

The level of sensitivity of a system is linked to the uncertainty within the detected
signal, i.e. the noise in the system. Real systems have noise which dictates the
smallest refractive index change which can be measured. However although there
are many different ways of determining the noise on a signal, there is no standard-
ized method for calculating this noise in optical based sensors i.e. the length of

time that noise is determined over is not standardised.

One of the most common forms of determining the noise on a signal is by finding

the standard deviation of the signal from a baseline mean. This is the method
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FIGURE 2.5: Plotted in a) using modelled data is the reflectivity of the p
polarized (TM) light with varying angle of incidence. Light of wavelength 632
nm is incident on a BK7 Glass prism in the Kretschmann-Rather configuration.
Attached to the base of the prism is a 50 nm layer of gold, the surrounding
dielectric is water of n=1.33. Plotted below in b) is the differential signal of
the reflectivity with respect to angle of incidence. The differential signal has a
much sharper change with angle, thus by monitoring the differential signal an
increase in the sensitivity is possible. The discontinuity within the differential
signal is caused by the critical edge. Robert Corn has used this method to great
effect [11]
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which is used by BIAcore[6], one of the most successful commercially based bio

sensors. Biacore bases its noise on a signal standard deviation.

Figure 2.6 gives insight into whether an observed shift in signal is simple noise or
a real meaningful change in the system. Plotted is the probability of an observed
change being anomalous against the number of standard deviations of the baseline
signal. By using more than 1o the fidelity of the measurement is increased however
it is clear that past 2o there is little real improvement in the confidence of the
value. Within this work all sensitivities will be quoted in terms of 2¢. This decision

is somewhat arbitrary, however as seen in Figure 2.6 the decrease past 20 is not

significant.
10 L]
probability that a given number of consecutive
8 - data points outside given number of standard
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FIGURE 2.6: Using modelled data the probability in % that 2,3 or 4 consecutive

points lie outside a given number of standard deviations. the probability of 2

consecutive points being greater than 2 standard deviations from the mean base
line is less than 1%.
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2.4.3 Linearity

Of great importance in a system is how linear a techniques is and over what
range of refractive index changes this linearity holds true. In most situations
high linearity is desired as there are fewer calibration points needed to produce
an accurate overall sensor calibration, at least 3 reference points must be used to

determine the linearity.

2.4.4 Dynamic Range

Dynamic range is the maximum change of bulk refractive index which a sensor
can detect with a specific error and gradient. This attribute is important as it
will dictate the applications a technique will be useful for. A sensor with a small
dynamic range will not give kinetic information for large changes at the surface or
in bulk refractive index as the non-linearity will produce errors within the binding

rates calculated.

2.4.5 Limit of Detection

The limit of detection(LOD) gives the lowest concentration of a analyte that can
be distinguished from that of a blank solution (with no analyte present) with a
reasonable confidence level. This LOM varys quite dramatically depending on
the experiment used to determine the quantity. The primary reason for this is the
challenge behind reproducing an experiment in different institutions. To determine
LOM some form of analyte must be bound to the surface, generally this will be
the binding of a simple protein such as bovine serum albumin(BSA) to the sensor
surface. However due to the techniques used to synthesize proteins there will
always be some variation in terms of both the concentration of the protein desired

and its purity.

2.5 SPR Instrumentation

Presented in this section is a review of some of the SPR instrumentation which

has been developed. A SPR sensor consists of an optical system used to excite
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and extract information about the SPR, a liquid or gas handling module and some
form of data acquisition and processing system. As detailed in Sections 2.2-2.4
the optical setup is designed to monitor one or some combination of 4 variables
of the SPR; intensity, angular reflectivity minimum, spectroscopic minimum and
reflected optical phase. SPR bio sensors also incorporate a bio-recognition layer

which can target specific analytes within a liquid or gas.

There are 3 main methods for exciting SPR at optical wavelengths, prism coupling,
grating coupling and wave guide coupling The detailed electromagnetic theory for

each is discussed within Chapter 4.

2.5.1 SPR sensors based on prism coupling

The majority of SPR based sensors reported to date utilize prism coupling, specif-
ically in the Kretschmann-Raether geometry where a thin metal film is bound
to one side of a metal film, examples of which are found in Figures 2.1-2.3. In
this section a review of some of the various techniques which monitor the angular

position of SPR or the reflectivity at a set angle are presented.

In 1988 Matsubara et al. [8] reported a SPR sensor which was based on prism cou-
pling using the Kretschmann-Raether configuration. The system detects angular
position of the reflectivity minimum. The setup of the system is shown in Figure
2.7, it uses a LED as a light source and a photo-diode array as the detector, lens
3 (as shown in the Figure) projects the angular spectrum onto the photo-diode
array. By monitoring the reflected light of the angle dependent spectrum an an-
gular sensitivity of 0.01 degrees was achieved which corresponds to a refractive
index sensitivity of 5x107% RIU assuming that the refractive index sensitivity is

approximately 200 deg RIU™! see Chapter 4).

This optical design was further enhanced by Biacore (previously Pharmacia Biosen-
sors) producing a series of commercial bio sensors which are discussed in section
2.5.4. The Biacore’s prism based systems have up to 20 channels and can reach
sensitivity of 4 x 1077 RIU.

Zhang et al [9] reported a simple but effective fixed angle technique utilizing a
quadrant photo-diode instead of an array detector, the setup is shown in Figure
2.8. In a similar manner to Biacore, a TM polarized beam from a HeNe laser at a

wavelength of 632.15 nm was focused using a cylindrical lens at a gold film attached
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FIGURE 2.7:

The schematic of Matsubara et al. technique. A LED is used as the light source
which is focused using lens ‘LL1” and ‘L.2” through a polarizer and onto a prism in
the Kretschmann-Raether geometry with a thin film of silver being the metal
used. A 3rd lens ‘L3’ is used to image the back focal plane onto a photo-diode
array detector. This effectively images the angular spectrum of the SPR, this

spectrum is monitored with time.

to a prism in the Kretschmann-Raether geometry. The gold film importantly had
both a reference area and a sensing area, the beam sampled both simultaneously.
The resultant reflected beam contained all the angles of incidence, a four channel
quadrant photo-diode was then used to monitor the intensity of the reflected beam.
At the start of an experiment the quadrant-diode was positioned in such a way
that the intensities on each of the sensing areas A-B and C-D were the same i.e.
The reflectivity minimum was in the centre of the photo-diode pairs A-B and C-D.
The intensity of each photo-diode was recorded with time. As the refractive index
was changed, perturbing the angular position of the SPR, the ratio of the intensity
between A-B and C-D changed. This produced a system with high sensitivity as

it enabled the use of a large area detector rather than a CCD camera or a large
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scale photo-diode array. Additionally as the reference and control areas sampled
by the detector were extremely similar, common noise such as laser fluctuations
could be subtracted with great accuracy. This system was capable of detecting
angular shifts in the resonance at a sensitivity of 107> degrees which in terms of
RIU sensitivity is 1 x 10~7. However the systems dynamic range was limited to
a4 x 1073 change in bulk refractive index. This range is limited by the width of

the SPR reflectivity minimum.

Lens

laser beam

,//,/(r/‘ A
y po-AB CD
- A+B C+D

Reference area

FIGURE 2.8: The schematic of Zhang et al’s. differential SPR sensing tech-
nique. A lens focuses a laser beam of wavelength 635 nm onto the sensing area
(the prism in a Kretschmann-Raether configuration has been removed from the
schematic for clarity). There are 2 sensing areas one extracting a signal one a
reference, which are measures simultaneously. On reflection the beam is diver-
gent and is detected with a quadrant photo-diode. By addition and division of
the 4 signals from the quadrant photo-diode the angular position of the SPR
reflectivity minimum can be determined to 10~° degrees.

Thirstrup et al [12] demonstrated a fixed angle techniques using a more complex
optical setup which is shown schematically in Figure 2.9. This approach uses a
diffraction grating to illuminate the sensing surface at multiple angles rather than
the simpler cylindrical lens used by Zang et al. A wide collimated beam of 670
nm light is diffracted by the focusing grating on the sensing surface. The reflected
light follows a similar path and produces a parallel beam, which contains the
angular spectrum. The beam is analysed by a 2D CMOS detector allowing the
angular spectrum of intensity to be measured for 4 of different sensing areas. This
system has the advantage of being highly sensitive with a angular sensitivity of

130 degrees RIU™! or 5x10~7 and a compact design.

Melendez et al [13] presented a SPR sensor based on a fixed angle method but in

a miniaturized system. The schematic of the technique is shown in Figure 2.10.
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FIGURE 2.9: The schematic of Thirstrup et al’s SPR coupling chip. This
system used diffractive elements to replace more conventional imaging optics.
Light from a photo-diode is collimated with a simple lens and this collimated
light is incident of the initial diffraction grating. This causes multiple angles
of incidence to be incident on the SPR sensing area, a thin film of gold. On
reflection a second diffraction grating is used to produce a collimated beam
which is detected with a photo-diode array. The signal detected by the photo-
diode array is the angular spectrum of the SPR. The system is expanded linearly
to allow 4 separate sensing channels.

The sensor consists of a LED with peak output at A = 830nm, the divergent
light from the LED is polarized such that TM polarized light of varying angles is
incident on the gold surface plasmon layer. The reflected light is reflected using a
mirror onto a 128 pixel linear photo-diode array. This gives the angular spectrum
of the SPR and hence the position of the reflectivity minimum can be monitored
with time. This sensor formed the basis for the SPREETA chip produced by
Texas instruments and employed in the SensiQQ commercial SPR sensors which is

discussed in section 3.6.2. Under optimum conditions the sensitivity of the sensor
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is 4x107" as found by Chinowsky et al. [14].
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FIGURE 2.10: This Figure shows the cross section of the SPR sensing unit
which has been presented by Melendez et al. This system formed the bases
for the Design of the SPREETA sensing chip produced by ‘Texas Instruments’
and employed by the commercial sensing system SensiQ). The unit consisted
of a LED producing diverging light which is then polarized which results in
TM polarized light incident on the SPR sensing surface (a thin film of gold).
The reflected light is made incident on a photo diode array. the angular SPR
minimum is thus detected.

As stated in section 2.2.4, a further method for monitoring the properties of SPR

is to use wavelength spectroscopy; coupling to the SPP at different wavelengths.

Homola et al [15] developed a system where a halogen lamp, a SPR coupler in
the form of a prism and metal film in the Kretschmann-Raether geometry and
a spectrometer were combined to form a SPR sensor. The white light from the
halogen lamp was combined with a multi-mode optical fibre which allowed the
light to be focused easily with two cylindrical lenses as shown in the schematic
setup in Figure 2.11. This light was then passed through a polariser and then
incident on the prism. The reflected light was collected with multi-channel output
collimators. The output collimator’s coupled the light into a second series of multi
mode fibers which were connected to a spectrograph. Through optimization in
the most efficient coupling wavelength, sensitivitys of 1.5 x 1072 nm were achieved

with this system. This equated to a reported sensitivity of 4 x 10~7 RIU.
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FIGURE 2.11: Schematic SPR sensor based on wavelength spectroscopy em-
ployed by Homola et al. The system consisted of a broad band white light
source, which is focused with 2 clyndrical lens though a polariser onto a prism
in the Krestschamnn-Raether geometry. the system has 4 separate sensing chan-
nels. The reflected light is coupled into 4 optical fibres with GRIN lens’s. The
minimum reflectivity with wavelength is then detected with a spectrograph.

Nenninger et al. [16] presented a similar approach however instead of a simple
Kretschmann-Raether prism coupler, a ‘Light Pipe’ was employed to couple light
to the SPP. The schematic of the setup used by Nenninger et al. [16] is shown in
Figure 2.12. This technique eliminates the need to match the refractive index be-
tween the prism and that of the SPR sensing ‘chip’[17]. A broad band light source
from a halogen lamp is coupled in and out of the light pipe with 2 prisms. The
light in the ‘light pipe’ excites SPP in the center of the ‘Light Pipe’ which is coated
with a thin gold film. The transmitted light is analyzed with a spectrometer. A
sensitivity of 6 x 107® RIU was achieved.

Homola et al. [18] used a ‘wavelength division multiplexing’ (WDM) approach to
increase the information content available within a SPR spectroscopic approach. In
this scheme signals from multiple SPRs from different areas of the sensing surface
are encoded within a spectrum. Two differing methods have been reported using

this WDM approach [18] the schematic of the setups is included within Figure
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FIGURE 2.12: Nenninger et al. employed a light pipe as the coupling mechanism

in a wavelength dependent SPR sensor. A white light source from a halogen

lamp was collimated and made incident on the ‘Light Pipe’, a sensing area

consisting of a thin metal gold film was used as the SPR sensing surface. The

resultant light was analyzed with a spectrometer. The system had 2 channels

which could be used for independent measurement or as a control channel; and
a signal channel

2.13. The first of these method uses a wide parallel beam from a broad band
white light source which samples two regions of the SPR sensing surface; one
area is the active sensing surface, the other has an over-layer of thin dielectric
- tantalum pentoxide. The dielectric overlayer shifts the position of the SPR to
longer wavelengths compared with the position of the SPR on bare gold. Therefore
the resultant spectra on reflection has 2 different and separate reflectivity minima
as shown in Figure 2.13. In the second scheme again a white light source is used but
with a much smaller beam spot which is sequentially incident on 2 different areas of
the gold sensing layer as shown in Figure 2.13. Due the differing angles of incidence
the light makes with the gold surface, the optimum coupling wavelength for the 2
different sensing areas differs, which is observed as 2 separate reflectivity minima
in the resultant spectra. This technique was expanded parallel (in one direction)
allowing the creation of an 8 channel sensors (4 double sensors). The bulk refractive

index sensitivity was reported as S; = 2710 nm RIU™" and S3 = 8500 nm RIU™!
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or 1.3 x 107% RIU and 7 x 107 RIU respectively.

The first method for monitoring the changing characteristics of SPR used fixed
angle intensity methods. These techniques were limited in sensitivity [1] but have

some useful advantages when expanding techniques into true 2D imaging sensing.

The first presented use of SPR in an imaging system was reported by Rothen-
hausler et al [19]. In the SPR imaging a parallel monochromatic beam of TM
polarized light is incident on a prism in the Kretschmann-Raether configuration
at angle close to the optimum coupling angle. The intensity of the reflected light
depends on the coupling strength between the incident light and the SPP mode.
Therefore by imaging the reflected light onto an array detector, the refractive in-
dex adjacent to the metal can be spatially resolved. This imaging approach allows
many more sensing channels than more conventional sensing techniques. To in-
crease the sensitivity of the technique Fu et al.[20] introduced a white light source
and a bandpass filter. Their system operating at a wavelength of 835 nm reached
a sensitivity of 3x1075 RIU, with a reported spatial resolution of better than 50
pm. The spatial resolution of SPR sensors are limited by the propagation length

of the mode.

Nikitin et al. developed two interferometric approaches to SPR imaging [21]. The
first approach was based on a MachZehnder interferometer which combined TM-
polarised light in both signal and reference beams as shown in Figure 2.14. The
second method monitored the interference between a TM-polarised signal beam
with a corresponding TE-polarised reference beam [21]. This configuration was
demonstrated in two modes. A phase contrast mode for increasing the sensitivity
and fringe mode, in which there was a definite angle between the interfering TE and
TM beams resulting in a pattern of interference fringes which was superimposed
onto the image of the surface. Changes in the phase of the signal beam reflected
from the surface resulted in bending and moving the interference fringes. This

approach allowed resolving a refractive index change in the order of 10~7 RIU.

2.5.2 SPR sensing based on grating couplers

As mentioned before the majority of SPR based sensors are based on prism cou-
pling techniques. However using a grating based approach has some unique advan-

tages over the prism method. Sample fabrication is simplified as gratings can be
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FIGURE 2.13: Schematically shows 2 methods of wavelength devision multi-
plexing demonstrated by Homola et al. In the first scheme poly-chormatic light
is incident on a SPR prism couple in the Kretschmann-Raether geometry. The
light samples to distinct areas of the sensing surface on which has a dielectric
over layer. This over layer pushes the SPR reflectivity minimum to longer
wavelengths. In the second case again poly-chromatic light is incident on a
prism in the Kretschmann-Raether configuration, but is incident at two different
angles of incidence § and «, this causes two dips in the reflected spectrum as the
optimum coupling wavelength for each angle is different. A typical transmission
vs wavelength plot is included showing the two reflectivity minima.
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FIGURE 2.14: Schematic of SPR interferometric sensor where each of the optical
components are as follows; 1 light beam, (2, 4) polarizer, (3, 10) beam-splitting
cubes, (5) phase-retarding glass plate, (6) mirror, (7) SPR prism, (8) gold film,
(9) patterned coating, (11) analyzer, (12, 13) imaging lenses, (14) CCD camera.

made into plastic substrates, greatly reduceing the cost per ‘chip’ thus providing

a solution for low cost SPR sensors.

Dolalek et al [22] presented a grating based SPR sensor looking at the angular
dependence on the reflectivity. The system in many respects is similar to that
of Matsubara et al [8] in that a convergent beam is used to illuminate the SPP
coupler, but the Kretschmann-Raether prism coupler is replaced with a grating
coupler. The schematic for the technique is show in Figure 2.15. The optical
setup uses a laser diode at A\ = 830 nm to produce monochromatic light which is
collimated and polarized before being focused with a cylindrical lens onto a row of
gold coated diffraction gratings. The angular spectra is reflected at close to normal
incidence and imaged with a CCD camera after passing through a beam splitter.
The different diffraction gratings were analyzed by moving the beam splitter and
cylindrical lens. The sensors reached a sensitivity of 5x 107 RIU for simultaneous

measurements in over 200 different sensing channels.

Jory et al. demonstrated a SPR spectroscopic technique using a grating coupler
[10] which is schematically shown in Figure 2.16. A collimated beam of mono-

chromatic light was made incident on a metallic grating. The reflected beam was
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FIGURE 2.15: (a) The schematic setup used by Dolalek et al. using a SPR
grating coupler with a convergent beam and a CCD to monitor the reflection
from multiple channels.(b) shows the typical image reviced at CCD.

detected with a spectrum analyzer which monitors the modulation of the wave-
length incident on the detector. To improve the sensitivity an acousto-optic tun-
able filter (AOTF) was used to modulate the narrow-band incident light around
the resonant wavelength of 633 nm. Thus the differential reflectivity profile was
extracted with the detector. By locking to the zero differential which corresponds
to the SPR reflectivity minimum position and monitoring the ATOF drive fre-
quency the position of the SPR reflectivity minimum was found with a sensitivity
of 0.0005 nm. This corresponds to a sensitivity of better than 1x10~% RIU.

More recently Homola et al. [23] reported a grating coupler wavelength spec-
troscopy based technique which is shown schematically in Figure 2.17. The sys-
tem uses a wavelength division multiplexing method on a multi-diffractive grating.
a polychromatic light source is made incident on a metallic grating with a grat-
ing profile composed of multiple harmonics. Associated with each grating period
was a SPR reflectivity minimum. By probing the refractive index at the surface
using multiple SPRs which have different field profiles, surface effect and be dis-
tinguished from background refractive index effects. This allows the binding of
analytes to bio-regeneration layers to be distinguished from effects such as bulk

index shifts.

Brockman et al. [24] presented an imaging technique using a grating as the SPR
coupler. The system images a micro-array and is capable of parallel analysis of
spatially distributed information along the senors surface. A collimated beam of
A =860 nm is incident on a plastic chip coated with a gold diffraction grating.

The system is capable of monitoring 400 separate sensing channels simultaneously
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FIGURE 2.16: Schematic of SPR sensor incorporating an acoustic optic tunable

filter(AOTF) used by Jory et al. The AOTF modulates the wavelength being

analysed, by monitoring the resultant differential signal an large enhancement
of sensitivity was achieved.

through functionalized areas on the surface of the SPR chip (the functionalized
spots are 250 p in diameter). The reflected light is detected with a 2D CCD
camera. This approach has been devopled by Biacore in the Flexchip system

discussed below in section 2.5.4

2.5.3 SPR sensing based on optical waveguides

A further option in the coupling mechanism to SPR is optical waveguides. They
can be used to interrogate the SPR in terms of wavelength and intensity, and offer a
compact and miniaturizable sensor. The greatest advantage for optical waveguides
based SPR sensors is the ability to do both localized sensing and sensing in hard
to access locations. This is due to the unique ability to place the SPR sensors
within a probe that can be moved without affecting the optics of the system. The
operating range of an integrated SPR sensor is determined by the refractive indices
of the materials involved and by the operating wavelength. This sets the operating
range above 1.4 RIU for conventional waveguides (using conventional glass) in
the visible and near infrared. To shift the operating range various techniques

have been employed including; making the integrated optical waveguide out of
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FIGURE 2.17: A schematic of experimental setup of an SPR sensor based on

multi-diffractive grating and wavelength interrogation of SPR. The accompanied

graph is a typical example of the normalized SPR reflectivity spectrum from

this multi-diffraction grating while in contact with water exhibiting SPR dips

corresponding to each grating component; Ay 454.7 nm, As 518.7 nm, As 578.5
nm, A4 637.3 nm, A5 701.5 nm.
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low index glass[25] [26], a buffer layer[25] and using a high index overlayer[25]
and more complex multi layer structures. However all these techniques which
introduce additional layers between the metal and the sensed medium reduce the
overall sensitivity, as it reduces the amount of the SPP field within the sensed

medium.

