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Abstract

Early diagnosis and targeted disease treatment are essential elements of healthcare
provision. Current systems often revolve around symptomatic diagnosis and
laboratory testing when needed. These systems often result in semi-blind treatment
or long wait times. Point-of-care biosensors that can quantify specific biomarkers
have an important role to play in this context as they bridge the gap of quick and
specific testing in healthcare provision.

Photonic biosensors have been demonstrated as a laboratory diagnostic tool with
well-established advantages, achieving low limits of detections for protein
biomarkers. Several issues remain before they can be translated into commonly used
point-of-care instruments. Ideally, integrated photonic biosensors should be
inexpensive, sensitive and easy to use. However, many existing photonic biosensors
require complex readout equipment, such as external spectrometers, or precise and
bulky optical coupling.

Presented in this thesis is the development of a low-cost photonic biosensing
instrument. The modality used is that of a chirped one-dimensional guided mode
resonance sensor. When used in conjunction with a monochromatic source,
detection can be accomplished simply by a camera in a compact microscope-style
configuration.

A study into the performance of low-cost components was conducted to understand
the sources of noise. With the understanding gained from this study the instrument
was able to achieve a bulk refractive index sensitivity of 3.1 £0.6 x10° Refractive
Index Units. This limit of detection is comparable to other laboratory based
modalities and so the device was tested with C-Reactive Protein and
Immunoglobulin G assays as example proteins. The best performance achieved was
detection of 1 ng/mL for C-Reactive Protein, well below the clinically relevant range.
The limits of detection achieved using low-cost components indicates that photonic
biosensors are well suited to clinical situations and have the potential to play a
significant role in the development of diagnostics in the future for healthcare.
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1. Introduction

As of 2020, the world has changed profoundly. The COVID-19 pandemic has had wide
reaching implications, from people's approach towards disease transmission to the
general public's understanding of healthcare. Furthermore, the pandemic has
accelerated research in some areas, such as vaccines, due to a huge funding push [1]
resulting in the fastest vaccine approval in history. Questions have also been raised as
to whether our current systems and technology are as good as they can be [2]. While
institutional and societal changes will take years or decades to come to fruition, the
pandemic has created a space for new healthcare innovation, especially rapid testing.

Despite the perceived slow pace of healthcare decision making, there have been
significant developments in diagnostics. As one example of biosensing development,
DNA sequencing first emerged in the 1970s but has developed into the chip based ion-
torrent system that was released in the 2010s [3]. To put this in context, the Babbage
Difference Engine - often considered the start of computer development, was invented
in the 1830s. It could be said then that biosensing has come further in 40 years than
computers have in a decade. While this is the case, it is not a wholly fair comparison
as a lot of the development in the biosensing field has benefited from advances in
integrated circuit development.

One area that has benefited greatly from the development of computer technology is
photonics, which often uses similar fabrication techniques (cf. chapter 3) and has
parallels in the underlying principles (cf. chapter 2). A recent report has shown that
the global Biophotonics market was worth $31.6 billion in 2015 and is estimated to
grow to $63.1 billion by 2022. [4]. The clear implication is that such devices are not
only desirable but they will solve many problems we currently face in diagnostics.

1.1. Thesis scope

The approach of this work was to take a sensor proven successful in a laboratory
environment and, by using low-cost components, create an instrument that drives the
technology towards commercialisation. Components and fabrication techniques were
considered carefully in order to create a device suitable for a healthcare setting.
Achieving this goal mostly relies on the hallmark of the photonic device, the chirped
guided mode resonance (GMR), used as the active sensing component. The basic
principle of operation of GMR is illustrated in Figure 1. While achieving the goal of
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generating a highly sensitive device for label free detection is desirable, this is not the
full picture and should not be the sole focus. The GMR modality chosen is compared
to other photonic sensors to give a perspective on its merits and shortcomings.
Furthermore, the broader picture of how this device may fit into a healthcare setting
will be considered as well as some hurdles that may be encountered in development,
to pre-empt or avoid them.

N
—/

Reflectivity

Wavlength

Figure 1. a) Light coupling into a GMR. b) Waveguide mode with evanescent tail probing
protein binding. ¢) Measured response of wavelength shift due to change in the photonic
modes effective index, _ ¢ Wwhere Qis the period of the structure.