A fiber optic probe using an optical waveguide to couple light to generate the SPR
and wavelength spectroscopy to monitor is presented by Yee et al.[27]. The sensors
consists of a multi-mode optical fiber with an exposed core upon which a thin layer
of gold is evaporated. A mirror at the end of the sensing area reflected the light
back to the fiber and a fiber optic coupler was used to separate the reflected light
from the incoming illumination. The refractive index sensitivity was 5x 107> RIU
much less than the reported sensitivity of both prism and grating based techniques.
This poor sensitivity was largely due to the multi mode nature of the optical fiber;
bends and defects within the fiber cause polarization instability, which in turn
limits the stability of the SPR sensors response as only TM polarisation may
couple to the SPP mode any noise in the polariastion will lead to noise within the

signal.

To overcome the inherently noisy nature of multi mode fibers single mode fibers
have been employed. Such a technique has been presented by Homola et. al [2§]
where a side polished singe mode fiber was coated with a thin gold overlayer. This
technique can be used to monitor the intensity of the transmitted light through
the fiber producing a sensitivity of better than 2x10~° RIU. By monitoring the
wavelength dependence on the SPR minimum by using a spectrograph a much
better sensitivity of 5x10~7 RIU was achieved. However these SPR sensors suf-
fered from polarization instability. By using a polarization maintaining fiber the

sensitivity achieved was 2x1076.

An integrated optical waveguide coupler based SPR sensor was reported by Mouvet
et al. [29] which monitored intensity, with a signal channel and a reference channel.
The signal from the reference channel was used to normalise the signal from the
sensing channel which resulted in increased sensitivity and stability enabling a
sensitivity of 5x = RIU.

Homola [30] demonstrated a similar approach but integrating the wavelength spec-
trum as shown schematically in Figure 2.18. In this scheme a super luminescent

diode was used as a light source and an optical fiber was used to excite the SPP on
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an ‘integrated optical SPR sensing element’. The transmitted light was analyzed
with a microscope objective a polariser and collected with a collimator, output
optical fibre and a spectrograph. This system achieved a sensitivity of 1x107°
RIU.
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FIGURE 2.18: A schematic of a SPR fiber optic probe using a side-polished
single-mode optical fiber

2.5.4 Commercial systems

Many commercial SPR based sensors are currently available. A brief overview of
some of the prominent commercial sensor systems will be given in this section.
Included will be an outline of the systems optical configuration as well as their

main features and where available a schematic of the optical system.

Biacore [31] has dominated the commercial SPR senors market. In 2005 more
than 90% of the installed products and 87% of the publications[32]. Their main
product line utilizes a convergent beam setup in a Kretschmann-Rather geometry
together with a light-emitting diode at A = 760 nm and a photo-diode array to
determine the position of the SPR minimum. In later instruments the beam is
extended along a line and a 2D photo-diode array is used to determine the SPR
position along a line of the sensors, which allows the study of multiple sensing
channels. The accuracy of the optical system is reported to have a precision of
0.1 millidegrees [31] of the SPR reflectivity minimum position. The latest system
the A100 Biacore [31] has 20 sensors spots in 4 different flow cells. This allows
simultaneous measurement of different bio-chemical interactions at once. The
various Biacore systems are shown in Figure 2.19. A recent product of Biacore is
the Flexchip system, this system is designed with extremely high throughput. It

is a grating based system which has 400 simultaneous sensor spots.

The BI-SPR2000 as shown in Figure 2.20 from Bios-sensing Instruments [33] uses a

similar convergent beam technique to biacore finding the angular shift of the SPR
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FIGURE 2.19: Part of the Biacore product line the Biacore -3000, -C, -J, -Q,
-A, -X100, -T100 and Flexchip.

minimum on a photo-diode array. Two flow channels may be used in conjunction,
one typically being used as a control channel to give a background subtraction.
The system is developed to meet many application requirements such as protein-
protein interaction, DNA sequencing, ligand-receptor renegotiation and other drug
development applications. Its main benefit is the simplicity in the setup for various
applications though well controlled surface chemistry. It has a reported sensitivity
of 0.1 millidegrees 2.20. The BI-SPR2000G model can also be used in gas sensing

studies.

F1GURE 2.20: The BI-SPR2000 which uses a divergent beam approach.

The nomadics SensiQ), uses Texas instruments SPREETA SPR sensor chip. The
systems SPREETA chip is a miniaturized device, it is a SPR sensor using a di-
vergent beam setup, coupled to a high resolution electronic interface and flow

system. The SensiQ is a 2 channel device, where one channel is typically used as
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a reference channel. The SensiQQ is semi automated and uses advanced microflu-
idics it is greatly suited to evaluate concepts quickly with minimal hardware and
software development. However this system lacks the sensitivity of biacore’s top

range instruments.

FIGURE 2.21: The 2 channel SensiQ system uses a divergent beam method
based around the SPREETA chip

The SPR-20 system Figure 2.22 from [34] uses a 10° convergent beam directed onto
a prism in the Kretschmann-Raether geometry which is then reflected onto a CCD
detector. The SPR angle can be adjusted to between 35 and 85°. Measurements
at 2 separate sensors spots can be taken simultaneously. The system can be used
in liquid or gas phase sensing. The stated sensitivity is 3 millidegrees much less

than that of the Biacore systems.
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F1GURE 2.22: SPR-20 from DDK-TOA, the schematic of the system is inset.
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The Reichert SR7000DC is a dual channel instrument and uses a divergent beam,
in a subtly different arrangement to the biacore, DDKTOA and SensiQ setups.
The beam in this system is not convergent onto the Kretschmann-Raether prism
coupler, but rather divergent as shown schematically in Figure 2.23. In the
SR7000DC the gold surface is illuminated with a range of angles. This range
of angles is continuously monitored with a linear photodiode array detector. Im-
age analysis determines the angle at which the reflectivity minimum occurs. This
data is continuously sent to the acquisition computer. The stated sensitivity of

the system is 3.5x 107" refractive index units(RIU) using a rms noise of 0.25 RIU.
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Ficure 2.23: SR7000DC from Reichert useing a divergent beam.
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SPTM]32] by ‘Resonant Probes’ produces a simple, cost-efficient, but still accurate
and reliable SPR spectrometer. The setup consists of a high-precision goniometer
to determine precise angular position, a laser, a versatile and accessible sample
holder and a detection system based on lock-in amplification. The lock-in nature
of the detection system means that the system is insensitive to stray light even
though the setup is exposed. The coupling angle can be found with an accuracy
of 0.01°.

Moritex has a large product line with various bio sensors, including a SPR platform
designated SPR 670 Figure 2.24. It is a fixed angle technique, with 2 sensing spots

and uses a peristalic pump.

Optrel GBRJ[32] focuses on the design of instruments for the investigation of in-
terfaces and thin films. The Multiskop Figure 2.25 of Optrel GBR is a modular
system which incorporates surface plasmon spectroscopy and ellipsometry in a

single instrument. The modular design permits different configurations depending
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FI1GURE 2.24: The SPR 670M produced by Moritex.

on the needs of the user. This feature is its greatest advantage in that its versatil-
ity allows for ellipsometry, surface plasmon spectroscopy, waveguide spectroscopy,

ellipsometric-surface plasmon imaging and contact angle measurements.

F1GURE 2.25: The modular Multiskop from Optrel is a versialte system which

can be used for ellipsometry, surface plasmon spectroscopy, waveguide spec-

troscopy, ellipsometric-surface plasmon imaging and contact angle measure-
ments.

The BIOSUPLAR-321[32] from Analytical u-Systems uses 2 optical channels which
can be used singly or as reference and signal channels. It uses a flexible setup which
allows the measurement of the angular dependence of light or the intensty at a
fixed angle. The basic configuration allows practice training in SPR based sensing

experiments.

The §-SPR Figure 2.27 of Sensia [32] uses a fixed angle technique in conjunc-

tion with the Kretschmann-Raether geometry. Polarised light from a laser diode
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FIGURE 2.26: The BIOSUPLAR-321 from Analytical u-Systems is a 2 channel
sensing system allowing both a fixed angle mesuarement and angle scans.

is reflected from the gold surface on two flow cells each with a volume of 300
nl. The platform operates with a sample and a reference cell. Alignment of the
beam splitter and guiding reflected light from the small flow cell make the system
complicated from a technological poit of view. The prism and photo-diode array
are located on a rotary stage with angular resolution of 0.01°. The system has a

reported sensitivity of 107> RIU.

F1GUuRrE 2.27: The -SPR of Sensia which uses a fiuxed angle technique and a
Kretschmann-Raether configuration.

K-MAC has two SPR based sensing systems; the SPR“4? and SPRi Figure 2.28
both utilizing the Kretschmann-Raether geometry at a fixed angle. The SPRE45
is an angle scanning system using a microfluidic flow cell and a precession syringe
pump. The system is suited to work with strong acids and bases, organic solvents
including dimethyl sulfoxide(DMSO) and carbon tetrachloride(CCLy). The step-

per motor can be tuned to follow the angle shift as a function of time. The SPR
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system is a reflectivity based SPR imaging instrument designed for rapid monitor-
ing of the an array of senors targeting biomolecules such a proteins, cells or other
microorganisms. SPR imaging allows high-throughput analysis of bio-affinity re-

actions which is desirable for both drug disco and the study of proteomics.

FicURE 2.28: K-MACs 2 systems using a fixed angle setup on the left is the
single channel setup SPRF45, on the right is the imagining unitSPR

Nanofilm Surface Analysis has developed an ellipsometry platform Figure 2.29
with the addition of SPR in the Kretschmann-Raether geometry. The sensitivity
of the ‘optislide’ ellipsometric measurements without the gold layer are an order of
magnitude less sensitive than that of the conventional SPR setup. The nanofilm
EP measures the ellipsometric parameters Psi and Delta in addition to the reflected
light intensity. Psi is analogues to the reflected light intensity in classical SPR
sensing systems, but extra information about the surface is contained within Delta,

for instance the surface roughness.

All of the commercial systems discussed previously have been some form of fixed
angle sensors, EcoChemi produce a system which completes real time angle scans
of the SPR in a Kretschmann-Raether geometry. The SPR scan can be completed
at a fast 76 Hz which means that it truly detects the SPR minimum in real
time (previous angle scans have taken minutes to complete). There are 2 models
available the SPRINGLE Figure 2.30 which is a single beam system with a single
sensing channel, and the ESPRIT which works with the same principle but has
2 separate sensing channels. The SPR minimum angle can be determined at a
sensitivity of better than 0.1 millidegrees which is comparable to the best fixed
angle techniques available on the market. The system comes with an integrated
electrochemical work station, where the gold film acts as an electrode connected to

a potential so real time SPR and electrochemical measurements can be combined.
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FIGURE 2.29: Nanofilm Surface Analysis ellipsometry platform with SPR sens-
ing capability.

FI1GURE 2.30: EcpChemi has 2 systems both using a high speed angle scanning
technique, the SPRINGLE on the left is a single channel sensors while the
ESPRIT is a dual channel system.
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The SPR 100 module Figure 2.31 from Thermo Electron corp[32] is based on SPR
spectroscopy, a broad band source is used in conjunction with a Kretschmann-
Raether prism coupler to excite the SPR at various wavelengths and angles of
incidence(40-70°). Additionally the system provides Fourier transform infrared
spectroscopic capabilities which give the user additional chemical information
about the bound species. Due to the large range of incident angles and the broad
band nature of the light source the dynamic range of the instrument is large, and
can handle samples in gas phase or liquid phase without any modification. The
system is capable of achieving sensitivity in terms of wavenumber of less than
0.50 ecm~!. Also produced by Thermo Electron corp is the SPRimager II which,
as the name suggests, is an imaging technique. This is a fixed angle technique
and does not scan in wavelength. The advantage of the SPRimager is that it can
interrogate bimolecular interactions on a micro array simultaneously. The degree
of automation in this system is limited and a single peristaltic pump is used to
pump the sample through a flow cell mounted vertically on the gold covered prism

in the Kretschmann-Raether geometry.

FiGure 2.31: The FT-IR SPR 100 module monitors the SPR reflectivity min-
imum in terms of wavelength not angle.

Another example of an imaging SPR system is SPRi-Plex (Figure 2.32) by GenOp-
tics which utilizes a Kretschmann-Raether geometry and uses a rotating mirror to
scan precisely the SPR reflectivity minimum. This scan allows determination of
the best angle for high performance of the sensor. As with the SPRimager II a
broad band light source is used to illuminate the entire sensing area, which is the

detected by an array detector.

ProteOn XPR36 Figure 2.33 is a further SPR imaging system capable of moni-

toring 36 different protein interactions simultaneously. Again this systems used a
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FiGURE 2.32: The SPRlab and the SPRi-plex system from GenOptics.

fixed angle method in conjunction with a Kretschmann-Rather configuration and

a CCD camera to image a 6x6 array.
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FiGure 2.33: The Proteon xPR36 from BioRad and array system capable of
monitoring 36 sensing spots.

Lumera has produced a system which uses SPR microscopy where a beam from a
laser diode is incident on a prism in the Kretschmann-Raether geometry. Through
use of a ‘microelectromechanical systems mirror’ the system is capable of moni-
toring high density arrays. The beam is incident on the prism at a fixed angle
but importantly is scalable in size, which effectively allows for possibly 1000’s of
individual sensing spots and extremely high throughput. However the systems

sensitivity has not yet been fully investigated.

Graffinity Pharmaceuticals GmcH has developed the ‘plasmon Imager’ this SPR
imaging system is not based on angular detection of the SPR reflectivity minimum
but interrogates the SPR with varying wavelength. The system has been designed

with drug disco in mind, and hence is focused on sensing small molecules. The
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system is label free and has high throughput potential which allows for fast screen-
ing of drug fragments allowing fast identification of molecules such as ligands for

bimolecular targets.

IBIS technologies [32] have developed 2 SPR sensors; the IBIS I or II and the IBIS
WSPR Figure 2.34. The system uses an angle scanning technology in conjunction
with a Kretchmann-Raether prism coupler. Its is capable of of both angle scanning
and imaging the SPR reflectivity minimum. the IBIS iSPR sensors combines both
real time imagining of the entire sensor surface and a SPR reflectivity minimum
scan (as apposed to operating at a fixed angle) which has the affect of allowing

hundreds of bimolecular interactions simultaneously.

FI1GURE 2.34: The IBIS iSPR sensing system.

2.6 SPR in Protein measurement

SPR based biosesors have in the last decade emerged as one of the most promis-
ing proteomic diagnostic tools. Due to the enormous complexity of the complete
(human) proteome the focus has shifted away from the complete proteome to tar-
geted analysis of selected parts of the proteome. The isolation of these specific
parts of the proteome generally includes some form of affinity based sensors such
as SPR. The SPR sensor can be used to identify the various proteins from within a
complex sample [35] [? | . There have been a large amount of studies focusing on
the interactions of proteins within SPR sensors google scholar returns over 20000
papers. Some of the more notable papers include; Kazue Usui-Aoki et. al. [36]
where SPR-based antibody microarray system was used to examined the mKIAA
protein expression in five different adult mouse tissues and identify specific tissue

expression patterns of several mKIAA proteins. Specific interactions of antigens



Chapter 2. Sensing with Surface Plasmon Resonance

64

Type SPR system Manufacturer URL
Convergent Biacore product Biacore www.biacore.com
beam line!
Convergent BI-SPR2000 Biosensing www.biosensingusa.com
beam Instrument
Convergent SensiQ Nomadics www.nomadics.com
beam
Convergent SPR-20 DDK-TOA www.dkktoa.net
beam
Convergent SR7000 Reichert www.reichertai.com
beam
Fixed angle SPTM Resonant Probes www.presonant-
probes.de
Fixed angle SPR 670 M Moritex WWWw.moritex.com
Fixed angle multiskop Optrel GBR www.optrel.de
Fixed angle BIOSUPLAR- Analytical www.biosuplar.de
321 (-Systems
Fixed angle Sensia 5-SPR Sensia Www.sensia.es
Fixed angle SPRIAB and K-MAC www.k-mac.co.kr
imaging SPRi
Fixed angle Nanofilm EP Nanofilm  Sur- www.nanofilm.de
imaging face Analysis
Angle scanning ~ SPRINGLE/ESPREcoChemie www.ecochemie.nl
IT
Grating coupler  FLEXchip Biacore www.biacore.com
Wavelength SPR 100 Thermo  Elec- www.thermo.com
tron Corp.
Imaging SPRimager 11 GWC technolo- www.gwctechnologies.com
gies
Imaging SPRi-Plex GenOptics/Horiba www.genoptics-
Jobin Yvon spr.com
Imaging ProteOn XPR36 Bio-Rad Labora- www.bio-rad.com
tories
Imaging MultiSPRinter Toyobo www.toyoboc.co.jp
Imaging Proteomic Pro- Lumera www.lumera.com
cessor
Imaging- Plasmon Imager Graffinitiy Tech- www.graffinity.com
wavelength nologies
Imaging- IBIS iSPR IBIS Technolo- www.ibis-spr.nl
scanning gies

TABLE 2.1: Overview of commercial available SPR instruments their manufac-
tures and the type of instruments. 'Biacore product line include Biacore J, -X,
-1000, -2000, -3000, -C, -S51, -Q, -A100, -T100 and x100
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with antibodies were analysed on the protein arrays by using three antibodies and
eight proteins by Jong Seol Yuk et. al. [37]. Richard B. Jones et. al. [38] Com-
pared the free energy of binding for eight domainpeptide interactions measured
using protein microarrays with Biacore SPR bases instrument. Michelle R. Arkin
et. al. [39] demonstrated the importance of SPR measurement in developing small

molecules that modulate proteinprotein interactions.

2.7 SPR imaging in Biochips

A biochiop or lab-on-a-chip is a device which integrates one or several functions
or sensors onto a single chop maybe as small as a few millimetres across[40]. Chip
based devices have a number of advantages over conventional sensors. firstly due
to the small size they require low fluid volumes on the micro litre scale [41]. This
small volume also allows for faster analysis and response times due to shot diffusion
distances, fast heating high surface to volume rations and small heat capacities
[42]. Again due to the small volume process control is improved due to the faster
response of the system [43]. Parallelisation through imaging can be achieved due
to the compactness of the chips allowing for high-throughput [44]. There has been
notable use of SPR within lab-on-chip devices. Chu-Ya Yang et. al. [45] reported
the detection of pico molar levels of interleukin-8 in human saliva by SPR, by using
a biacore produced chip in conjunction with a mirco-fluidic channel. Emmanuel
Suraniti et.al [46] demonstrated the real-time detection of lymphocytes binding on

an antibody chip using SPR imaging.

2.8 Differential SPR

There has always been a great demand of increasing the signal to noise on sens-
ing systems [2] [47] [48]. Differential enhancement of signal is can dramatically
improve a techniques signal to noise sometimes by orders of magnitude. This dif-
ferential enhancement can be achieved by a number of different methods. Daniel
Boecker et. al. [49] used a CCD camera for simultaneous processing two images
at two different wavelengths provided by two laser diodes enabling 400 binding
reactions with a noise level of about 1.5 x 107°RIU. C.L. Wong et. al. [50]

demonstrated biosensor arrays based on surface plasmon resonance differential
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phase imaging a system resolution of 8.8 x 10~"RIU. C.L. Wong et. al [51] [52]
also presented a method of differential phase imaging utilising a spatially mod-
ulated mirror, though this suffered in terms of sensitivity. H.P. Ho et. al. [53]
showed sensitivity enhancement based on application of multi-pass interferometry
in a MachZehnder configuration, results obtained from saltwater mixtures, anti-
bodyantigen, and proteinDNA binding. H.P. Ho et. al. [54] extracted differential
phase information by performing fringe analysis on an interference pattern formed
on reflection form a SPR configuration achieving visualization of refractive index
in the order of 10 x =° RIU.

2.9 Differential SPR in biochips

Robert Corn has demonstrated a differential SPR imaging method and successfully
developed the technique into simple lap on a chip devices. In 2000 Robert Corn
et. al. used SPR imaging in the characterisation of supported lipid bilayer films,
the monitoring of antibody-antigen interactions at surfaces, and the study of DNA
hybridization adsorption [55]. Bryce P et. al. [56] demonstrated the benifists of
using near infared(NIR) 800 to 1152 nm. This allowed the image contrast to be
greatly enhanced resulting in a nearly 1 order of magnitude enhancement in the
SPR differential reflectivity image. However a disadvantage of using NIR wave-
lengths for SPR imaging is that the surface plasmon propagation length increases
in the NIR so that the lateral image resolution is reduced and the resolution of
this sensor was limited to 50pm. Hye Jin Lee et. al.[11] created PDMS microchan-
nels to fabricate 1D line arrays that used a differential SPR imaging method to
monitor oligonucleotide hybridization adsorption. Also reported was a 2D DNA
hybridization arrays in which a second set of PDMS microchannels, placed per-
pendicular to a 1D line array in order to deliver target oligonucleotide solutions.
This allowed the samle volume to be reduced to 1uL. Greta Wegner [57] using
SPR Imaging in the characterization and optimization of Peptide Arrays for the
Study of Epitope-Antibody Interactions. Yulin Chen [58] presented a method on
the fabrication of DNA Mmcroarrays Monolayers on Gold Substrates for differ-
ential SPR Imaging measurements. The SPR imaging measurements of ssDNA

microarrays were then used to study the quantitative hybridization adsorption of
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complementary ssDNA onto mixed ssDNA microarray elements and the adsorp-
tion of single-stranded binding protein (SSB) onto fully and partially hybridized
DNA microarray.

2.10 Summary

Presented in this Chapter is a brief outline of the available SPR based sensing
technologies. The capabilities of each method varies quite dramatically. In the
following Chapter an in depth explanation of the SPR phenomena is given, as well

as how it may be utilised in a phase differential surface plasmon sensing.



Chapter 3

Materials and Methods

3.1 Details of Cameras used in SPR imagaing

Traditionally to perform two-dimensional imaging the measurement system must
be used with mechanical scanning, which is slow. The sensors used in the dSPR
imaging technique detailed later within this thesis use a two-dimensional (2D) ar-
ray incorporating on-chip demodulation circuitry which is robust and cost-effective
solution for parallel imaging of modulated signals on a large DC backgrounds.
Each pixel provides a buffered continuous voltage that is logarithmically propor-
tional to the light intensity. Quad-phase detection of the modulated signal is
performed in 64 independent column processing channels where each channel con-
sists of a hysteretic differentiating amplifier (HDA) and four switched capacitor
demodulators, which provide on-chip averaging as well as demodulation. A 2D
image is acquired by integrating one row at a time, and scanning electronically,
thus requiring no moving parts. The pixel pitch is 25 mm with a photo diode
area of 343mm? providing a fill-factor of 0.55 and an array size of 1.6 by 1.6 mm
on a die of 11mm?. Additional circuitry is used to decode the column and row
addresses and buffer the analogue outputs. A detailed explanation of the workings

of the cameras used can be found in N.S Johnston et. al.

68
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3.2 Micro channel Fabrication

The injection system for the d-SPR instrument consists of a 6 port, one-position
injection valve (Vici AG International) with 10 mL sample loops for the reagensts
used. The flow cell for the d-SPR instrument is made from a PTFE block with
a parafilm gasket. The gasket is made with a simple punch allowing a square to
bermoved from the parafilm before being sandwided between the PTFE block and
SPR sensing surface. The overall dimensions for each flow channel are 16mm x

3mm x 0.1mm.

3.3 Preperation of Reagents and Samples

Propan-2-ol (isopropyl alcohollPA), 16-Mercaptohexadeca-noic acid (16-MHDA),
N-(3-Dimethylaminopropyl)-N -ethyl-carbodiimide hydrochloride (EDC) and bovine
serum albumin (BSA fraction V) were purchased from Sigma Aldrich. Dex-
tran (average MW = 500 kDa), sodium (meta) periodate and human transferrin
were purchased from Fisher Scientific, UK. Anti human transferrin (A-trans from
sheep) and anti bovine serum albumin (A-BSA from sheep) were purchased from
AbD Serotech. SF2 polished glass slides (25mm x 25mm x 1lmm) and SF2 glass
60° prisms (25mm x 25mm) were purchased from Apex services. Prior to use and
gold deposition, all SF2 substrates were cleaned thoroughly with acetone and IPA.
Gold slides were prepared in house by gold evaporation to a thickness of 50 nm.
All chemicals and reagents were used as supplied without any further purification.
All H20 used was 18 M) purified unless otherwise stated.

3.4 Calibration and Optomisation

To obtain the highest possible refractive index sensitivity the optimal angle of
incidence needs to be determined. As has previously been mentioned, this angle
occurs on the lower angle side of the SPR (discussed in detail in Chapter 4). Using
the fact that, for small refractive index and incident angle changes, a change in
incident angle at a fixed refractive index is equivalent to a change in refractive
index at fixed incident angle, it is possible to use angle scans to determine this

optimal position. An incident angle is chosen and the output polariser is rotated
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to ensure that the signal measured on the lock-in amplifier (the fundamental fre-
quency component) is as close to zero as possible (the output polariser is oriented
at the minimum of the reflected polarisation ellipse). An incident angle scan is
then performed over a small angle range (a few degrees), with the gradient of the
signal as a function of the incident angle being determined. This is performed
for several initial incident angles, with the angle at which the largest gradient is
obtained (often interpolated from the points measured) being chosen. This gives

a maximum change in signal as a consequence of shifts in the SPR, condition.
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FIGURE 3.1: Shows the steps necessary in calibrating a SPR sensor for a protein

binding experiment. A pH balanced buffer is used to establish a baseline signal,

this is followed by a solution of buffer and a concentration of an analyte, the

analyte is replaced with buffer solution followed by a weak HCL acid to regen-

erate the sensing surface. After this process is repeated for each concentration

at least 2 solutions of known refractive index are introduced to the system to
act as points in a calibration curve.

Because of this variability in the signal change associated with each different set up,
a calibration must be preformed for every sample interrogated. This is achieved
by measuring the signal at known bulk index levels. Using this data a known
signal shift will be transformed into a known index shift. This calibration into RI
is especially important in protein binding studies. Figure /reffig:calibration graph
shows the steps taken to ensure that the change in signal due to a binding of
protein binding to the surface is known in terms of relative refractive index. The
binding of the protein occurs first as the introduction of any reference bulk index

fluids could cause denaturing of the protein bound to the surface (thus inhibiting
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specific binding). After all concentrations of desired proteins are found the a

number of bulk index solutions of are introduced.



Chapter 4

Theory of Differential Surface

Plasmon Resonance Bio-sensing

4.1 Introduction

In Chapter 2 there was a brief explanation of SPR a more rigorous approach is
presented here following the method of Raether [59]. Also a description is given of
how SPR is utilised specifically in surface plasmon differential ellipsometry(SPDE)
the technique being initially developed by (initially found by Dr Ian Hooper [60])
and how this technique can be optimised to achieve its best possible sensitivity.
Discussed finally is the method for extracting the differential signal associated
with SPDE.

4.2 Electromagnetic Theory of Surface Plasmon

Resonance

Wood in 1902 [61] was the first person to document the physical phenomenon of
surface plasmon resonance (SPR). When polarised light was shone onto a metal-
lic mirror with a diffraction grating on its surface, Wood observed a pattern of
anomalous dark and light bands in the diffracted light. The physical explanation
for these anomalies began with Lord Rayleigh explaining some of these ‘effects’ as

diffracted orders becoming grazing [62] with the other anomalies being explained

72
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by Fano [63] who developed a theory of surface plasmons. Turbadar [64] observed
a reflectivity minimum when illuminating thin metal films on substrates but did
not link this effect to SPR. It was not until 1968 that Otto[65] proposed excit-
ing the surface plasmon modes through attenuated total internal reflection(ATR).
Kretschmann and Raether [66] in the same year reported optical SPR in another
configuration using ATR.

The pioneering work of Otto, Kretschmann and Raether established a simple tech-
nique for studying the phenomena of SPR at optical wavelengths. In the late 1970s
SPR was first used to characterize thin films [67] and for the studies of processes
at metal boundary’s [67]. It was not until 1982 when Nylander [3] first proposed
using SPR as the basis for a gas sensor that the potential of SPR in sensing ap-
plications was first realised. In 1983 Liedberg [68] first used a SPR based sensor

to monitor bio-molecular interactions.

The surface plasmon polariton(SPP) is a non-radiative charge density oscillation
which propagates at the boundary between a metal and a dielectric. The surface
plasmon resonance(SPR) occurs when incident electromagnetic radiation is cou-
pled to the surface charge oscillations. Only TM light can couple to the planer
SPP mode as there must be some component of the electric field perpendicular
to the plane of the metal. As the E field in TE polarised light lies parallel to the
plane of the metal surface this light cannot couple to the SPP mode.

The fields associated with the SPP mode are strongly confined to the interface
between the metal and the dielectric, decaying exponentially into the bounding
media. This is a key concept in understanding why SPR is so useful in sensing
applications: as the fields are localised at the interface between the metal and
the dielectric any perturbation to the dielectric will influence the properties of the
SPP mode thus changing the properties of the SPR.

4.2.1 The Surface Plasmon Polariton

The electric displacement vector D at an interface between two isotropic media,

both semi-infinite in extent, is defined as

D = egE (4.1)
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Where E is the electric field ¢ is the permittivity of free space and ¢ is the relative
permittivity of the medium in question. If the upper medium is a dielectric with
a positive € and the lower medium is a metal with a negative real part of € then
it can be seen from Equation (4.1) that the normal component of the E field will
change direction as the interface is crossed. This discontinuity of the E field causes
a layer of charge to be trapped at the interface, as field lines must begin and end

at charges.

If static fields are replaced with a time dependent electromagnetic wave with fluc-
tuating E and H fields (magnetic fields), then surface charge density oscillations
can be derived. Figure 4.1 shows a TM polarised electromagnetic wave incident
at the interface between two media of different permittivities. The upper medium
is a dielectric with 5 the lower medium is a metal with £;. The waves propagate
in the x-y plane. For the case of a non radiating surface mode only one of the
electromagnetic waves need to exists in each medium, therefore one of the fields
may be set to zero which is arbitrarily chosen to be E, The electric fields and

magnetic fields can then be expressed as the following

+
E.?‘

FIGURE 4.1: Schematic diagram showing the incident, reflected and transmit-
ted TM waves when incident upon a planar interface between two different
materials. The plane of the page is the x-y plane and z projects out of the page

Ey = (B2, By, 0)e!Fazvthuzy=et) (4.2)
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H2 = (O,O,Hzg)ei(k12x+ky2y_Wt) (43)

in the region y>0 where k, and k, are the tangential and normal component of

the wavevector. In the region y<0 the fields are

E, = (B, By, 0)e!Ferrthuy=et) (4.4)

H;, = (0,0, H.)e'Ferethuy=et) (4.5)

These fields must all satisfy Maxwell’s Equations and by using the curl Equation

0E
VxH=¢cgg— 4.6
X [SISN)) ot ( )
the following relations can be found;
kylel = waoalEﬂ (47)
]{JyQHZQ = —CUEQZ:‘QEQCQ (48)

The tangential components of E and H must be continuous across the interface

which yields the boundary conditions

Eml == Exg (49)

Hi=H, (4.10)

Combining Equations (4.9) (4.10) (4.7) and (4.8) yields

kot ko
2 (4.11)
€1 €2

The boundary conditions used in (4.9) (4.10) also imply that

ki1 = koo = ks (4.12)
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which is a statement showing the conservation of in plane momentum parallel to
the interface. For electromagnetic waves, the wavevector of a propagating wave in

a medium of dielectric constant ¢ is given by

k2= c (‘-")2 (4.13)

This directly gives

9 9 w2
ky +k,, =¢n (—) n=1,2. (4.14)
c

Equations (4.14) and (4.11) can be rearranged and combined to obtain the tan-

f, = 2 [ S22 (4.15)
c\ g1+ ¢e

This is the essential relation describing the oscillation of the trapped charge at

gential wavevector, k,

the interface of the two media. The oscillation is longitudinal in nature with
exponentially decaying fields into both media. The charge distribution and field
profile is illustrated in Figure 4.2. The TM polarised nature of the SPP is now
clear; since TE polarised light has no normal component of the electric field at the

interface it cannot generate a surface charge hence cannot couple to the mode.
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FIGURE 4.2: The field profile and charge distribution associated with the SPP
mode.

As described earlier to excite a surface plasmon medium 1 (as shown in Figure

4.2) must be a metal and have negative ¢,. An ideal metal is one in which the
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electrons respond perfectly to an applied field. This is represented by the limit
¢ — —oo. However only superconductivity gives this response and visible light
breaks the Cooper pairs hence destroying the superconductivity. Furthermore
scattering from phonon’s (lattice vibrations) and lattice defects cause damping to
the oscillations of the charges which leads to an imaginary component within the
permittivity; e; = ey, +igy;. The SPP wavevector will now become k, = k., + kz;,
the first term describes the propagation of the mode, the second is damping due

to the inherent absorption in a real metal. If the metal is ‘good’ |e1,| >> €y;

w [ e1€ 1/2
kg = — (ﬁ) (4.16)
c \E1r + &2
w [ eyeE 2 el
ki = —( 2 ) L. (4.17)
c €1r + €2 2 (81r)

For a propagating mode, k., must be real therefore Equation (4.17) shows that for
e1, < 0 this is true if |e1,| > e9. When both of these conditions are met it can be
shown that k.. > \/gaw/c. This means that the wavevector of the SPP is always
greater than that of a photon of the same frequency propagating in the adjacent

dielectric. This has two important implications.

Firstly because the energy and wavevector of a photon cannot match that of the
SPP on a planar interface, no direct coupling is possible between the photon and
SPP and the SPP mode is non-radiative. In order to excite the planer SPP there
must be some form of in plane momentum enhancement. There are a number of
ways of achieving augmentation to the momentum which are detailed in section
4.3.

Secondly as k,, > /eaw/c Equation (4.14) shows that k, is always imaginary.
This ensures that the fields associated with the SPP decay evanescent into the

bounding media.

4.2.2 Propagation Length of the SPP

The introduction of an imaginary component to the SPP wavevector, k,; leads to
an exponential decay in the intensity of the SPP mode as the mode propagates

along the interface. From Equation (4.2) the fields associated with the SPP will
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fall as exp(—k,;x) and so the intensity will fall as exp(—2k,;x). The distance
therefore over which the intensity will fall to 1/e of the original intensity will be
given by L = (—2k,;)~!, then using Equation (4.17) and k = /27 this yields

A . 3/2 . 2
L= (51 + 52) (1) (4.18)
2m E1r€2 €14

The dielectric function of gold at A = 632.8 nm is €4, = —11.13 + ¢1.21[69]then
from Equation (4.18) the propagation length for a SPP in air is L ~ 9 um and
for Gold water interface this reduces to L ~ 6.6 um. As the wavelength increases
into the infrared, the propagation length increases as the permittivity of the metal
increases. At A = 3.391 um the propagation distance L ~ 1.20 mm. This is
important in sensing applications as propagation length can greatly influence the
spatial resolution of a sensor. The energy lost by the SPP as it propagates along

the interface is absorbed by the metal and results in local heating of the metal.

4.2.3 SPP field penetration

As shown earlier the fields associated with the SPP decay exponentially into both
the surrounding media because of the imaginary nature of k,. The penetration
depth of the fields can be defined as the distance normal to the interface over
which the field fall to 1/e of its original value. This is of particular importance
to sensing applications as the volume over which a particular sensor samples the

bounding dielectric is of great importance to the overall sensitivity of the system.

An expression for k, is required. By substituting Equation (4.14) into (4.15) and

assuming that |e;,.| >> ey; the following can be found

w 82 1/2
by, = £— (L) n=1,2. (4.19)
c \€1r t &2

The conditions that 1, < 0 and |e1,| > €2 mean that k,, is purely imaginary.
Since the fields drop normal to the interface as exp(— |ky||y|) the penetration
depth is given by y,, = ]kyn|_1. The expressions for the field penetration into each

medium can therefore be found
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A e+ & 1/2
= —|— 4.20
n ot 5%7“ ( )
A E1r + €2 1/2
= —|— 4.21

Considering the same gold air interface, and using the previous values for the
permittivity of gold at A = 623.8 nm, it is found that the penetration into the
metal y; ~ 29 nm and into the dielectric yo ~ 320 nm. It can be seen from
this that the fields penetrate far deeper into the dielectric than the metal. A
mono-layer of protein bound to the metal layer perturbs the SPP.

4.2.4 Surface Plasmon Polariton Dispersion Relation

Real metals have a frequency dependent dielectric constant and this has great
importance when considering the dispersion of the SPP mode. In the limit of
a perfect metal the SPP dispersion relation Equation (4.16) reduces to k. =
VE2(w/c) which is the same as a photon propagating in the dielectric parallel to
the surface of the metal (a grazing photon). Hence the behaviour of the SPP mode

propagating at the interface of a perfect metal is described as light-like.

The SPP mode is dependent on the dielectric constants of both the metal and the
dielectric. The majority of loss free dielectrics lack electronic resonances at optical
frequency therefore the dispersion of the dielectric constant is largely negligible.
However within a real metal the dielectric constant is found to vary quite dramat-
ically due to the response of conduction electrons to an applied optical field. For
simplicity these conduction electrons may be regarded as a gas of non-interacting
particles with similar behaviour to an ideal gas. An ideal metal is assumed to
be loss free with the imaginary component of its dielectric constant set to zero.
In this free-electron model the real part of the dielectric constant of the metal is

given by/[70]

fw=1-—-2 (4.22)

Here w is the angular frequency and w, is the plasma frequency of the metal is
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ne?

(4.23)

“p = E0Me
where n is the density of the free electrons, e and m, is the electron charge and
mass respectively. The plasma frequency is of great importance which can be
understood from Equation (4.22). When w, > w then ¢, is negative and therefore
its response is metallic in nature. As w — 0, £, — —o0 meaning the response
tends to that of a perfect metal. If however the frequency w, < w, €, becomes
positive, meaning that the response is no longer metallic, this is due to the cloud
of electrons not being able to respond to the oscillating applied field in a collective

fashion.

€
(T+e2)72)

— W/ €qr€ 1/ 2
= E(L)

Kspp €1r + €2

Kx

FIGURE 4.3: SPP dispersion is the solid black line. The asymptotic surface

plasmon frequency is shown as the dashed line. The shaded region corresponds

to the allowed wavevectors photons may have for a given frequency within the
dielectric layer.

By substituting the dielectric constant found in Equation (4.22) into the SPP
dispersion relation in Equation (4.16) the frequency dependent SPP curve can be
obtained as shown in Figure 4.3. In Figure 4.3 the dispersion of the SPP mode is
illustrated together with the light line &, = /g3 (%), the light line represents the
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maximum possible in-plane wavevector that a photon of a given frequency can have
in the Equation. It is a photon at grazing incidence in the dielectric medium. As
the frequency w decreases, the SPP dispersion asymptotically approaches the light
line, highlighting the fact that as the frequency decreases the metal approximates
to a perfect metal. Also illustrated in Figure 4.3 is the non-propagating nature
of the mode; as no part of the SPP dispersion curve crosses the light line into
the shaded region of allowed wavevectors and frequency which are accessible to
photons propagating within the dielectric. Within the Figure the momentum
mismatch between the SPP mode and the light line is highlighted as Ak,. At high
wavevectors the frequency of the mode asymptotically approaches w,/ (1 + €2).

This is commonly known as the ‘asymptotic surface plasmon frequency’.

4.2.5 The Effect of a Dielectric Overlayer

Of particular interest with sensing applications in mind, is the effect of a dielectric
overlayer to the system. Work is detailed later within this thesis showing investi-
gations of the binding of various proteins to the surface of the metal layer in a SPP
sensor. By varying the concentration of the protein within solution it is possible

to change the rate at which an overlayer of dielectric is formed.

A consequence of the addition of an overlayer of dielectric is that for a fixed fre-
quency the dispersion curve of the SPP is shifted to higher wavevectors. Consider
a metal /dielectric/air structure as shown in Figure 4.4 where the thickness d is
variable and the dielectric e5 > 1 and €5 > €3 = 1, or in the case of sensing, where

generally water replaces air, 5 > £3 = 1.77 (at wavelengths A = 632.8 nm).