An in-depth look at the theory behind the GMR modality is provided in chapter 2. The
corresponding fabrication process for the sensor is presented in chapter 3. This chapter
also presents the technologies needed to manufacture the housing, using additive

manufacturing as a rapid low-cost approach. The device development and final
configuration is outlined in chapter 4 to give context to the two main results chapters.

As economic considerations were a key part of the development of this device a study
was undertaken into the noise of the instrument when using low-cost components (cf.
chapter 5). Light source and camera noise were the main aspects considered, although
the effect of pixel size and resonance linewidth has also been studied. Once again, the
key aim is not to achieve the highest performing technology, as such, my results were
compared to those of other low-cost photonic biosensors. The perspectives gained
from these studies informed not only the choice of configuration moving forward, but
also added context to the decisions made.
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With a biosensor configuration identified and optimised, an exploration into its use as
an immunosensor is presented in chapter 6. First the functionalisation process is
detailed, describing how capture molecules are bound to the sensor surface.
Immunoglobulin G and C-Reactive protein assays were used due to their clinical
relevance and availability. Initial exploration into the assay was conducted on a
commercial quartz crystal microbalance system before being tested on the GMR
instrument developed in this work. The results are once again discussed in comparison
to other photonic biosensors.

The work contained within this thesis had many engineering challenges which has
highlighted several aspects of technology development often ignored in the literature.
The originality of this work comes from the requirements resulting from the self-
imposed constraints of creating a low-cost and compact device. These constraints have
delivered a device that is commercially viable in a point-of-care setting and therefore,
the outlook of this thesis is mainly focused on how to propel this work into future
commercialisation.

1.2. Figures of merit for sensing

1.2.i.Limit of detection

When discussing the performance of photonic biosensors, it is important to have a way
to compare the variety of modalities presented in the literature. We use a figure of
merit (FOM) that is applicable across the field. A FOM is important as it allows us to
compare different implementations and also to benchmark improvements, for example
in chapter 5. The FOM often employed for photonic sensors is the limit of detection
(LOD). LOD is the smallest measurable value which, in photonics, is often expressed in
terms of refractive index shift e.g. Y& 10°. Refractive index is used due to its intrinsic
link with how photonic biosensors work (cf. chapter 2). The LOD [5] is defined as:

0000006 o,
Here, the limit of blank (0 0 bis the sensor measurement when there is no analyte
present, essentially, a baseline for the sensor’'s measurement. For this reason, the LOD
is often just approximated to three times the standard deviation (g, ), simply put, the
LOD is three times higher than the noise of the system [6].

Measuring the LOD in this way is highly convenient, however, it is hard to translate
this number into a biological LOD. Generally, the biological LOD is measured directly
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through the smallest concentration that can be seen above the noise. Consideration
must therefore be given to; electronic, biochemical and photonic factors when
discussing the performance range of a sensor. The first two factors discussed here are
also dealt with in later chapters (electronic factors - chapter 5 and biochemical factors
- chapter 6) and the photonic considerations are touched upon in section 1.2.ii and
chapter 2.

Electronic factors: Essentially describing noise, the electronic factors arise from a
multitude of sources in a system. The light source will not be perfectly stable in
intensity or wavelength noise. Detectors will also suffer noise from the discretisation
of the data and the thermal noise that is generated in operation. Most noise sources
can be mitigated using either post processing techniques, such as algorithms, or by
experimental improvements such as temperature stabilising the source or changing
the integration time. Such control measures could lead one to assume that optical
sensing is limited by photon shot noise, in practice however, other sources of noise
will prevent this limit being reached. This is especially true when considering cheaper
sensors like the one considered in this work.