In the case where d — 0 the geometry becomes a simple metal-dielectric interface

and the wavevector of the SPP is given by Equation (4.16) and hence becomes

€1

o D (4.24)

kspp = (w/c)
However for 0 < d < X the SPPs electromagnetic fields exist in both media,
the dielectric overlayer and the air. In this situation it is obvious that the SPP
will have an increased wavevector due to the higher permittivity of the dielectric
overlayer. It is this shift in the wavevector of the SPP that is utilised in sensing

applications. If the thickness of d increases past A then the electromagnetic fields
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FIGURE 4.4: The geometry of a metal coated with a dielectric of thickness d in
air

will then only sample the dielectric overlayer which will replace the permittivity
of air in (4.16).

4.3 Coupling to the SPP

In section 4.2 it was shown that the tangential wavevector of the SPP mode is
always greater than that of a photon of the same frequency propagating within
the dielectric layer. This momentum mismatch between incident light and the
SPP mode means that it is not possible to couple light directly to the SPP, there
must be some form of momentum enhancement. This momentum augmentation
can be achieved in a number of ways, most commonly by prism coupling or grating

coupling.

4.3.1 Prism coupling

Light beyond the critical angle of the interface between a high and low refractive

index media is totally internally reflected as the tangential momentum of the
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light is higher than that allowed within the low index medium. This results in an
evanescent optical field which exists in this medium and has tangential momentum
equal to that of the incident light in the optically less dense medium. Because this
momentum is higher than normally allowed in the low index medium, it is possible
for the light to couple to the SPP mode of the metal via this evanescent field. The
coupling methods which utilise this are referred to as attenuated total internal
reflectional (ATR).

A photon with wavevector kg propagating within a vacuum has momentum

p = hiko (4.25)

h

where h = 5
T

is the reduced Planck constant and ky = i—g If this photon passes
through a medium with refractive index n (= /) its phase velocity will change
from ¢ to ¢/n and therefore the wavelength in the medium will change to Ag/n.
This increases the wavevector from ky — nkqg. This results in an increases in the

momentum of the light, Equation (4.25) becomes

p = nhko (4.26)

Prism

F1GURE 4.5: TM polarised light incident on a prism at internal angle 6

If light propagating in a prism, at an angle € to the normal of the bottom face of

the prism as shown in Figure 4.5 is considered the tangential momentum of the
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photon will be nhkgsin (6), and assuming that the dielectric adjacent to the metal

is air where € = 1, coupling to the SPP mode can occur when

. Emetal
k 0) = kopp = koy | ———— 4.27
" OSZn( ) P ’ Emetal T 1 ( )

This condition is met and SPPs can be excited by the incident radiation when
nsin (#) > 1, that is € is greater than the critical angle. Note should be taken that
the proximity of the prism to the metal does affect the SPP dispersion and the
double interface expression should be used [59]. In practice however the influence
of the prism is generally small and the single interface result of Equation (4.16) is
used. Illustrated in Figure 4.6 is how the momentum of the incident light can be

augmented allowing coupling to the SPP.

ko ko/n

__ &%
(1+€2)172)
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Kspp cleqr+er

FIGURE 4.6: Dispersion curve for light propagating in a prism of index n with

evanescent coupling to the SPP mode of a metal-air interface. For light of

frequency wy within the prism point a corresponds to the critical angle 6. point

b the excitation of SPPs by evanescent coupling and ¢ the grazing of light along

the interface with the prism. The cyan shaded region corresponds to the allowed
wavevectors within the prism.

Coupling to the SPP can most easily be seen by monitoring the reflectivity as the
angle of incidence 6 is rotated. As the critical angle 6. is approached the intensity

of the reflected beam increases as the amount of propagating light transmitted in
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the air drops. At the critical edge the transmitted beam becomes evanescent in
nature and the incident light is totally internally reflected, thus the reflectivity
approaches 100%. Past the critical angle 6. the coupling Equation (4.27) may be
satisfied. When Equation (4.27) is satisfied the energy from the incident beam is
absorbed and there is a dip in the reflectivity corresponding to the excitation of
the SPP. When the coupling is perfect the reflectivity fall to 0%. It is this feature

observed in the reflectance that is known as surface plasmon resonance(SPR).
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FIGURE 4.7: Plotted is the reflection of the 632 nm TM (red) and TE

(Black) polarised light of with varying angles of incidence from a prism in the

Kretschmann-Rather configuration. The Prism is BK7 Glass with a 50 nm

gold layer attached to the base. The sounding dielectric is water of index 1.33.

The SPR is clearly observed as the reflectivity minimum in the TM polarised

light. The reflectivity of TE polarised light undergoes very little change after
the critical edge as the TE light cannot couple to the SPP mode.

The first explained observation of optical excitation of SPP though the use of
an ATR technique was demonstrated by Otto[65] and is schematically shown in
Figure 4.8. In the Otto configuration a bulk metallic substrate is brought up to
the base of the high index prism. The evanescent field excited by the beam of
incident light beyond the critical angle penetrates the air gap between the prism

and the metal substrate and can excite SPP mode at the metal air interface. The
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coupling is determined by the thickness of the air gap. For optimum coupling the
gap should be of the order of the wavelength of the incident light. This can be
difficult to achieve at optical frequency as the gap should be smaller than ~ 1 ym

which is smaller than typical dust particles.

Air gap =&

FIGURE 4.8: Kretschmann-Raether (left) and Otto (right) configurations for
coupling to the SPP mode through ATR.

Shortly after Otto demonstrated optical excitation of SPPs using his configuration
Kretschmann and Raether refined the technique by removing the air gap as shown
in Figure 4.8. In this ATR technique a thin metal film is deposited directly onto
the surface of the prism. The evanescent fields generated by the incident light
beam now penetrates through the metal film and can excite SPP mode of the
metal-air interface on the far side of the film. The coupling strength can be
changed by varying the metal film. For a gold film and a wavelength A = 632.8
nm the optimum thickness is ~ 40 nm. The advantage of the Kretschmann-
Raether geometry over the Otto configuration is the ease with which samples can
be made. Thermal evaporation techniques control the metal layer with nanometer

precession allowing exact control of the coupling strength.
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4.3.2 Grating coupling

As mentioned above in 1902 Wood was the first to document coupling to SPP
mode [61] although at the time he did not fully understand the effects he witnessed.
His experiment was a relatively simple one where light from incandescent lamps
was reflected from a ruled metallic diffraction gratings. The resultant spectra
had a series of anomalous discontinuity which he was not able to explain, as he
expected a continuous spectrum due to the nature of the light source. Rayleigh
[62] demonstrated that some of the anomalies, those characterised by cusps in
the spectra were created by diffracted orders becoming evanescent as they passed
the grazing angle. This led to an increase in intensity of the propagating orders
including the specular beam. The second set of anomalies, a series of sharp dips
remained unexplained until Fano [63] proposed that they were due to the excitation
of a polarised surface mode. The sharp dips were due to coupling of the incident
light to the SPP mode on the surface of the metallic grating. However detailed
investigation of the phenomena was not undertaken for many years, this was largely
due to the complexities involved in theoretically modelling a grating’s response to
electromagnetic radiation. Increasing advanced in computing power led to the
possibility of numerically modelling the response of different grating structures.

Such a numerical approach is the differential formalism by Chandezon et al [71].

If the interface between a metal and a dielectric is corrugated, the translational
symmetry is broken and tangential momentum of incident light upon the interface
need no longer be conserved. The periodicity of the corrugation allows light to
be scattered an integer number of the grating vectors G in the direction normal
to that of the grating grooves since the groves act as an array of scatterers. The

grating vector is associated with the surface in the following Equation

G= 2—7Tn (4.28)

Ag
where the grating profile is perfectly sinusoidal with a pitch of A\, and n is a unit
vector lying in the surface and pointing in the direction normal to the grooves of
the grating. An incident beam of light upon the grating surface may be scattered
into a series of diffracted orders in both reflection and transmission. When a
diffracted order passes off beyond the grating horizon it may no longer propagate

and becomes evanescent. Associated with the evanescent order is an enhancement
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to the momentum which allows the incident radiation to couple to the SPP mode

which exist beyond the light line. The coupling condition is given by

kosin (0) £ mG = kg, (4.29)

where kgsin (0) is the in plane wavevector of the incident light, m is an integer
and kg, is the wavevector of the SPP mode. Equation (4.29) shows that grating
coupling has some significant differences to ATR based prism coupling. It can be
seen that if |kg| >> |G| then the SPP mode can be excited at more than one angle
of incidence. The situation where SPPs can propagate in the opposite direction
to the incident light can occur, if the in plane momentum is reduced enough,
something that cannot happen in ATR prism coupling. Illustrated in Figure 4.9 is
the dispersion curve for SPPs propagating on the metallic grating and is presented

in the extended Brillouin zone representation (showing multiple grating vectors).

2G -G 0 +G +2G k,

FIGURE 4.9: The SPP dispersion curve for a metallic sinusoidal grating with
pitch A;. The shaded region corresponds to allowed photon wavevectors, thus
the scattered SPP dispersion curve can be observed.

The depth of the grating grooves affects the dispersion of the SPP by decreasing
the planar SPP phase velocity for a given frequency, but for shallow gratings the
SPP dispersion relation Equation(4.16)is a good approximation. The coupling
strength of the mode is determined by the amplitude of the grating profile since
it is this which determines the intensity of the diffracted orders and therefore the

strength of the associated evanescent fields.
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Excitation of SPPs can also be observed in a metal/dielectric structure when
the roughness is of scale of the wavelength of the incident light [59]. This can
be understood as a case of grating coupling where the roughness of the surface is
represented by a Fourier series of harmonics some of which will satisfy the Equation
(4.29) and therefore can facilitate coupling of the incident light to the SPP mode.

4.3.3 Waveguide coupling

The surface plasmon mode can also be excited by modes in a dielectric waveguide.
Figure 4.10 shows an example of a waveguiding structure that can couple light to a
SPP mode. The structure incorporates a dielectric waveguide and a metal dielec-
tric waveguide. When a dielectric waveguide mode propagating in the waveguide
enters a region where a thin film of metal has been added to the waveguide layer,
the mode will penetrate the metal film and may couple to the SPP mode at the

outer boundary of the metal.

S trat
uperstrate SPP

Metal Film

Waveguide Layer

FI1GURE 4.10: The excitation of a SPP by a mode in a dielectric waveguide.

The properties of waveguide modes are beyond the scope of this thesis but a good
review of the foundations of optical waveguides by Owyang [72] explains in detail
these properties. Coupling between the waveguide mode and the SPP mode may
only occur when the propagation constant of the waveguide mode kg is equal to
that of the real part of the propagation constant of the SPP mode k¢p, Equation
(4.16).

kwe = Re [Kspp) (4.30)

The surface plasmon modes are typically much more dispersive than waveguide

modes therefore eqn 4.30 can only be satisfied for a narrow band of wavelengths.
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This can be observed as a minimum in the transmitted spectrum. The strength

of the coupling is dependent on the thickness and length of the metal film.

4.4 Sensing with SPR

In section 4.2 an explanation of the nature of SPR was given. This section will
demonstrate the response of the SPR to changes in the dielectric that the SPP

samples. This shows how SPR can be utilised in sensing applications.
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FIGURE 4.11: TM polarised light of wavelength 632 nm is incident on a BK7

glass prism in the Kretschmann-Raether geometry. A gold film of 43 nm in

thickness attached to the base of the prism which supports the SPP mode. The

reflected light with varying angle of incidence is plotted. The black line is when

the dielectric in medium 2 is air with refractive index 1, the red line is when
the dielectric is water with index 1.33.

A simple demonstration of SPR sensing can be seen in Figure 4.11. This Figure
has 2 distinct reflectivity minima. The black line shows the SPR when the SPP
is sampling air which has refractive index of 1. If the air is replaced with water
the reflectivity minimum is shifted to higher angles. If the angle of incidence was

fixed to 40° in the presence of air the reflectivity would approach zero as the air
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FIGURE 4.12: TM polarised light of wavelength 632 nm is incident on a prism in

the Kretschmann-Raether geometry. A gold film of 43 nm in thickness attached

to the base of the prism which supports the SPP mode. The refractive index

was varied from 1.333 to 1.38 corresponding to a solution of pure water to a
30.3 brix solution (30.3 g of glucose dissolved in 100 ml of water).
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is replaced with water the reflectivity will climb to ;70% . This is an extreme
situation as the change in refractive index is 0.33 RIU which shifts the angular
resonance more than 20 degrees. However it can be shown that much subtler
changes in the refractive index can shift the angular position of the resonance.
This is demonstrated in Figure 4.12, which shows the reflectivity curves for dif-
ferent brix solutions. A brix solution is glucose dissolved in water. The different
concentrations of glucose change the refractive index of the solution. The angular
spectrum of the SPR for the different solutions is shown in the Figure, but it is
possible to monitor the phase or the wavelength depending on the optical system
used to interrogate the resonance. This is also a good example of an application
which relies on the bulk refractive index of a liquid; the monitoring of glucose in

both food sensing and medical applications is of great interest.

Plotted in Figure 4.13 is the difference in the reflected TM polarised light between
the SPP sampling a refractive index of n=1.333 and n=1.380. There are 2 sep-
arate peaks in the signal change; at 64° and 69°. This difference plot shows the
importance of the optical setup; if the system was to monitor the intensity at a
fixed angle of 66.5° then the signal change between pure water and a solution of
n=1.38 will be zero. By setting the incident angle close to 64° the signal change

in a fixed angle technique is maximized.

Plotted in Figure 4.14 and Figure4.15 is the response to varying the thickness of an
over-layer with refractive index 1.6. Both reflective and phase change is plotted for
TM and TE polarised light. This illustrates the potential of SPR to be utilised in
sensing applications where the resonance is perturbed by the presence of a bound
protein. As the thickness of the bounding layer is increased from Onm to 9nm the
angular position of the SPR is shifted in a similar manor to when the bulk index
is increased. Again in this case as the TE polared light cannot couple to the SPR
mode, there is little change in either the reflectivity or the phase in TE polarised
light.

4.5 Pseudo First Order Kinetics

When ever an analyte binding to the surface at the surface of a SPR sensor is
observed, the Pseudo first order reaction model is used to describe the process.

This model considers the situation where two partners A and R form a complex
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FI1GURE 4.13: TM polarised light of wavelength 632 nm is incident on a prism in

the Kretschmann-Raether geometry. A gold film of 43 nm in thickness attached

to the base of the prism which supports the SPP mode. The refractive index

varying from 1.333 to 1.38 corresponding to a solution of pure water to a 30.3
brix solution (30.3 g of glucose dissolved in 100 ml of water).

AR. Where A can be understood to be the analyte and R is the immobilised
receptor at the sensor surface. Two simultaneous process are considered in the
model where A and R bind to each other to create the complex AR, and secondly
the dissociation of AR into two parts A and R. These process can be symbolised

by;

A+R= AR (4.31)

and

AR= A+R (4.32)

For a given receptor there is a probability that any molecule of analyte that moves

within a critical distance to allow binding is proportional to the concentration
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FIGURE 4.14: Plotted is the reflectivity of TM(top) and TE(bottom) po-
larised light on reflection from a prim in the Kretschmann-Raether configuration
against the incident angle. The metal film is gold of 48 nm thick. the wave-
length use is 632 nm. The different lines corresponding to varying the thickness
from 0 nm to 9nm of a bounding dielectric with refractive index of 1.6. Of note
is the stark contrast between the reflectivity profiles of the TM polarisation and
that of the TE where the light cannot couple to the surface plasmon.
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FIGURE 4.15: Plotted is the phase of TM(top) and TE(bottom) polarised light
on reflection from a prim in the Kretschmann-Raether configuration against the
incident angle. The metal film is gold of 48 nm thick. The wavelength used is
632 nm. The different lines corresponding to varying the thickness from 0 nm to
9 nm of a bounding dielectric with refractive index of 1.6. Of note is the stark
contrast between the reflectivity profiles of the TM polarisation and that of the
TE where the light cannot couple to the surface plasmon. The phase profile of
the TE polarised light (bottom) contains the phase change of 0 nm of dielectric
from the TM case to highlight the contrast between the two polarisations.
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of A. The total number of association per time interval in a particular region is
proportional to the total number of receptors. As a result we obtain a relationship
between the amount of complexes formed ~ per unit of time, the instantaneous
concentration of the free analyte [A] = « as well as the concentration of free

receptors 8 — v (where (3 is the total number or receptor sites),

dv,
dt

= kac(f — ) (4.33)
where k, is the constant of association. Considering dissociation is simpler where

for each complex there is a certain probability that within a unit time it will

dissociate into A and R yielding;

dya

= —kgv. 4.34
dt d” ( )

In a real system both the association and the dissociation occur simultaneously

this can be expressed as;

A+ R= AR. (4.35)

The time dependant complex is described by the summed effects of both precesses;

dy _ v dya
dt dt dt

= koo =) — kar. (4.36)
In the most simple case, the dissociation can be removed as it is much smaller than

that of the association. And the rate equation can be changed into the integrated

form of;

Yit) = y0)elTFt, (4.37)

Where v(0) is a constant defined by the maximum possible complex AR.
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4.6 Summary

Within this Chapter the theory of SPR has been explained. 3 methods of coupling
to the SPP mode were discussed; grating, wave guide and prism. A more detailed
explanation of prism coupling was given as this will be the coupling mechanism
used within the differential SPR sensor developed within the next Chapters. Also
discussed was how SPR can be used in sensing applications and due to the localised
fields at the surface of SPP mode why it lends its self to protein binding assays so
readily. In the next Chapter A full description of a novel method for utilising the

change in phase and change in reflectivity in a differential sensors is presented.



Chapter 5

Surface Plasmon Enhanced
Differential Ellipsometry for
Single and dual channel

Bio-sensor

5.1 Introduction

In Chapter 4 the phenomena of surface plasmon resonance (SPR) was introduced
as a surface charge density oscillation confined to the surface of a metal dielectric
interface. Further explanation was given on how incident light may be coupled to
this resonant surface mode. It was shown that the character of the resonance is
fundamentally linked to the properties of the surrounding dielectric. This Chapter
details how the change in phase and reflectivity of TM polarized light compared to
TE polarized light can be used to produce a highly sensitive SPR based bio-sensor.

Also described is how the addition of a modulation to the polarization of the light
incident on the Kretschmann-Raether prism coupler, can significantly increase the
sensitivity of the system. The sensitivity of the system to bulk refractive index
changes is shown as well as the systems limit of detection to proteins binding to

its surface.

98
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5.2 Surface Plasmon Differential Ellipsometry

5.2.1 Surface Plasmon Ellipsometry

When linearly polarised light containing both TM and transverse electric TE com-
ponents is incident upon a Kretschmann-Raether SPP system, near the SPR con-
dition, it has been shown that there is a change in the phase of the TM polarisation
of the reflected light, whilst the phase of the TE polarised light is relatively un-
changed. This is illustrated in Figure 5.1, where the reflectivity and phase of both
TM and TE light is plotted as a function of incident angle.
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FIGURE 5.1: The TE polarised reflectivity(dotted), TM polarised reflectiv-

ity(dashed), TE polarised phase(dot dash) and TM polarised phase(solid) as a

function of internal angle (measured from the normal to the surface of the gold

film inside the prism). Note the large phase change in TM polarised light as the
SPR angle is traversed.

Because the two orthogonal polarisations (TM and TE) are phase shifted with
respect to each other the reflected light becomes elliptically polarised. Since the
phase difference changes rapidly as a function of incident angle close to the res-
onance condition the ellipticity and azimuth of the ellipse which are defined in

Figure 5.2 also change rapidly. An increase in the refractive index of the bounding
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dielectric moves the resonance and thereby changes the output optical phase. In
particular, if an angle of incidence is chosen close to the resonance TM-reflectivity
minimum and the local refractive index of the bounding dielectric altered, the
polarisation state of the reflected light may change dramatically. Indeed, small
changes of the refractive index can give macroscopic changes in the polarisation
state. It has been shown that a change in refractive index of 5 x 107> RIU gives a
1 rotation of the azimuth of the polarisation when optimised for a SPP excited on
a gold film at a wavelength of 632.8 nm. The corresponding change in ellipticity

of the reflected light is much smaller than the change in the azimuth.

TEA

FIGURE 5.2: A schematic of elliptically polarised light. The light contains

components of TM and TE polarised light. The Azimuth of the ellipse is .

The ellipticity is the ratio between the long (red) and short (blue) axis of the
ellipse.

Given the relatively large change in polarisation state evident for small refractive

index changes, a method of determining small changes in the polarisation state
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will produce a refractive index sensor of exquisite sensitivity.

If linearly polarised light is incident on a Kretschmann-Raether system set to an

arbitrary angle of incidence, it will have a TM-component proportional to cos ¢
and a TE component equal to sin ¢ (given that when pure TM polarised light is
when the input polarisation is set to 0°). As stated only the TM polarised light
will couple to the SPP mode, the TM reflectivity and phase will depend greatly
on the coupling conditions of the SPP. The TE light will undergo a much smaller

change. The complex reflectivity coefficients of amplitude can be given as
Tp = Tpr + 10p;

Ts = g + 1T

| SPR coupler

Input polarizer Output polarizer

FIGURE 5.3: A simple optical system containing a light source an input polariser
a SPR coupler an out put polariser and a detector.

The angle of the input
polariser is ¢ and the put put is ¢ . The reflection coefficients 7, g, are
determined by the coupling conditions of the SPR.

considering the input and out put polariser angles ¢ and i as well as the reflection

coefficients 7, and r the following relationship for the transmitted E fields is given
by the following;

T = rycos(p)cos(¢) + resin(¢)sin(y). (5.3)

Splitting into the real and imaginary parts gives

T = ryrcos(@)cos(y) 4 resin(@)sin(y) + i [rpicos(¢)cos(¢) + rysin(p)sin(y)] .

(5.4)
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The measured intensity at the detector will be

I =TT" = (r}, +15;)(cos*(9)cos®(¥)) + (13, + 72;) (sin®(¢)sin®(¢)) +
21,75 (cos(@)cos(Y)sin(@)sin(vy)) + 2rprsi(cos(P)cos(y)sin(p)sin(y))  (5.5)

using the double angle formula sin(2z) = 2sin(x)cos(z) this can be reduced to

[ = Rycos®(6)cos® (1) + Rusin®(6)sin(1)) + gsm(QqS)cos(Q@b), (5.6)

_ 2 2
where R, = r,. + 71, ,

R, = r2 + 12 and X = rprsr + ryrsi where 7, gpi
corresponds to the real and imaginary reflection coefficients for p(TM) and s(TE)
polarised light. The rapid change in phase through the SPR is evident in corre-
sponding rapid changes in the complex reflection amplitude coefficient for TM-
polarised light. Thus any change in the refractive index of the bounding dielectric
produces a change in the transmitted intensity through the output polariser. De-
termining any change in the refractive index by monitoring changes in this intensity
is most effective when the output polariser angle is set at 45° from the azimuth of
the reflected polarisation ellipse. At this angle the largest change in transmitted
intensity as a function of refractive index will be realised, with the change in trans-
mitted intensity also being approximately linear with refractive index. This can be
understood from plotting the reflectivity as a function of the output polarisation
as done in Figure 5.4. The intensity profile is dependent on the polarisation state;
if in the extreme case of circularly polarised light the intensity will not vary with
output polarisation. If the light is linearly polarised then the intensity profile will
be a sin curve, with a maximum at the azimuthal angle and zero light 90° from
it. The general case is presented within the Figure with the long axis maximum

being less than 1.

5.2.2 Polarisation Modulation

If a sinusoidal modulation to the plane of polarisation is added to the previously
described system, as shown in Figure 5.5 the resultant polarisation state of the

light incident upon the Kretschmann-Raether SPR system, is linear, with the plane
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FIGURE 5.4: Plotted is the normalised intensity plotted as a function of the

output polariser angle . The black curve is the case when the azimuth of the

elliptically polarised light is at 20° the green curve is when this azimuthal angle

has shifted to 40°. The red lines correspond to the long axis of the ellipse the

blue lines the short axis. The reflection coefficients r, and rs corresponds to
then intensity at zero and 90° respectively.

of polarisation varying sinusoidally centred around the input polariser angle. (The
polarisation state at any moment in time is always linear and this can be simply
shown through use of Jones calculus). The light intensity transmitted through
the output polariser is now periodically modulated. This can be clearly seen in
Figure 5.6. When elliptically polarised light of arbitrary azimuth and ellipticity
is incident on the output polariser, the transmitted light will follow a cos?(v)
function. As the light from the polariser is rotated the intensity will have a peak
corresponding to the long axis of the ellipse and a minimum corresponding to the
short axis, Figure 5.6 shows the resultant intensity with varying output polariser
angle for 4 different polarisation states within a modulation cycle. When the
azimuth of the elliptically polarised light is shifted to a higher angle the resultant
cosine intensity function is shifted as depicted in the graphed marked ‘2’. As the
azimuthal angle decreases back to its original value the intensity profile of graph
‘37 is found. Graph ‘4’ shows the intensity profile for when the azimuth is shifted

to an angle lower than the initial angle. If the polariser is fixed at a set angle, in
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this case depicted by the red line and the intensity is monitored with time, the
resultant signal will be a time varying intensity modulation. In this specific case

only the second harmonic of the modulation frequency is observed.

SPR coupler

i
\ T II'II

Polarization Modulator ~ OUtPUt polarizer

Input polarizer

FIGURE 5.5: Schematic of the optical system outlines in Figure 5.3 but impor-
tantly a polarisation modulator has been added to the system. This modulates
the polarisation state that is incident on the SPP coupler.

The components of the modulated intensity signal are governed by the orientation
of the elliptically polarised light to that of the output polariser angle. Figure 5.7
shows 4 different intensity profiles (for the 4 parts of the polarisation modulation
cycle). In this case the angle of the output polariser has been increased. The
modulating intensity now contains components from both the first and second
harmonics (in reality higher harmonics are also present but are of much smaller
amplitude). Figure 5.8 shows the resultant intensity profiles and intensity modula-
tion when the output polariser is shifted to a lower angle. The intensity modulating

signal again has components of the first and second harmonics but now the 1st

harmonic is defined as negative.

If ¢q is the input polariser angle, A is the polarisation modulation amplitude and

w is the modulation frequency, then the intensity as a function of time can be
modelled by substituting the following;

¢ = ¢ + Asin(wt), (5.7)

into Equation 5.6. By expanding the resultant expression and collecting terms in

w, then the following relationships for the time invariant or ‘DC’ signal, the first

harmonic and the second harmonic are;

DC = Rycos*(¢g)cos® (1) + Rssin®(¢o)sin®(v) + gsin(%ﬁg)sin(?w) (5.8)
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FIGURE 5.6: The intensity (black line) is plotted as a function of output po-
lariser angle 1 for 4 different polarisations states. The polarisation incident
on the output polariser is elliptical in nature, with each numbered graph cor-
responding to the steps in the azimuthal change in one period of modulation.
The red vertical line is the angle the output polariser. When this polarisation is
analysed the intensity time plot at the bottom of the Figure is produced. The
frequency of intensity modulation is double the modulation of the polarisation
modulation frequency, the second harmonic. The numbers on the intensity time

plot correspond to the 4 different polarisation states as noted above.



Chapter 5. Surface Plasmon Enhanced Differential Ellipsometry for Single and

dual channel Bio-sensor

106

5K e

Intensity (arbitrary units)
Intensity (arbitrary units)

0 S‘D 12)0 1‘50 2L‘)0
output polarizer anglgdegrees)

) ~
£.]4 g
S c
> >
5 o >
z g
g
g ©
2‘ 04 g
‘» 2
c ‘»
g 02 g
- 15
00 T T T 1
0 50 100 150 200
output polarizer anglg(degrees) k/
4 4 4
0.8 + ‘ n n
~ T ”
0
=
c 0.6 H
=)
b
<
©
]
é 0.4
© 2 2 2
~
©
c 0.2
2
n
0.0 A
1 3 1 3 1 3

0 5‘0 160 1;0 2(‘)0
output polarizer anglgdegrees)

o 50 100 150 200
output polarizer anglgdegrees)

0 500 1000

1500 2000

Time (arbitrary units)

FIGURE 5.7: Similar to Figure 5.6 plotted is the intensity as a function of 4
different polarisation states. However the angle (red line) which is interrogated is
shifted higher. The resultant time dependent intensity modulation is graphed on
the bottom. Each number corresponds to the one of the polarisation states. As
can clearly be seen the signal now contains the second harmonic and importantly

a component of the first harmonic.
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FIGURE 5.8: The intensity is plotted as a function of output polariser angle
similar to 5.6 and 5.7. 4 different polarisation states are plotted. The interro-
gation angle has now been moved to a smaller angle, and hence the resultant
intensity modulation signal plotted contains both the 1st and the second har-
monic. However there is a key difference to Figure 5.7 as the component of the

first harmonic is now negative.
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Ay = A [sin(2¢0)(Rysin® (V) — Rycos*(¥)) — Xcos(2¢)sin(2u))] (5.9)

2

Ay = % [cos(¢o)(Rysin®(¢) — Rycos®(¥)) — X sin(2¢g)sin(2¢)] (5.10)

If the light signal is measured using a photo-diode, then the amplitude A; of the
fundamental component of the signal may be determined using a lock-in ampli-
fier monitoring at the modulation frequency. To obtain the best refractive index
sensitivity the A; signal is set to zero by changing the output polariser angle
(corresponding to the angle of the output polariser being at the minimum of the
polarisation ellipse). This is for a number of reasons; firstly the rate of change of
the A; signal around the zero point is at a maximum, secondly for small refrac-
tive index shifts this change of signal is linear with changing refractive index and,
finally, the A; signal is independent of intensity and therefore fluctuations in the

laser intensity have little effect on the monitored signal.

Thus far the influence of only certain parameters upon the refractive index sensitiv-
ity has been considered. Determining the ideal incident polariser angle (proportion
of TM- and TE- polarised components), and incident angle in the Kretschmann-
Raether configuration, has not been discussed. It has already been mentioned that
it is desirable to operate around the A; = 0 position. In this case Equation 5.9
can be set to zero and solved for the output polariser angle, for which there are 2

possible solutions:

 tosel | | B BoRs +2X2 — (RS + Ry R, — 2X2)cos(4o) + 2v2X cos(260)\/Rp Rs + (X — Ry Rs)cos(d¢o)
V1,2 = Fcos (B2 + (R2)2 + 4X2 — ((R2 + (R2)2 — 4X2)cos(4¢0)
(5.11)

With v, corresponding to the positive solution, and 1), the negative solution. For
X < 0, 9 is the angle of the output polariser corresponding to the minimum of the
polarisation ellipse, whilst ¢, is the solution for the maximum of the polarisation
ellipse. However when X > 0 the reverse is true. In the case where X=0, which
can occur for specific combinations of parameters, 1); = —y and the DC level is
symmetric with 1. Therefore, under this condition the two solutions for the DC
component are equal and the light is circularly polarised. The changing roles of 9

and 15 can be understood more clearly from Figure 5.9 where the two solutions for



Chapter 5. Surface Plasmon Enhanced Differential Ellipsometry for Single and
dual channel Bio-sensor 109

the output polariser angle which give zero A; are plotted as a function of changing
incident angle. Also plotted on the same graph are the corresponding DC levels
for each solution. At the crossing point where the DC levels are equal the light
is circularly polarised and this would give effectively no sensitivity to changes of

refractive index.

Figures 5.11 shows the angle of both solutions of 9 and ), for all given incident
angles ¢ and input polariser angles ¢, in this case the colour scale represents the
angle of 11 . Figure 5.12 shows the Ay or DC level for a corresponding to a zero
Ay signal for all values of input polariser angle ¢ and for all incident angles 6. Both
output polariser angle ¢, and 1), are given as well as the corresponding A; signal.
This calculated A; signal does not equal zero but approaches it as the accuracy of

the simulation is increased.

The highest sensitivity will occur when the rate of change of the Al signal with
changing refractive index in the adjacent dielectric medium is at its largest. A
change in refractive index produces a change in the complex reflection amplitude
coefficients. Here, the derivatives of the reflection amplitude coefficients with
respect to the permittivity of the bounding dielectric were obtained by use of a
multilayer optics code based upon recursive Fresnel Equations. The differentials
of A; with respect to the amplitude coefficients are obtained analytically from

Equation 5.9 and are the following

dA,

= A(—28in2¢r,,c08°1) + sin21pcos2iyr ) (5.12)
Tpr
dAl . . 9 .
= A(25in2¢grsysin“1) + sin2ipcos2ihory,) (5.13)
TS',"
dAl . 2 .
o= A(—2sin2¢grpicos ) + sin2ycos2iors;) (5.14)
rpi
dAl . 2 .
o = A(2sin2¢grsicos iy + sin2ipcos2igry;) (5.15)
Tsi

By combining Equations 5.12-5.16 with the numerically calculated values for dr[”c’l—;]m

and then using,



Chapter 5. Surface Plasmon Enhanced Differential Ellipsometry for Single and
dual channel Bio-sensor 110

50

40

30

Y (degrees)

20

10

-10+

-20F

-30+

Output polariser angles

Il Il
50 55 60 65 70 75
Incident angle 6 (degrees)

FIGURE 5.9: Two output polariser angles ¢ (blue and green) corresponding to
the A; = 0 condition for an input polariser angle ¢ of 45°.
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FIGURE 5.10: The resultant DC levels from Figure 5.9 as a function of inci-

dent angle for two solutions are plotted, blue being associated with the first

solution and green the second. When the two Ay solutions are equal the re-

flected polarisation state from the prism is circular,hence the azimuthal angle
is undefined.
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FIGURE 5.11: Plotted are the value of 11 and ¢; which yields a zero A; signal,
for all input polariser ¢ angles and incidence angle 6. The colour bar is in
degrees.
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FIGURE 5.12: Plotted is a colour image of the Ag level corresponding to a

zero in the Ap signal, for both solutions of 47 and ;. It should be noted that

although he calculated level for A; does not equal exactly zero, it does tend
towards zero as the accuracy of the simulation is increased.
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dAl dAl dTpr dAl drsr dAl d?”pi dAl d?“si
= ° + ° + ° + ° ,
de dry,  de drs,  de drp;  de dry  de

(5.16)

allows the calculation of sensitivity maps, from which the input polarisation angle
and incident angle in the Kretschmann-Raether configuration giving the highest
sensitivity to refractive index changes can be obtained. In Figures 5.13 and 5.13
an example of such a modelled sensitivity map for a 50 nm thick gold film with
a permittivity of ¢,, = —10 4 ¢ for an incident wavelength of 632.8 nm is shown.
Plotted as a colour scale is the differential of A1 with respect to the permittivity
of the dielectric g4 (for the solution using v and 1 respectively ) as a function
of incident angle (measured from the normal to the input face of the prism) and
input polariser angle (with the angle giving TM polarised light being defined as
0°). It is clear from this plot that to obtain the highest sensitivity to changes in
refractive index an incident angle on the low angle side of the SPR with an input

polarisation of approximately 10° is required.

No two gold films produced will be identical, having slightly different thicknesses,
surface roughness and consequentially permittivities. This in turn affects the SPR
excitation conditions. Thus each gold film produced will have its own sensitivity
map and requires its own optimum setup. By analysing modelled sensitivity maps
for many different films it becomes clear that if the input polariser is set to ~ 15°,
with the incident angle, set to the optimum position, it is possible to be within
~ 10% of the highest possible sensitivity for a wide range of gold film parameters
(comfortably within the range of easy reproducibility). Since the orientations of
both the PEM and quarter wave plate are set relative to the input polariser angle
the fact that they can remain at a fixed angle for different gold films greatly
simplifies the set-up procedure, with the only remaining set-up parameter being
the incident angle in the Kretschmann-Raether configuration, which is readily set

empirically (by maximising the signal change for a given rotation of the prism).
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FIGURE 5.13: Modelled differential of 17 with respect to changing permittivity
of dielectric the medium (grey scale) as a function of the input polariser and
incident angles for 632. 8nm wavelength light reflected from a =~ 50 nm thick
gold film (e, = —10,&; = 1) . The greatest gradient is obtained for an incident
angle slightly below the SPR incident angle with an input polarisation of ~ 107°.
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FIGURE 5.14: Modelled differential of 15 with respect to changing permittivity
of dielectric the medium (grey scale) as a function of the input polariser and
incident angles for 632. 8nm wavelength light reflected from a =~ 50 nm thick
gold film (¢, = —10,¢; = 1) . The sensitivity of this solution is less than that

of 1/)1.
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5.3 Polarization Modulation

5.3.1 Mechanically Oscillated Polariser

There exist a number of techniques to add modulation to the polarization of
light[17]. Possibly the simplest method involves a mechanically oscillated polariser
(MOP) placed in the path of the beam; this yields linearly polarized light with the
plane of polarization oscillating with time Figure5.15. This method is simple and
cheap to implement, however the frequency of modulation is limited by how fast
the modulator can be physically rotated. The modulator frequency is generally
limited to less than about 100 Hz. Care must also be taken so that the modulation
of the polarization is sinusoidal in nature; if the modulation is not sinusoidal the
amplitude of higher harmonics of the modulation could start to interfere with the
measurements. MOP based systems may also suffer from the modulator producing
acoustic noise which could affect the sensitivity of the system unless good acoustic

damping is fitted.

rotating motor

linkage arm i

K

.
m——
i

polarizer

F1GURE 5.15: Optical setup for MOP. As a motor, which is linked to the po-

lariser rotates it oscillates the polariser. The linkage in this case is extremely

simple and the motion of the polariser will not be truly sinusoidal. By length-
ening the linkage arm the motion tends towards sinusoid motion.
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5.3.2 Liquid crystal polarization modulator

A much more attractive alternative is to use a liquid crystal(LC) cell. LC’s have
been extensively studied for many years [73] mainly for use within display based
technologies. The ability to manipulate lights polarization is a key attribute within
LC displays. Detailed within Figure 5.16 is how a hybrid aligned nematic(HAN)
liquid crystal can cause a rotation of the incident polarization. As the electric field
across the LC cell is modulated the resultant output polarization is also modu-
lated. The resultant output is linearly polarized modulated light, simple HAN cells
like the MOP are limited to modulation rates of less than a few hundred Hertz.
However ferroelectric cells are capable of modulation frequency’s up to ~ 2kH z.
This increase in modulation frequency allows for greater temporal resolution hence
more averaging can be used to improve the sensitivity of the system. The major
drawback of LC modulators is the uniformity of the modulation over a large area;
when looking at simple single beam experiments this is not a great concern but if
a LC is to be used within an imaging system the polarization modulation must be

uniform over a large area.

Glass Substrate Potential Applied

F1GURE 5.16: A simple HAN cell used to induce polarisation modulation

5.3.3 Photo Elastic Modulator

In house MOP and LC modulators were investigated however both achieved ex-
tremely poor sensitivity, < 1 x 107*RIU which is order of magnitudes less than
simple intensity measurements. The photo-elastic modulator (PEM) is an elegant

solution to providing the required polarization modulation. A PEM works on the
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principle of the photo-elastic effect where a mechanically stressed crystal exhibits
optical birefringence. The PEM works as a resonant device and is driven at its
fundamental vibrational frequency which for our device generates a modulation of
birefringence. When linearly polarized light passes through the optical element,
with one of the two orthogonal components of the incident light perpendicular to
the optic axis of the PEM and the other parallel, the light experiences a modulated
phase retardation. Thus the output beam is modulated between 2 different po-
larization states. By placing a quarter wave plate orientated parallel to the input
polarization, the resultant light is linearly polarized light modulated in polariza-
tion about the angle of the incident polarization. The PEM has a high modulation
frequency of 47 kHz and importantly, a large area of uniform polarization rotation,
which is needed for dual channel and more importantly imaging applications. The
high modulation frequency allows for high temporal resolution or a large amount

of temporal averaging.

Polarizer

PEM
quarter wave plate

FIGURE 5.17: A schematic showing the varying polarisation states produced
with the PEM.
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5.4 Surface Plasmon Differential Ellipsometry

5.4.1 Experimental Set-up

A SF2 glass substrate (n = 1.646 at 632.8 nm) is coated with a 50 nm thick gold
film by thermal evaporation under high vacuum. This was subsequently index-
matched onto a 60° prism in the Kretschmann-Raether arrangement. On to the
gold coated surface was affixed a simple polytetrafluoroethylene (PTFE) flow cell,
the complete sample being mounted onto a computer controlled rotating table
(with angular resolution of 0.001°). The 632.8 nm wavelength light produced by
a HeNe laser was polarized at a 15° azimuthal angle before passing through the
PEM (modulating at 47 kHz and oriented at a 45° azimuthal angle relative to
the angle of the incident polariser) and quarter wave plate (oriented parallel to
the angle of the incident polariser). The resulting modulated linearly polarized
light is then incident through the prism on to the gold film and the reflectivity,
on passing through a second polariser, is detected by a photo-diode detector con-
nected to a lock-in amplifier monitoring at the modulation frequency. This setup

is schematically shown in Figure 5.18.