Biochemical factors: Using biochemistry provides the highest source of variability in
the LOD. This arises from multiple sources such as difference in the capture molecule
that will bind to a target, like a protein in blood e.g. is it naturally derived or synthetic?
Is there a difference in affinity? How the capture molecule is bound to the surface also
matters e.g. does its conformation change affect the availability of binding sites? The
analyte also matters, e.g. is it a buffer or a clinical matrix such as plasma, which can
affect the amount of non-specific binding; the surface density, fluidic delivery, pH and
temperature. There are a multitude of factors to consider even before trying to
compare different molecules of similar size. For this reason, most biological LODs
should be as directly comparable as possible. However, this is often not possible and it
should be expected that even if two modalities have similar photonic limits of
detection the reported biological LODs could vary by several orders of magnitude.

1.2.ii. Q-factor and sensitivity

Beyond the LOD, the Q-factor and the Sensitivity are other essential figures of merit
that are essential for assessing the performance of a resonant photonic biosensor. |
discuss these and their relationship next.

Q-Factor: The photonic modalities of relevance to this thesis employ some form of
resonance. The resonance has an inherent property called the quality factor or Q-factor
which is related to the energy stored in the resonator. The Q-factor for photonic
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systems is typically defined as the ratio of the resonance’s central wavelength to its
full width at half maximum:

This very simple and convenient formula relates the 1/e decay time of a resonance to
its spectral half-width and assumes a Lorentzian oscillator. The Lorentzian line shape
is equivalent to a Fano line shape which has no asymmetry [7] (cf. chapter 2). Generally
speaking, the higher the Q-factor of a sensor, the better its performance, as a sharper
resonance is easier to track. Therefore, the smallest detectable wavelength shift is
directly proportional to the Q-factor [6].

Sensitivity: Bulk sensitivity is the property that expresses the shift of the resonance in
terms of wavelength shift (3_) which is a function of the change of the external
refractive index (31) [8]:

Y =
3

The units of sensitivity are nm/RIU, with RIU being refractive index unit, a
dimensionless quantity. Since Q-factor and bulk sensitivity are both related to the
sensor performance it seems clear that the product of both is a good starting point for
the desired figure of merit used in comparison. Thus, this metric is typically used to
compare the different configurations as discussed in section 1.3.

1.2.iii. Evanescent tail sensing

The bulk sensitivity of a system is only a proxy for its performance due to the nature
of the evanescent tail used in photonic sensing. The evanescent tail describes the
overlap of the resonance mode with the analyte that forms the upper cladding of the
waveguide. The tail of the electric field can be described in terms of the effective index
of the mode (¢ ) and the index for the cover material (€ ) [8,9]:

Oa 100Q n — ¢ 3
Here the decay constant (f)) and electric field (O & ) are in the z direction as this is
above the structure, transverse to the propagation direction of the mode, with O being
the initial and maximum field intensity. It is clear to see that the decay length is related
to the contrast between the indices of the cover and the resonance mode. Since the

sensitivity of the system is directly related to the overlap of the field with the analyte
[10], a disconnect emerges between bulk sensitivity and biological sensitivity.
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Typically, photonic systems such as the GMR and the surface plasmon resonance (SPR)
have evanescent tails of a few hundred nanometres [8]. In contrast, common proteins
such as 1gG are only 10-15 nm in their longest dimension [11]. This means that target
analytes will not fully overlap with the evanescent tail in the same way as a bulk
solution will. These factors, in addition to the biochemical factors previously discussed,
make a FOM that is applicable across all biosensors and all analytes difficult to define.
It is therefore important to consider the LODs in terms of the FOM relating to Q-factor
and bulk sensitivity ('Y 0) as well as considering the surface sensitivity for specific
target analytes.

1.3. Comparison between GMR sensors and other sensing
modalities

1.3.i. GMR - a historical perspective

The guided mode resonance phenomenon has roots in the Woods anomalies described
in 1902 [12], where Wood observed that there were drops in intensity from incident
light diffracted from ruled gratings. Five years later it was explained by Rayleigh that
the anomaly occurred when the light is scattered at 90° to the grating surface [13].
Later in the 1990s Magnusson developed the discovery further by creating a grating
using highly refractive material to support a guided mode for the light that is coupled
tangentially to the surface [14]. Thus was born the term “Guided Mode Resonance
(GMR)". A more in-depth look at GMRs is detailed in chapter 2. The key feature of GMRs
are their wavelength specific reflection and the ability to couple into them at normal
incidence.