5.4.2 Optimizing the Sensitivity by Tuning the Incident
Angle

To obtain the highest possible refractive index sensitivity the optimum angle of
incidence needs to be determined. As has been discussed within Chapter 4, this
angle occurs on the lower angle side of the SPR. Using the fact that, for small
refractive index and incident angle changes, a change in incident angle at a fixed
refractive index is equivalent to a change in refractive index at fixed incident
angle, it is possible to use angle scans to determine this optimal position. An
incident angle is chosen and the output polariser is rotated to ensure that the
signal measured on the lock-in amplifier (the fundamental frequency component)
is as close to zero as possible (the output polariser is oriented at the minimum of
the reflected polarization ellipse). An incident angle scan is then performed over a
small angle range (a few degrees), with the gradient of the signal as a function of
the incident angle being determined. This is performed for several initial incident

angles, with the angle at which the largest gradient is obtained (often interpolated
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light at frequencyf.
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proportions of s- and Elliptically polarised
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with fluid flow cell (can set the
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FIGURE 5.18: A schematic of a the surface plasmon differential ellipsometry
setup. Light of wavelength 632.8 nm from a HeNe laser is incident on a po-
lariser giving both TM and TE polarisation. This linearly polarised light passes
though a polarisation modulator in this case a PEM which imparts a 47 kHz
sinusoidal modulation to the polarisation state. This modulating linearly po-
larised light is now incident on a SF2 glass prism in the Kretschmann-Raether
prism configuration with a flow cell attached to the base of the prism shown in
more detail in Figure 5.19. On reflection the light is elliptical in nature with
its azimuthal angle and ellipticity modulating. This modulating polarisation
state is transformed into a intensity modulation with an output polariser. The
modulating intensity is monitored with a phase sensitive detector set to the
modulation frequency.

FIGURE 5.19: A schematic of a SF2 glass prism in the Kretschmann-Raether
prism configuration with a flow cell attached to the base of the prism. This flow
cell may be used to introduce different solutions into the sensing volume.
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from the points measured) being chosen. This gives a maximum change in signal

as a consequence of shifts in the SPR condition.

5.4.3 Determining Sensitivity

To measure the absolute sensitivity of the system to changes in refractive index
different liquids of known refractive index are passed through the flow-cell and the
change in signal monitored. This was achieved by use of solutions consisting of
dilutions of iso-propan-2-ol (IPA) in water. The solutions used here were 0.5%,
0.25%, 0.125% and 0.0625% IPA by volume in water, created by binary division
of a 1% solution. At these low percentages the change in refractive index as
a function of concentration is linear, and therefore the refractive index of each
solution is readily calculated. (At room temperature the refractive index of water
is 1.33 at 632.8 nm whilst that of IPA is 1.37.)

Pure water was flowed through the cell at 4.95 ml h=! using a syringe pump. After
the baseline level had been established the water was replaced with an IPA-in-
water solution before reverting back to pure water again. This process was then
performed for all other IPA-in-water solutions, with the results for one typical
series of experiments shown in 5.20. Plotted is the measured signal as a function
of time, with each step change corresponding to a bulk refractive index change.
Noticeable in the plot are small variations in the signal immediately preceding
each bulk index change. These are caused by sudden changes in the pressure of
the fluid, leading to a small change in the refractive index, when the solutions
are exchanged in the syringe pump. A slowly varying trend in the data linked to

temperature drift of the sample has been removed.

5.4.4 Linearity

Another important feature of a bio chemical sensor is linearity. Here the test
of linearity is shown in Figure 5.21, where the measured signal as a function
of the expected refractive index change for 3 typical experiments are presented.
The variations in the three data sets are believed to be not due to errors in the
measurement of the refractive index, but rather to small variations in the mixing

process used to produce the IPA-in-water solutions. This data shows that the
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FIGURE 5.20: Results for a typical fluid flow experiment using the SPR en-
hanced differential ellipsometry method. The base line corresponds to pure
water flowing, with each step change corresponding to a solution of differ-
ent concentrations of IPA-in-water. 4 different concentrations were used 0.5%,
0.25%, 0.125% and 0.0625% IPA by volume, these correspond to RI switches
of 2x1074,1x1074,5x107° and 2.5x107°.

seconds.

The time units are approximately

method is linear over a range of refractive index changes of up to at least 2 x 1074

RIU, though it is expected that the linear range will be much greater than this.

5.4.5 Sensitivity

One of the simplest and easily understood methods for determining the sensitivity

of the system, or smallest resolvable index change, is to divide the signal difference

obtained when the fluid in the system is changed by twice the standard deviation

of the noise (If Gaussian noise is assumed, 95% of the data points will lie within 2

standard deviations of the mean value of the signal.), and then multiplying this by

the index change corresponding to that change of fluid. Several experiments were

performed similar to that resulting in Figure 5.20. Using the data from Figure
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FIGURE 5.21: Measured signal as a function of the calculated refractive index

for three fluid flow experiments demonstrating the repeatability and linearity of

the system. Data is normalised to the 0.0002 change in RI solution.The error

in the points is smaller than the scale will allow the variability is due to the
preparation of the different fluids.

5.20 by dividing the signal change by twice the standard deviation of the noise
and then multiplying by the index change of the fluid the sensitivity of the system
is found (an example of the noise within the signal is can be found in Figure 5.23).
The results of all these experiments are tabulated in Table 5.1 along with their
associated errors. It is clear from these results that repeatable refractive index
sensitivities of better than 5 x 10~7 RIU are obtained.

Sample Sensitivity [RIU] Associated Error
[RIU]

1 3.0x 1077 +4.4 x 1078

2 3.5 x 1077 +6.4 x 1078

3 3.5 x 1077 +1.9 x 10°8

4 1.5 x 1077 +2.7x 1078

TABLE 5.1: Results from 4 typical bulk refractive index change experiments
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5.5 Dual channel

While a single channel sensor capable of sensing at a ~ 2 x 10~" RIU level can
be of great value, the introduction of a second channel to monitor background
can both improve the sensitivity and the validity of protein binding studies. Dr
[an Hooper’s work on introducing such a second channel is included here with

permission for completeness.

In the dual channel setup, 632 nm light from a HeNe laser must be is split into 2
separate collimated beams which then undergo the polarisation modulation. This
is achieved by the introduction of a beam splitter (with half waveplate to control
the polarisation) and using a split detector. The schematic of this new setup is

presented in Figure 5.22.

Rotating table

Polariser
Beam — —
splitter | | To lock-in
L amplifier and
computer
2 Waveplate
Channel 1 flow cell Saniple 1 Sample 2
r
Sample loop 1 * Sample loop 2 Running
Running buffer > ‘ <4 buffer to
to channel 1 channel 2
|
/ ‘_VChannel 2 flow cell
Waste

Waste

FIGURE 5.22: Schematic of dual channel dSPR, sensor as well as the injection
system.
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To determine the limit of detection of the dual channel system the flowcell was
left to equilibrate overnight with a running buffer of H,O. Once a baseline had
been established a solution of 0.25% IPA in water by volume was introduced to the
flow cell. Once the solution of IPA and water had completely replaced the water
the syringe pump was shut off. Thus it was possible to determine the sensitivity
of the system under flow and zero flow. One channel may be used as a reference
to remove and changes caused by temperature and pressure as well as common
noise to both channels such as laser intensity fluctuations. Figure 5.23 shows the
results from this experiment where a typical bulk shift can be observed as the bulk
index is changed, followed by a smaller decrease in signal as the syringe pump is
disabled. Accompanying the the full index change is the base line during flow and
zero flow. During flow there is a clear oscillation of the signal which is only present
under flow; this is due to small changes in pressure created by the screw drive on
the syringe pump. Using the difference of the two signal removes much of this
oscillation as shown within the Figure. The detection limits are shown in table
5.2. During flowing conditions there is a significant reduction in the correlated

noise in the system. This shows the benefit of using control channels and surfaces.

Sensitivity [RIU] Sensitivity [RIU]

no-flow with flow
channel 1 1.1x 1077 4.7 x 1077
channel 2 7.7 x 1078 4.9 x 1077
channel 1 - chan- 1.3 x 107 1.4 x 1077

nel 2

TABLE 5.2: Sensitivity of channels before and after subtraction with flow and
with no flow.

5.6 Conclusions

A form of refractive index sensor, intended for use as a bio-chemical sensor,
based upon ellipsometric interrogation of a surface plasmon resonance has been
presented. The change in the polarisation state of the light reflected from a
Kretschmann-Raether SPR system is monitored as the refractive index of the
dielectric adjacent to the SP active interface is altered. With an optimised setup
a refractive index sensitivity of better than 5 x 10~7 RIU has been obtained for
e sample produced, demonstrating the repeatability of the method. This sensi-

tivity is comparable to the state of the art currently available and additionally,
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FIGURE 5.23: Plotted in (a) is the A; signal from both of the channels within

the dual channel sensor system. The bulk shift is caused by the introduction

of 0.25% IPA in water. Plotted for clarity in (b) is a close up of the base line

during flowing conditions, there is a pronounced oscillation within the signal.
As the flow is stopped this oscillation is removed as shown in (c).
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this method could be easily adapted into a multi-channel array sensor. This sin-
gle channel method is currently being used to explore various low concentration

binding events of proteins by bio-chemists.



Chapter 6

Surface Plasmon Resonance

Imaging - PC4

6.1 Introduction

In the previous Chapter the potential of differential optical polarisation surface
plasmon sensing was demonstrated. Sensitivities of better than the industry stan-
dard [17] of 5x 1077 RIU were presented. This Chapter will show the preliminary
work in expanding the technique from single and dual channels into an imaging
technique in which the number of channels is only limited by the spatial resolution
of the detector. Plainly the most straightforward approach to expand the sens-
ing channels is by adding more photo-diode sensors coupled to lock-in amplifiers
(phase sensitive detectors (PSDs)). However this approach is not truly feasible as
with a 64 by 64 pixelated sensor the volume occupied by the PSD’s alone will be
hundreds of m3. For this reason an integrated phase sensitive detector will need

to be incorporated into a pixelated sensing surface.

129
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6.2 Differential surface plasmon resonance imag-

ing
6.2.1 Basic Setup for imaging

As discussed within Chapter 4 there are a number of methods for producing the
polarisation modulation required in the differential ellipsometric surface plasmon
resonance sensor, however, the most successful results have been achieved using
the photo-elastic modulator (PEM) as LC and MOP failed to produce a sufficient
sensitivity. This is due to both the high, 46 kHz, frequency of modulation and
the large area of uniform modulation. In imaging techniques uniform modulation
over a large area is of paramount importance [54]; any variation of the modulation
depth, frequency, phase or stability across a beam will have a large effect on the
detected modulation and therefore could produce large changes in sensitivity across
an image. While it is possible to create large area high frequency polarisation
modulators using liquid crystal cells the PEM used (see Chapter 4) is a much
better alternative as the large area of uniform modulation is suited to imaging

applications.

The setup used for expanding the technique into an imaging method is shown in
Figure 6.1. It is similar to the single and dual channel setups with the addition
of a number of lenses to increase the size of the beam, and to image the sensing
surface. The setup consists of a light source a set of lens to control the size of
the beam and to collimate it, input polariser and polarisation optics, a prism in a
Kretschmann-Raether geometry, output polariser and set of lenses used to image

the surface of the prism onto the pixelated detector.

6.2.2 Light Source

In the single channel method HeNe laser light of wavelength 632.15 nm was used.
This light source has the advantage that the spectral width of the light is narrow.
Of equal importance the divergence of the beam produced from the laser is also
small, meaning that the range of incident angles on the prism will be equally small.
Increasing either the wavelength spread (how monochromatic the light source is)

of the incident light, or increasing the angular spread of the beam will affect the
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FIGURE 6.1: A schematic of the setup used in imaging differential ellipsometric
surface plasmon resonance sensing. The setup is similar to that used in the
single channel setup. Light is produced with a LED with peak wavelength at
620 nm. The emitted light is collimated with an achromatic lens (focal length
of 8 cm). The light is passed though an input polariser at an angle 15 degrees
from pure TM polarised light. This polarisation is modulated with a PEM
and a quarter waveplate. The light incident on the prism in the Kretschmann-
Raether geometry is linear polarised with a 47 kHz polarisation modulation.
The reflected light is passed though an output polariser creating an intensity
modulating beam. A system of 2 lens is used to image the surface of the prism
on a pixelated phase sensitive detector.

sensitivity of the system. However because of the coherent nature of laser light

other problems may arise in imaging applications; most detrimental is ‘speckle’.

A speckle pattern is the result of the random interference from a set of wavefronts,
an example of an image of a speckle pattern is shown in Figure 6.2 . When the
coherent light is scattered from any form of scattering centre (such as dust) the
scattered light will have undergone a change in phase. This is a well known problem
when dealing with imaging light from lasers. There are a number of methods used
to remove the speckle pattern. Most commonly a rotating diffuser is introduced
to the path of the beam, This method does not actually remove the speckle but
results in a time-varying speckle pattern; the diffuser gives multiple scattering
points which change with time. The speckle patterns can then be averaged over a

set amount of time to remove the intensity variation.
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FIGURE 6.2: An example of a speckle pattern, the intensity varies randomly
from zero intensity to a maximum. This speckle can introduce problems to
systems requiring imaging.

This method is problematic as the rotating diffuser must be spun at speeds faster
than the modulation frequency of the polarisation or the detected signal will be
subject to random intensity fluctuations caused by the changing speckle patten.
If the PEM is employed as the polarisation modulator the rotating polariser must

be spun at speeds in excess of 47 kHz. This is technically difficult to achieve.

A much simpler solution is to change the light source, removing some of the coher-
ence. A viable alternative to a laser is a light emitting diode(LED). LED’s have
the disadvantage that their line width is much greater than that of the laser, but
as the coherence of the light from a LED is much less than that of a laser a speckle

pattern will not be observed.
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6.2.3 Phase sensitive pixelated detector

A CMOS pixelated detector has been developed in collaboration with Nottingham
University, designated ‘PC4’. This detector is capable of monitoring the modulated
intensity signal used in the DESPR sensing technique. The detector functions by
splitting the intensity profile into 4 equally spaced time steps as shown in Figure
6.3. Using the time integrated signals in each of these 4 channels it is possible
to determine the time invariant Ag signal, the amplitude of the first harmonic,
the A; signal, and the phase of the modulation relative to the input triggering
clock. In Figure 6.3 two plots are presented one containing an Ay and second
harmonic A, component and zero A; amplitude, as well as a time varying-signal
with components of all three Ay,A; and A;. The time varying signal is given the

form;

Iy = Ao + Ajcos(wt + @) + Ascos(2wt + ¢). (6.1)

Here Iy is the resultant intensity signal, ¢ is the phase difference between the
reference and optical signals, ¢ is simply time, w is the modulation frequency and
Ay, Ay, Ay are the time invariant components of the first harmonic and the second
harmonic respectively. This expression for the intensity at the detector assumes
that only the first and second harmonics are present within the signal. As stated
and shown in Figure 6.3 each pixel in the detector integrates the signal for 4

separate times. The signal from the four phases are given by

At

A:/Lﬁ (6.2)

0

2At

B:/Lﬁ (6.3)

At

3At

O:/Lﬁ (6.4)

2At
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FIGURE 6.3: Plotted is signal against time for a signal with two different signal

compositions; the top contains only Ay and the second harmonic, the bottom sig-

nal contains components of both A; and Ay harmonics. The 4 dashed coloured

boxs red, green blue and black correspond to 4 temporal integrations used to
extract information about the signal components.
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4At

D= / Ldt. (6.5)

3At

Substituting Equation 6.1 into Equation 6.2 and integrating yields;

1

W

A (2A0Atw 424, (sin(wAt + @) + sing) + Az (sin(2wAt 4 ¢) — sing))) (6.6)

This can be simplified with the substitution At = 7/2w to give

A= %(WTAO + Ai(cosp — sing) — As(sing)) (6.7)

Similar expressions can be found for the other channels;

_171'140

B = ;(T — Ai(cosp + sing) + Az(sing)) (6.8)
1 7TAO . .

C= ;(T — Ai(cosp — sing) — Ay(sing)) (6.9)
1 7TAO . .

D= ;(T + Ai(cosp + sing) + As(sing)). (6.10)

Using Equations 6.7-6.10 it is possible to extract the Ag level, and A; amplitude
and the phase. The true Ag level can be found simply by summing the 4 channels

together and dividing by the period

4 A 2
A+B+C+D:—(%):A01:4A0At. (6.11)
w W

A further combination of the 4 signals yields the A; amplitude;

Y

——(A=C0)2+ (B-D)?) = é _ 2A1 At

(6.12)
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Both of these expression rely on the stability of the 4 time integrated signal, any
jitter in the length of any of the 4 channels will add spurious noise to the calculated
amplitudes. Due to there only being 4 time integrated channels the amplitude of
the second harmonic A, can only be found if both the phase ¢ and the A; signal
are known. The phase of the A; signal relative to the optical phase is given by;

D-B

tan(9) =

(6.13)

These 3 Equations can simply be understood when looking at Figure 7.2. The
first intensity time graph contains a signal with Ay and fundamental components,
in this case channel A (red) B (green) C' (blue) and D (black) all have the same
amplitude, which means that A — C" and B — D is zero therefore the A; amplitude
is also zero. The bottom plot show the effect of the addition of an A; amplitude
component; in this case A — C and B — D is no longer zero which results in a
recorded A; signal. In the case of a signal with only the second harmonic present
channels A will always equal C' and B will always equal D therefore the phase is
zero. When a A; component is present however as in the bottom of the Figure the
phase will become positive (or negative) in this case as D — B is equal to A — C

the phase will be positive 7 /4.

6.3 Bulk index sensitivity - Divergent beam

A simple experiment, to determine bulk refractive index sensitivity, which removes
the complication of imaging the surface of the prism, is by using a convergent beam
instead of a parallel beam. The schematic of the setup is shown in Figure 6.4. This
convergent beam approach has been used in a variety of SPR based sensors and has
been discussed in Chapter 3. Light from a LED is collimated and passed though
an input polariser set to 15° from pure TM polarised light, this yields linearly
polarised light containing both TM and TE components. The light traverses a
PEM and quarter waveplate resulting in linearly polarised light with a 47 kHz
modulation in the orientation of the polarisation. This light is then incident on a
cylindrical lens which focuses the light in one plane (the plane of the schematic in
Figure 6.4). This results in light of many angles being incident on the prism, not

a single angle as was discussed in Chapter 5.
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pixelated phase sensitive detector
polariser
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EE % PEM N4 EE

LED polariser cylindrical lens \

FIGURE 6.4: A schematic of the setup used in differential ellipsometric surface
plasmon sensing, which utilises a convergent beam. A cylindrical lens is used to
focus the beam onto the prism. The convergent nature of the light means that
there are multiple angles incident on the Kretschmann-Raether prism coupler.
On reflection the polarisation state varies across the beam. As the beam passes
though the output polariser the modulated polarisation is transformed into an
intensity modulation. The red and blue sections of the beam represent the
positive and negative A; amplitude of the beam. At some angle there will be a
zero amplitude of Ay, this is represented by the dark black line.

The reflected light which is now divergent passes though an output polariser con-
verting the polarisation modulation into an intensity modulation. This light is
detected by the pixelated phase sensitive detector. The polarisation state of the
reflected light depends on the coupling condition of the SPR, and as the coupling
condition will change with incident angle the reflected polarisation state will vary
as the beam is traversed in the plane of the schematic. As stated previously as
the light passes through the output polariser it will be converted into an intensity
modulation. Due to the varying polarisation, depending on the angle of the re-
flected beam, the nature of the intensity modulation will also vary. This changing
nature of the modulated intensity is graphically shown in the Figure by changing
colour, where red corresponds to a positive A; amplitude and blue to negative A;
amplitude. At some angle the long axis of the elliptically polarised reflected beam
will cross with the output polariser. In this case the amplitude of A; will become
zero this is indicated with a black central band. It is important to note that the
Ag level, the unmodulated component of the light will vary much less drastically
than the A; signal.

Figure 6.5 shows the results for an example of this experiment. The Figure shows a
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FIGURE 6.5: Frames from a convergent beam experiment, the colour corre-
sponds to the A; signal, with red being positive signal and blue being negative
signal. There is a 20 second delay between each of these frames. At the start of
the experiment the initial liquid in the flow cell is pure water of refractive index
n = 1.333 this is replaced with a solution of 10% of IPA by volume increasing
the refractive index by 0.004. As the new solution replaces the water the po-
sitioning of the zero in A; changes, shifting eventually out of the image frame.
From this simple experiment information about the nature of the flow cell may
also be observed, the flow dynamics of the cell show that the flow font in the
measured cell is not planar.

sequence of frames in time of the AC amplitude, the red corresponds to a positive
A; the blue to a negative A; signal. Initially water of refractive index n = 1.333
is present in the flow cell, in this case the dark band corresponding to zero A;
signal is in the centre of the image, with positive and negative amplitude either
side. The water in the flow cell is pumped with a syringe drive at 4.95 ml/hr, this
is replaced with a solution of water and 10% IPA which increases the bulk index
the SPW samples. This change in bulk index shifts the optimum coupling angle,
which in turn shifts the position of the A; minimum. This effect is seen by the dark
band shifting off the image. Basic flow dynamics can be observed with this simple
experiment; the dark band does not shift uniformly. The non uniformity shows
that the flow rate of the liquid across the flow cells is not constant as indicated
in Figure 6.6. The camera in this case was mounted slightly off centre as can

be seen from the dark band shifting first at the top of the image. Figure 6.7 for
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clarity shows the difference between the first and last frames. This highlights the

potential for this method in an imaging setup.

Flow Rate

FIGURE 6.6: A schematic of the flow cell. The arrows indicate the varying flow
speed across the cell. The dashed box indicated the camera imagining area.

10 20 30 40 50 60

FIGURE 6.7: 2 frames corresponding to when water of refractive index n=1.333
and when a 10% solution of IPA in water replaces the water. The colour repre-
sent the A; signal.

6.4 Magnesium fluoride spots

While a convergent beam approach does demonstrate a proof of principle it does

not give a true image of the gold surface. A convergent beam method is inherently
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limited to imaging a 1D line. A step towards the ultimate goal of imaging proteins
binding to a functionalism surface is achieved by imaging a simple pattern of
dielectric placed onto the gold film. Imaging this simple surface allows a true test

of the system but without introducing the complexity of biochemistry.

-2 magnesium fluoride

10

magnesium fluoride

20 30 40 50 60

.

FIGURE 6.8: Schematic setup used to image 15 nm thick magnesium fluoride

M gF5 spots of diameter 2 mm evaporated onto the surface of a 40 nm gold film.

In set it a typical A; image of the surface of the gold film. The round spots of

MgF5, appear as ovals in the image due to a focusing effect when imaging in
prism.

A 15 nm film of MgF; is deposited onto a 40 nm gold film though a simple mesh
(a grid of holes made in a metal sheet where the MgF5y can be deposisted on to
the gold the metal protecting the rest of the gold area). The mesh contains holes
2 mm in diameter spaced 4 mm apart. This film with 15 mm thick M gF, spots is

setup in a Kretschmann-Raether geometry as shown in Figure 6.8.
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FIGURE 6.9: The frames are images of the A; signal during a bulk refractive

index change. As the bulk index is replaced with a solution with a higher

refractive index the refractive index contrast between he M gF5 is diminished,
this in turn reduces the contrast of the A; images.

Imaging of the surface using SPR is in effect imaging the refractive index contrast
across the focal plane. If the bulk index the SPR samples is different to that of
the MgF, spots, the position of the SPR of the spots and the bare gold will be
different. This difference will manifest itself as as difference in the reflected A;
signal thus an image of the spots is detected. However if the bulk index matches
that of the MgF, spots there will be no contrast between the spots and the bare

gold and hence no image will be detected.

Figure 6.9 and Figure 6.10 demonstrate the importance of this refractive index
contrast. The 50 nm gold film is index matched onto the base of a SF2 glass
prism in the Kretschmann-Raether geometry as shown in Figure 6.8. Figures 6.9
and Figure 6.10 show a series of A; images of the surface of the gold layer with
MgFy spots. The bulk index in the initial frame is a solution of Iso-propan-2-ol

and 4-methyl-2-pentanone to form a solution with refractive index 1.3761. The
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FIGURE 6.10: A further example of imaging M gF> spots, The frames are images

of the A signal during a bulk refractive index change. As the bulk index

is replaced with a solution with a higher refractive index the refractive index

contrast between the MgF5 is diminished, this in turn reduces the contrast of
the A; images.

concentration of 4-methyl-2-pentanone increased producing a bulk refractive index
of 1.3778. This change manifests it self as a decrease in the A; signal contrast

between the M gF, spots and the bare gold.

6.4.1 MgF, spots polarsiation rotation

A further demonstration of the properties of the imaging system can be shown by
monitoring the signal as the output polariser angle is changed. A 40 nm gold film
is evaporated onto the surface of a SF2 glass substrate, 5 nm thick and 2 mm in
diameter spots of M gF; are evaporated on-top of the gold film 40 nm thick . The
substrate is attached to a SF2 prism fin the Kretschmann-Raether configuration.
A flow cell is attached to the base of the metal film allowing the simple change of

bulk index the system will be measuring. The setup is similar to that used in the
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simple imagining of M gF; spots in the section above and is shown schematically
in Figure 6.8. In this experiment pure water of a bulk index of 1.333 was flowed at
4.95 mL h!. Figure 6.11 shows the individual channels A, B, C and D in series of
fames. The output polariser is rotated through 180° and the effect on each of the
channels is evident. Also observed is that the rotation of the output polariser can
dramatically steer the beam (the polariser acts as an optical lever with the imaging
optics amplifying the effect). As expected the difference between the channels A
and C as well as B and D varies with the output polariser angle, the greatest
difference between the channels will yield the highest A; signal. In Figure 6.12 the
Ap levels for the same frames are shown. It is possible to make out the spots in
some of the frames but even with the optimum output polarisation, the contrast
is poor between spots and the bulk index of water. Though it is important to note
that angle of incidence was optimised for greatest A; sensitivity not the Ay signal,

varying this angle would increase the A, contrast somewhat.

Figure 6.13 shows the A; signal corresponding to the frames in Figure 6.11. The
contrast varies dramatically as the output polariser is rotated. The angle of the
output polariser which creates the maximum contrast corresponds to the optimum
sensitivity position. There are 2 solutions for this which correspond to the high
positive contrast with high positive A; signal in frames 7-10, and high negative
contrast with high negative A; signal frames 23-26. Again this shows the dramatic
increase in contrast between the simple Ay images and the A; images. This also
importantly demonstrates the choice of the correct output polarisation; as there
are points where even with the angle of incidence optimised the A; contrast can

be almost zero for certain output polarisation angles.

6.5 Imaging flow front between brix solution and

silicone oil

A further demonstration of the refractive index imaging capability is shown in
Figure 6.14. The Figure shows a series of A; frames, separated by ~4 seconds of
a flow front moving between 2 liquids of different refractive index. A 50 nm gold
film is setup in the Kretschmann-Raether configuration within the SPR differential
imaging setup as shown in Figure 7.9. Initially a solution of 37% sucrose and water

or brix solution is injected into the flow cell at a rate of 0.53 mLh~!. This slow
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FIGURE 6.11: frames of the 4 channels A, B, C and D are displayed (as indicated
in the bottom right of the Figure), the order of the images is left to right and
top to bottom. Images are spots of 5 nm thick MgFy evaporated onto a film
of gold 40 nm thick. water is present in the flow cell. The spots are visible
due to the refractive index contrast of the MgF5 and the water. The change
induced in the channels is due to the rotation of the output polariser, which is
rotated though 180° from the first frame to the last. The colour axis is signal
with arbitrary units using multiple colour to highlight small changes in signal.
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FIGURE 6.12: The channels A,B, C and D are averaged to achieve the Ag signal.

The colour axis is signal with arbitrary units using multiple colours to highlight

small changes in signal. As the polariser is rotated the beam is steered off from
the centre of the detector.
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FIGURE 6.13: The resultant A; signal images taken from the data in Figure
6.11, the level of sign is shown as the colour axis, with x and y giving the spatial
position of the pixels. As the polarisation is rotated the contrast between the
background gold and the M gF> spots changes. The point of maximum contrast
corresponds to the output polariser angles optimum sensitivity position.
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flow rate allows the interface between 2 different liquids to be imaged over more
than one frame. A solution of silicone oil is then injected, as silicone oil will not
dissolve within water, the interface is clear and not hindered by diffusion within
either the pipes or the flowcell itself. Imaging the flow front using this configuration
in many way replicates the initial convergent beam experiment shown in Figure
6.5, again this shows the non uniformity in the profile of the flow speed caused by

the parabolic flow rate indicated in Figure 6.6.
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FIGURE 6.14: A series of A; frames showing the progression of a flow front at
the interface between silicone oil and a water and sucrose solution . The frames
are 1 second apart and the liquid is in injected at a rate of 0.53 mZL™!.

6.6 Bulk Sensitivity

While the sensitivity to bulk refractive index change using a convergent beam gives
a useful indication of the sensitivity, a better representation of the system can be
shown by imaging a 2D bulk refractive index change. Using the setup depicted in

Figure 7.9 it is possible to monitor such a bulk index change. In this experiment 2
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solutions with different refractive index are passed through a flow cell at a rate of
4.98 mL h™!, with the A; signal being monitored for each pixel. To be certain that
the 40 nm gold film is in focus a scratch is created in the film, this also produces
a secondary effect; as in the region where there is no gold present there would be

zero sensitivity.

In Figure 6.15, 2 images of the A; signal are presented. The first image is frame
number 10 at the start of the experiment and the second is frame number 450 at
the end. At the start of the experiment water is present in the flow cell giving an
average signal from the working pixels of —0.507440.0043. A solution of 2.5% IPA
and water (by volume) which has a 0.001 difference in refractive index replaces
the water in the flow cell by frame 225. The change in signal is shown in the lower

image where the average signal of the working pixels is 0.0879 £ 0.0061

Figure 6.16 shows the entire dataset, each frame of A; signal has been transformed
from a 62 by 62 matrix into a 3844 by 1 column matrix, each of these coloum
matrixes can then be plotted with time. The graph in Figure 6.16 shows pixels
along the y axis, time along the x axis and the colour indicates the A; signal.
Noticeably there are a series of horizontal lines with high A; signal within the
graph; these lines corresponds to the scratched area of the gold film where the
Aj signal does not vary during the experiment. In this graph the step change
associated with the change in refractive index is readily seen as a colour change
at frame 220.

A clear representation of that effect of a bulk index shift has on the A; signal may
be found in Figure 6.17 which shows for 32 different pixels A; signal against time,
and in Figure Figure 6.18 which shows for clarity the A; signal against time for
pixel number 220 corresponding to Figure 6.16. Here the effect of the bulk shift is
clear. A limited number of pixels chosen at random has been shown in this way for
clarity. A 5 point temporal smoothing has been applied to the data. By finding
the shift in A; signal and the standard deviation of the signal it is possible to find
the sensitivity of each pixel. In the case of pixel 220 which is shown in Figure 6.18
the sensitivity is 1.38 x 107> RIU.

Using a similar method for e pixel a spatial map of the sensitivity to a bulk index
change may be found. This is shown in Figure 6.19 where the x and y axes
corresponds to the position of pixels and the colour axis is the sensitivity of each

pixel. The scratch can be clearly observed as a region of almost zero sensitivity,
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FIGURE 6.15: The resultant A; signal images due to the presence of (top) water

and (bottom) a 2.5% Iso-propan-2-ol to water solution. The horizontal line of

overloaded signal is due to a scratch in the surface of the 40 nm gold film which

is supporting the SPR. This scratch was used as an object to focus upon as the
light from the now bare glass is very intense.
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FIGURE 6.16: The A; signal from each of the 62 by 62 matrix of working pixels
is transformed into a 3844 colom vector. This is plotted along the y axis of
the graph. The x axis corresponds to the time the data was acquired, where
each point corresponds to =~ 1 second. The A; signal is given by the colour axis
where red is high signal and blue is low signal. From frames 1 to 217 water is
present in the flow cell when a solution of 2.5% iso-propan-2-ol is introduced
to the flow cell there is a step change in the Al signal. There are a number of
horizontal red lines which corresponds to the pixels imaging the scratch in the
gold film, as no gold is present in this case there is no SPR and therefore there
is no desirable change in the resultant A; signal.
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FIGURE 6.17: A clear representation of the date may be observed by examining
the data stream of individual pixels with time. Here 32 random pixels have been
displayed.

as there is no gold at the surface and therefore no SPR present the sensitivity as
predicted is poor a A; signal against time plot for a pixel in the scratch is shown

in Figure 6.20.

6.7 Proteins binding to functionalised surface

The ultimate goal of this differential SPR imaging system is to characterise the
binding events of numerous different proteins. 4 spots of HFG and BSA were
printed onto the surface of a 50 nm gold film. This gold film which has now been
functionalised is setup in the differential SPR imaging system as shown in Figure
7.9. Solutions of 300 nM anti-BSA and 300 nM anti-HFG are injected at a rate of
4.98 mL h™!. Figure 6.21 shows a series of A; frames separated by 15 seconds, as
the anti-HFG binds specifically to the printed HFG spots it perturbs the position
of the SPR which in turn is seen as a change in A; the signal over the area of
the functionalised spot. Figure 6.22 shows a series of images again separated by
15 seconds with the upper spots already having relativity high signal due to the
previously bound anti-HFG. As the 300 nM solution of anti-BSA is introduced
again the anti-BSA binds specifically to the BSA coated areas, which perturbs
the SPR which changes the A; signal. This simple experiment demonstrates the
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FIGURE 6.18: A single pixels Ay signal against time, the bulk shift is caused
by a bulk index shift of 0.001 RIU. The pixel number corresponding to Figure
6.16 is 220.

ability to image a functionalised surface, and importantly monitor and distinguish

the binding events of more than 1 protein.

A further demonstration of the capability of the SPR differential imaging setup
for bio-sensing applications is given in Figure 6.23. The Figure again shows a
series of A; images taken during the binding of anti-HFG to functionalised spots.
The initial image shows the placement of 1 mm in diameter BSA and HFG spots
printed onto the surface of a 50 nm gold film. Before the binding of anti-HFG
within the Figure the sample was exposed to a high concentration of anti-BSA,
this serves two purposes; firstly it allowed the array to be easily imaged and focused
as the BSA spots now had a large A; signal relative to the bare gold background.
It does provide an effective control surface to monitor non-specific binding . A
solution of 50 nM anti-HFG is injected into the flow cell at 4.97 mL h™!. As
the anti-HFG protein binds to the functionalised area the position of the SPR is
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FIGURE 6.19: A sensitivity map extracted from a 0.001 RIU bulk index switch.

By monitoring the signal change and the standard deviation of the signal from its

mean for each pixel, a value of the sensitivity of the system may be determined

for each pixel. This data is presented here, the y and x axes of the image give

the spatial position of each pixel while the colour bar represents the sensitivity

of each pixel. As can be clearly observed the region of the scatch where no gold
is present on the sensing surface has poor sensitivity as predicted.

shifted relative to that of bare gold, this induces a change in the A; signal relative
to the bare gold. By integrating the signal over a single spot it is possible to
monitor the exponential binding of the protein which is shown in Figure 6.25.
Figure 6.24 show the integrated signal from both the 8 HFG and the 7 BSA spots
against time. As the 50 nM anti-HFG is introduced to the system the contrast
between the HFG and the BSA spots is clear. The anti-HFG binds much more
readily to the functionalised area over that of the bare gold and the BSA control
spots. There is however a significant amount of non-specific binding both in the
bare gold and the BSA control surface. This is largely due to the high level of
non-specific binding and the high concentration of anti-HFG. In addition to the
binding curves do not fit a simple single exponential scheme this is addressed in

the following Chapter.
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FIGURE 6.20: The A; signal is shown against time for pixel number 2491,
within the scratched area. There is no apparent shift in signal as the bulk index
is changed.

6.8 Conclusions

Within this Chapter the differential SPR technique has been expanded from a
single channel technique into an imaging method. By using a pixelated detector
the system expands its single channel with sensitivity of 3 x 10~7 RIU into 4096
channels of reduced sensitivity 1 x 10~® RIU. This was due to the poor temporal
resolution of the camera.The number of sensing channels is limited by the size
of the phase sensitive camera, with more pixels more channels will be monitored.
The number of functionalised areas is also limited by the number of pixels, with
higher pixel number a greater spatial resolution will be achieved thus allowing
more functionalised spots to be resolved simultaneously. The increased number
of sensing channels has come at a high price in terms of sensitivity. While the
system demonstrates that it is possible to image using the differential technique,
the sensitivity is not comparable to other existing methods. This is due to a
number of factors, but is dominated by the low temporal resolution of the sensor;
At its optimum this camera is only capable of producing 1 A; frame e second. This
limits the temporal averaging as well as not utilising the majority of the incident

light. This problem is addressed within the following Chapter.
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FIGURE 6.21: The A; signal for a number of frames separated by 15 seconds.

Printed onto the surface of gold is a 2 by 2 array of protein, the upper spots

being HFG the lower spots BSA. A solution of 300 nM anti-HFG is introduced

to the flow cell at 4.98mlh~'. As the antigen binds to the printed spots area
the position of the SPR shifts which changes the A; signal.
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FIGURE 6.22: The A; signal for a number of frames separated by 15 seconds.

Printed onto the surface of gold is a 2 by 2 array of protein, the upper spots

being HFG the lower spots BSA. A solution of 300 nM a-BSA is introduced to

the flow cell at 4.98mlh~'. As the antigen binds to the printed spots area the
position of the SPR shifts which changes the A; signal.
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FIGURE 6.23: A series of A; images showing the binding of anti-HFG to HFG
printed spots. The initial image is a schematic of the placement of the BSA
indicated by red and HFG indicated by blue spots. The HFG spots have dif-
ferent intensity due to a combination of varying surface concentration and gold
thickness.Previous to the images displayed a high concentration of anti-BSA
was exposed to the sample allowing the cell to be imaged in focus as well as
providing a useful control surface to monitor non specific binding. As a solution
of 50n M of anti-HFG in introduced (at a rate of 4.97 mL h~!) the SPR at
the functionalised areas shifts, this induces a change in the A; signal relative to
that of both the bare gold and the BSA control spots.
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FIGURE 6.24: Plotted is the integrated A; signal against time for 8 HFG spots,

7 BSA spots and the bare gold surface. As 50 nM a solution of anti-HFG is

injected into the flow cell causing the change in signal. Non specific binding is
monitored in the bare gold and the BSA spots.



Chapter 6. Surface Plasmon Resonance Imaging PC/ 159

— BSA spot
— HFG spot
—  Bare Au

A1l Signal (arb. units)

0 500 1000 1500 2000
Time (seconds)

FIGURE 6.25: Plotted is the A; signal against time for a single BSA spot, a
HFG spot and the bare gold surface. The non specific binding is present in both
the bare gold and the BSA spot.



Chapter 7

Surface Plasmon Resonance

Imaging with camera Attolb

7.1 Introduction

In Chapter 5 the differential phase sensitive surface plasmon sensing method was
expanded from a single channel sensor into an imaging technique. The single
channel capable of sensing at a resolution of 3 x 10~7 RIU was transformed into
4096 channels with reduced sensitivity. This demonstrates the power of imaging
methods, the number of possible sensing channels was in one step increased by
more than 3 orders of magnitude. However it came at a high price in sensitivity
with an average sensitivity of 1.5 x 10 RIU per pixel. The dominant factor
in this sensitivity loss was due to the poor acquisition rate, the pixelated sensor
did not utilise anywhere near enough of the light incident upon it. The work
presented in this This Chapter concerns the incorporation a further generation of
detector into the differential surface plasmon resonance sensing technique and its

evaluation.

7.2 The pixelated phase sensitivity detector

This newer detector uses the same principles as PC4; the light incident upon each
pixel is integrated over 4 equal length time slots. The 4 time integrals are locked to

the 47 kHz frequency of the polarisation modulation. By monitoring these 4 time

160
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slots the Ay, A; and A, levels can be found as described are explained in Chapter
5 and illustrated in Figure . The new generation of detector has a vastly increased
frame rate; PC4 was capable of a single A; fame a second Attolb achieves 3500
frames every second. This increase in temporal resolution allows much a greater

amount of averaging without sacrificing spatial resolution.

7.3 LED testing

It has been stated that the ultimate goal of this technology is in a large scale
bio sensor capable of monitoring the binding of multiple proteins to a sensing
surface. Therefore it is of the utmost importance that any observed change in the
monitored A; signal is due solely to some perturbation in the detected light and

not some artefact due to an instability in the detector it self.

For the camera to operate correctly the time lengths corresponding to the 4 chan-
nels A, B, C and D must be equal and their position relative to the optical phase
must not affect the amplitude of the A; level. The 4 channels are controlled by a
series of electronic shutters which are generated with the TTL output of the PEM.
This is depicted in the top of Figure 7.1. Using this square wave TTL output a

master clock signal is generated, from which each of the 4 channels is controlled.

There will always be some phase delay between the clock of the camera and the
phase of the intensity modulation incident on the camera. The phase difference
between the optical intensity phase and the phase of the camera shutter will un-
specified, depending on when the clock cycle is started and the phase delay due to
the length of wires and the optical path length the light takes from the PEM to
the detector. For the system to be effective the phase difference between the the
optical intensity phase and that of the shutters must not effect the overall signal.
A simple test to show this can be undertaken using an arbitrary signal generator.

The schematic for the setup is shown in Figure 7.2.

The arbitrary signal generator combined with a LED produces a sinusoidally mod-
ulated intensity at 47 kHz similar to the intensity modulation produced by the
dSPR technique in conjunction with the PEM. This modulated light from the
PEM is focused onto the detector with a simple lens. The camera clock cycle is
triggered with the output of the signal generator. The phase deference between the
output trigger cycle and the intensity modulation from the LED can be shifted;
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F1GURE 7.1: Illustrated is the intensity profile of the Ay signal, the TTL output

from the arbitrary signal generator, the master clock on-board the camera and

the 4 separate channels. By shifting the intensity profile with respect to the

TTL output it is possible to monitor the effect of changing phase on the signal
output from the light incident on the camera.

Arbitrary Signal

Camera
LED Generator

Lens

FIGURE 7.2: Schematic of the setup used to monitor the system as the input

phase (electronic) is varied. A LED is used as a modulated light source, the

phase of the modulation input to the camera can be varied. This allows both

the Ag, A1 and the phase of the detected Ay relative to the optical phase to be
monitored.
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by adding a time delay to the intensity modulation relative to the trigger cycle.
This allows the phase between the clock cycle and the modulated light incident
on the camera to be controlled. Equations 5.7-5.10 show that the amplitude of
each channel A, B, C and D are sinusoidal function of the phase difference ¢ but
each shifted by 7 radians. Therefor if the amplitude of each channel is plotted
as a function of phase shift each of the 4 channels will plot a sinusoidal function

shifted by 7 radians.

This is shown in Figure 7.4 where plotted is the signal output from a selection
of pixels for the 4 channels A, B, C and D as the phase is shifted from —180° to
180°. The signal from each of the 4 channels is plotted along with the DC average
level. As expected the 4 plots do show sinusoidal nature separated by 7 and the
DC level changes little through the experiment. Figure 7.3is a set of images taken
from 0 — 360° further demonstrating the sinusoidal nature, but allowing all the

pixels to be observed.

7.4 Polarisation rotation

Although the phase sweep is a useful experiment, the modulated signal is the ideal
case; there is only 1 optical component in the setup and the signal contains only
2 components the DC level and the A; amplitude. A more rigorous test of the
system needs to more clearly represent a real system, but importantly it must not

introduce the complexity of imaging the sensing surface in a dSPR experiment.

By removing the Kretchmann-Raether prism from the normal setup for dSPR
the schematic setup in Figure 7.5 is achieved. In this setup light from a LED is
collimated with a simple lens and is made incident on an input polariser. This light
passed though the PEM and quarter wave plate giving polarisation modulation
about the incident polarisation. This polarisation modulated light is incident on
a second output polariser which transforms the polarisation modulation into an
intensity modulation. The light is then incident on the camera. The Ay, A; and
Ay levels incident on the camera depend on the angle of the second polariser and
the orientation of the polarisation modulated light. In this way the level of A;
(as well as Ag and As) signal can be controlled by changing the output polariser.

This give a useful guide as to the best possible sensitivity of the camera system.
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FIGURE 7.3: A series of images of the 4 channels A, B, C and D. The Images

were created using the setup detailed in Figure 7.2. The phase difference be-

tween the optical phase and the electronic phase of the camera is varied by 20

degrees in each image. This in effect shifts the greatest light intensity through

the various channels, at 180 degrees difference the channels have been reversed,
and at 360 degrees the initial intensity is recovered.

Figure 7.6 shows a series of 32 images of the amplitudes of the 4 channels. As the
polariser is rotated the amplitude of each channel changes. This change appears
to be quite a subtle effect noticeable only by comparing the first and last images,
where initially channel D as the greatest signal and and latterly this is shifted to

channel C.

Figure 7.7 shows the signal again for each channel but only from a single pixel. The
raw data is included together with a 1 second time average. This demonstrates the
vast improvement in terms of temporal resolution of this detector. The changes
induced by the polarisation are easily observed in this format as step changes in

channels A and C. Using this data a value for the A; signal can be obtained, this
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FIGURE 7.4: Plotted is signal against phase for A selection of pixels from all

over the camera. Each graphs has 5 data sets corresponding to the 4 channels

A, B, C and D and the DC or Aq signal. As the phase electronic phase is shifted

relative to the optical phase, the 4 channels intensity changes as the cosine of

the phase with each channels intensity separated by 90 degrees. The DC as
expected remains at a constant.

is presented in in Figure 7.8. This Figure shows the A; value obtained using a
second time average. The step changes are induced by a rotation of 0.07° of the
output polariser, which is equal to a bulk index change of ~ 7 x 1075, Using this
information and the average noise and A; change the sensitivity of this pixel is
9.9 x 10~7 RIU. This shows that the camera is capable of sensing in the low x 1076

region.

In summary by monitoring the A; signal given optimum conditions the camera

will be able to detect changes of the order of 1 x 10~7. However this relies on
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FIGURE 7.5: Schematic of the setup used to test the sensitivity of the system

to polarisation rotation. The LED light source is collimated with a Lens, the

light is incident on an input polariser followed by PEM and quarter waveplate

and an output polariser set to be crossed with the input. The resultant light

now of modulating intensity is incident on the detector. As the output polariser
is rotated the Ag and A; will vary.
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FIGURE 7.6: A series of images during the rotation of the output polariser as
described in Figure 7.5. Each of the 4 channels A, B, C and D are shown as
indicated at the top of the Figure.
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both the perfect conditions for SPR coupled with the optimum light levels for the
detector itself.
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FIGURE 7.7: Plotted is the signal from each of the 4 channels A, B, C and D

against time. The step changes are induced from a 0.7° rotation of the output

polariser as described in Figure 7.5. Both the raw data (red) and a 1 Hz time

average (blue) are plotted this demonstrates the extremely high data acquisition
rate and temporal resolution.
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FIGURE 7.8: Plotted is the A; signal against time each of the step changes is

produced from a 0.7° rotation of the output polariser as described in Figure 7.5.

Assuming that a 1 degree rotation is equivalent to a change of 1 x 10~° RIU,

the sensitivity of this pixel is &~ 9.9 x 10~7. The typical sensitivity of every pixel
is1x1076
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7.5 Light source

The increase in the temporal resolution, the number of frames per second, has
come at the price of light sensitivity in this detector. As discussed in Chapter
5, there is a great benefit in using a LED as a light source when imaging, as
the incoherent nature of the light removes speckle from the image. However the
light intensity received at the detector is much less when compared with that of a

coherent laser source.

Shown in Chapter 3, the angle of incidence upon the Kretschmann-Raether system
is of utmost importance to the sensitivity of the dSPR method. This means that
when imaging the SPR sensing surface the light incident on the system must be
collimated to less than 0.1 degrees (the optimum angle lies over). If there is
some convergence or divergence in the light incident upon the prism there will be
multiple angles incident on the system therefore the sensitivity of the system will
be reduced. The ability to collimate light is linked to how point-like the source is
(or the spot size the collimated beam may be focused to). Laser light is limited by
the diffraction limit and the quality of the optics used to expand and collimate the
beam. LED light is limited by the size of the aperture the beam is focused through
and the finite size of the semiconductor used to produced the light. There has been
a need to produce brighter, more intense LEDS, but this has been achieved mainly
by simple using a larger area of semiconductor to produce more light, this hinders
the ability to collimate the light.

There is a trade off between the intensity which is incident on the detector and the
quality of collimation incident on the Kretshmann-Reather prism. Using the LED
at maximum power with good collimation does not give enough light to register
a sufficient signal to record useful A; signal. Even with a 2 degree convergence
of the incident light on the Kretschmann-Raether prism, the light incident on the
camera is only just high enough to yield a signal. It is clear that this much angle
spread severely limits the RI sensitivity of the system. This effectively means
that it is not possible to use a conventional LED in conjunction with this camera.
Therefore a laser must be employed. This greatly impedes the spatial resolution
of any images of the SPR sensing surface, as all the images will be hindered by
a speckle pattern. But though this limits the imaging capability, it does offer a
number of advantages in terms of sensing capability. As long as the scale length

of the speckle pattern is smaller than the scale of the features in the images i.e.
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the spot size it will be possible to spatially average over multiple speckle patterns

producing a ’good’ signal.

7.6 Bulk index change

Lens
Detector

Polariser

) Quarter Waveplate
Polariser

.

FIGURE 7.9: A schematic of the setup used in imaging differential ellipsometric
surface plasmon resonance sensing. The setup is very similar to that used in
the single and dual channel setups’. Light is produced with a HeNe Laser with
wavelength at 632 nm. The light is passed though an input polariser at an
angle 15 degrees from pure TM polarised light. This polarisation is modulated
with a PEM and a quarter waveplate. The light incident on the prism in the
Kretschmann-Raether geometry is linear polarised with a 47 kHz polarisation
modulation. The reflected light is passed though an output polariser creating
an intensity modulating beam. A system of 2 lens is used to image the surface
of the prism on a pixelated phase sensitive detector.

To calibrate and test the refractive index sensitivity of the system, solutions of
known refractive index were introduced is shown in Figure 7.9. This was achieved
by varying the concentration by volume of iso-propan-2-ol (IPA) with water. Fig-
ures 7.10 and Figure 7.11 shows the AC signal amplitude for every pixel at a
temporal resolution of 5 Hz. The step changes correspond to the change in bulk
refractive index, of particular note is the variation in signal change of the un-
normalised data; this is due to the speckle pattern associated with imaging using

a coherent light source. This same data is presented in Figure Figure 7.10, shown
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FiGURE 7.10: 3 plots show the AC signal with time. The step changes are
caused by replacing the running buffer with solutions of varying concentrations
of IPA in water with concentrations by volume of 10%, 5%, 2.5%, 1.5% and
10% respectively. The top graph shows the un-normalized data from every
pixel (4096 separate AC curves) with time. The large spread in signal change
is due to varying intensity pixel to pixel caused by the speckle pattern. Bottom
shows the data after being normalized to the first bulk index switch.
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FIGURE 7.11: Both plots show the AC signal with time. The step changes are
caused by replacing the running buffer with solutions of varying concentrations
of IPA in water with concentrations by volume of 10%, 5%, 2.5%, 1.5% and
10% respectively. The top graph shows the un-normalized data from every
pixel (4096 separate AC curves) with time. The large spread in signal change
is due to varying intensity pixel to pixel caused by the speckle pattern. Bottom
shows the data after every pixel is normalized to the first bulk index switch of
10% IPA in water.
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FIGURE 7.12: Images captured by the phase sensitive camera displaying the

bulk changes detailed in Figure fig:imagingsetup. The color scale corresponds

to the amplitude of the AC signal both un-normalized (top) and for a simple

normalization (bottom) based on the first index change where 1 in the color bar
now corresponds to a bulk index change of 4 x 103.
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as a series of images. This further demonstrates the variation in signal change
pixel to pixel. From this data it is possible to calculate the sensitivity of each

pixel using the following relationship

2 X0 X RIshift

Sigchange

Rlgens = (7.1)
Where o is the standard deviation of the signal with time. By applying this
relationship to each pixel it is possible to generate a sensitivity map such as that
shown in Figure 7.13. Immediately obvious is the significant spread in sensitivity
pixel to pixel, again this is largely attributed to the speckle pattern. This is not too
detrimental to the technique as when the surface is functionalized spatial averaging
will reduce this variation dramatically. Even with this variation in sensitivity, flow
dynamics within the cell can be studied. Figure 7.14, shows a set of images as a

change-of-fluid front enters the cell.

Using a pipette, spots of the protein bovine serum albumin (BSA) and human
transferin (TRA) at concentrations of 1 mg/ml and 0.8 mg/ml respectively were
printed onto the surface of a gold film (50 nm thick). This produced a simple
array of functionalized spots 2 mm in diameter on the sensing surface and both
proteins bind readily to bare gold. By this functionalization process it is possible to
observe the binding of the corresponding antigens specifically to the functionalised
areas. The preliminary data which shows this is given in Figure 7.15. At frame
130 (in Figure 7.15) a solution of 15 nM TRA was introduced. As the antigen
binds to the surface of the gold or its corresponding protein, the region that
the surface plasmon samples over undergoes an equivalent change in refractive
index. It is evident from Figure 7.15, that the affinity to the functionalized areas
(spot 1 through to spot 5) is much greater that that of the bare gold and of
the control anti-BSA spot, as the change in the AC signal is much greater than
that of the change over bare gold. Figure 7.16 shows a similar experiment 3
varying concentrations of anti-TRA:15 nM 7.5 nM and 3 nM, are introduced in
series to the system which bind to the functionalized region. After each sample of
anti-TRA is introduced a solution of 10 nM hydrochloric acid is introduced which
removes the majority of the previously bound antigen from the surface. The signal
change of each spot has been averaged over and converted into equivalent bulk
refractive index shift. This simple experiment demonstrates the potential of the

system; synchronous data from multiple analytes can be studied with the highly
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Sensitivity

FiGURE 7.13: Using the bulk RI switches and the noise associated with each

pixel a map of the sensitivity has been produced. This is represented above

where the colour scale is sensitivity to bulk index change. The large pixel

to pixel variation is due to the inherent speckle pattern associated with the
coherent light source.
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FIGURE 7.14: Shows how the signal in the flow cell changes with time during

a liquid change. Each image is a new frame within the experiment using a time

step of 5 seconds. The flow front sweeps in from the top of the cell showing that
the images are being collected slightly off centre within the flow cell.

sensitive dSPR technique. Although so far only large spots and consequentially
small arrays have been investigated the scope of increasing the number of spots
is great, certainly arrays of more than double the density i.e. 6x6 spots could be

readily achieved with the current setup without significant loss in sensitivity.

7.7 Summary

In this Chapter the progress towards the goal of realizing a dSPR bio-imaging
sensor has been presented. The differential SPR imaging technique presented in
Chapter 6 has been further developed utilising a new detector Attolb. By reverting
back to a HeNe Laser light source it has been possible to expand the single channel
system into something with much great capacity for large scale bio-sensing studies.
The system now is capable of much higher sensitivities and is now limited by the

light source; by using a super-luminescent or a custom bright LED source, the
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FIGURE 7.15: Images where the color scale is the amplitude of the AC signal.
The surface of the gold layer has been functionalized with anti-BSA and anti-
TRA spots 2 mm in diameter (their locations shown as the red ellipses for anti-
TRA spots and blue for anti-BSA). As a solution of 15 nM TRA is introduced
to the system it binds specifically to the functionalized surface. This is seen as
a change in the AC level but not to the anti-BSA control spot (middle of top

row of spots).

overall sensitivity of the system should improve as well as removing the speckle

pattern which hinders imaging applications.
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FIGURE 7.16: sing standard protocols for binding of analytes to the sensor
which is detailed in the materials and methods chapter. Plotted is the average
AC signal in terms of equivalent bulk refractive index shift for 5 anti-TRA
spots (arrows show the location of the spot on the AC image in the centre) with
time for 3 concentrations of TRA: 15 nM (red); 7.5 nM (green); 3 nM (blue).
The signal from the anti-BSA control spot (black ellipse) is subtracted from
the signal change in each of the other spots. This shows both how specific the
surface is as well as the ultimate capability of the system.



Chapter 8

Conclusions and the future

8.1 Conclusions

Presented in this thesis is a novel method of monitoring refractive index. A sin-
gle channel differential technique was presented which is capable of monitoring
changes of the order of 2 x 10~7 RIU This is better than the commercially avail-
able instruments such as the Biacore’s range [31] which best instruments have
a sensitivity of 5 x 10~7 RIU. This increase in terms of sensitivity was achieved
through the use of a novel method for detecting changes in a differential signal
which combined changes in both the intensity change and the phase difference
between TM and TE polarised light. This increase in sensitivity will allow greater

understanding of proteomics, how proteins interact within biological systems.

This novel single channel method was then expanded into an imaging system
capable of monitoring a massive 4096 individual sensing channels. This is a great
increase in the total number of sensing channels available to monitor changes.
Array based systems are available commercially [31] [2] [1], However, they are
limited in terms or sensitivity and the total number of channels; Dostalek et al. [22]
has 200 sensing channels, Brockman et al. [55] 400 sensing channels. The imaging
system presented in this systesm has an order of magnitude greater capacity [1].
Also the large number of sensing channels have a high sensitivity of 1 x 1076
greater than the majority of array based systems [2]. This sensitivity may be

further increased by averaging over a number of pixels.
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In Chapter 4 a detailed explanation of the principles of the differential surface
plasmon sensing technique was presented. The method relies on the different
natures of TM and TE light. As the TM light can couple to the surface plasmon
polariton and the TE light cannot their behaviour is very different near to the
resonance of the SPP mode. The technique takes advantage of both the change
in reflectivity and change in reflected phase when compared to the TE light. This
is achieved by using an ellipsometric setup. As there is a change in phase of the
TM and not the TE the reflected light from the Kretschmann-Raether prism is
elliptical in nature. The properties of this elliptically polarised light are heavily
dependent on the position of the resonance, and as the position changes so does
the polarisation state of the reflected light. Hence by monitoring the orientation
or azimuthal angle of the elliptically polarised light and its ellipticity with time the
refractive index of the layer sampled by the SPR can be monitored. To increase the
sensitivity of this method a differential component was added. This was achieved
by adding a polarisation modulation to the incident light on the Kretschmann-
Raether prism. Using a output polariser the modulating polarisation state was
transformed into an intensity modulation. By monitoring this differential signal a
great increase in sensitivity was achieved, more than a factor of 2 when compared

to commercially available systems [1].

In Chapter 4 the results from the differential surface plasmon resonance technique
were presented. The system was set to yield the highest possible sensitivity as de-
scribed in Chapter 4. A PEM produced the polarisation modulation at a frequency
of 47 kHz. The sensitivity of the system was tested by monitoring the signal as
solutions of varying water and IPA solutions were introduced to the system. The
system in a simple single channel method was capable of measuring signal changes
of ~ 2 x 1077 RIU.

In Chapter 5 and 6 this simple single channel technique was expanded into an
imaging method. There is a great demand to increase the throughput of bio-
chemical detection experiments. It is for this reason that an imaging method is
of great benefit as it can provide a vast number of sensing channels. 2 detectors
each with 4096 pixels were presented. Both Chapter 5 and 6 show the potential of
this method in a large scale complex protein array. The PC4 detector presented
in Chapter 5 was used to image magnesium fluoride spots printed onto the surface
of a gold layer. The system was capable of imaging the flow front between two

liquids of different refractive index. The PC4 detector was limited in terms of
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data acquisition and had a poor frame rate of only 1 full frame per second. This
hindered its sensitivity and the system was only capable of sensitivity of the order
of 1 x107® RIU. A further developed camera called Attolb was capable of a much
higher frame rate; 3500 full frames a second. However this came at a price in terms
of light sensitivity and a laser had to replace the LED light source which added a
speckle pattern to the image which limited the imaging capability of the system.
With the speckle pattern present a large proportion of the pixels on the camera
were able to attain sensitivity 1 x 1076 an order of magnitude improvement on the
previous generation of camera. Also presented was the binding of 2 proteins TRA
and BSA to functionalized spots. The system was easily capable of monitoring

biding from solutions of concentrations as low as 3 nM.

8.2 Future Work

There is a vast range of possible uses for the differential ellipsometric technique.
The technique was designed for monitoring the binding of proteins to a surface to
determine the concentration in a given solution which utilises the amplification of
signal provided by the SPR. But differentially enhanced ellipsometry is capable
of detecting very small change in the reflection from any surface which indices a
change in the phase of either TM or TE light. Traditional ellipsometric imag-
ing systems could vastly benefit from using this polarisation modulation method
which would increase there sensitivity and possibly allow real time changes to be

monitored with greater accuracy.

The signal channel differential technique capable of now being used as a tool for
monitoring the binding of various proteins at extremely small concentrations. The
imaging method is limited by two constraints; the number of pixels on the detector
and the sensitivity of each of the pixels to light. Work is currently under way to
both increase the number of pixels on each detector and secondly to increase the
light sensitivity of each of the said pixels. The problems of speckle could possibly
be overcome by newer high intensity custom LEDs or possibly by using a super

luminescent light source.
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8.3 Publications and patents

Stewart C, Hooper IR and Sambles JR, Surface plasmon differential ellipsome-
try of aqueous solutions for bio-chemical sensing, JOURNAL OF PHYSICS D:
APPLIED PHYSICS 41: 105408 MAY 1 2008.

Johnston NS, Stewart C, Light RA, Hayes-Gill BR, Somekh MG, Morgan SP,
Sambles JR, Pitter MC, Quad-phase synchronous light detection with 64 x 64
CMOS modulated light camera, Electronics Letters, 45 21 1090 2009

Patent; Plasmon Resonance-based Sensor patent (MC ref: WPP291091)

Patent; Optimising SPE apparatus - (MC ref: GBP291091)
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