Since 1990 there has been much development in the use of GMRs for applications such
as transmission bandpass filters [15] and, more pertinent to our discussion, for
biosensing [8,16-18]. There are some clear advantages to using GMR such as the ease
of light in-coupling. This however is often traded off against lower Q-factor compared
to other sensor modalities, so it is very instructive to tension the GMR against
competing approaches. The most obvious of the competitors are; the widely
considered “gold standard” of label-free biosensing, namely SPR commercialised by
Biacore (now GE®), the Microring Resonator, commercialized by Genalyte®, and the
Bimodal Waveguide Interferometric biosensor, pioneered by Lechuga's group at ICN2,
Barcelona.
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1.3.ii. Surface plasmon resonance

Surface plasmon resonance (SPR) biosensors were developed in the 1980's as one of
the first embodiments of optical biosensors [19]. Like GMR, they use out-of-plane
excitation, which makes it relatively easy to couple to. The mode that is used for
transduction is a surface plasmon mode, however, which is based on a surface charge
oscillation at a metal-dielectric interface. The surface plasmon can be understood as a
travelling wave and as such, it is excited by k-vector matching at the interface; the
incident light is directed through a prism or a high-index hemisphere, and by adjusting
the angle, its propagation constant can be adjusted to match that of the plasmon
mode, illustrated in Figure 2a. When the k-vectors do not match, the light from the
prism does not couple into the plasmon and the light is reflected. When the angle
varies and they do match, the light does couple and the plasmon is excited. Since the
plasmon is a lossy mode, a lot of the light is dissipated before it couples back, so a
characteristic dip is observed in reflection (Figure 2b). It is the travelling wave nature
of the surface plasmon that gives it its exquisite sensitivity, because the smallest
changes in effective index of the plasmon mode will lead to a resonance shift [20]. As
a result, sensitivities of several 1000 nm/RIU have been reported [21].
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Figure 2: a) Operation principle of a surface plasmon resonant sensor and b) observation of
the characteristic dip in reflectance spectrum upon coupling. Reprinted with permission
from [8] © Elsevier.

Because of the lossy nature of the plasmon mode, SPR systems have very low Q-factors,
i.e. of the order of Q = 10-20 which is the lowest of the sensing modalities | explore
here. The low Q-factor is offset by the high sensitivity, previously mentioned, so the
overall figure of merit"Y 0 = 10*-10°nm/RIU which is comparable to most bio-sensing
platforms including the GMR. As a result, the typical implementation of SPR, such as in
Biacore's SPR system, exhibits a limit of detection in the ng/mL range [22,23], making
it useful for immunoassays, while it is not the most sensitive of all available biosensors.
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1.3.iii. Nanohole arrays

Plasmonic nanohole arrays represent a hybrid between SPR and GMR, because they
merge plasmon modes with periodic arrays. Nanohole arrays first came to the fore
upon the observation of extraordinary optical transmission (EOT). EOT describes the
phenomenon whereby light is observed to transmit through an array of sub-
wavelength holes with a transmission that is much higher than expected from
geometry alone. EOT is typically explained as a three-step process whereby light first
couples to the surface plasmon at the metal interface, the plasmon then propagates
through the holes and couples back to a free-space mode on the other side [24]. The
conversion to plasmons explains how light can transmit through tiny holes that are
well below any classical cut-off [25,26], which is why the effect is termed
“extraordinary” optical transmission.

The recognition that nanohole arrays can be used for sensing came later with key
demonstrations by Altug et al. who explored the resonance characteristics and relevant
sensing applications [27]. The resonances they studied usually exhibit Q-factors of the
order of Q = 100 when working with liquids [28] and sensitivities of up to 650 nm/RIU
which yields a FOM of 'Y 0 = 10%-10°nm/RIU, which is comparable albeit slightly higher
than SPR and GMR structures. As a result, nanoholes have exhibited impressive
detection limits down to 500 pg/mL for the real-time molecular binding of IgG and 145
pg/mL for VEGF [29].

These values demonstrate the strength of the nanohole array method as it combines
the benefits of GMR with its ease of coupling with the sensitivity of SPR. The only
downside is that the transmission is relatively low (T = 10-20%) which results in weak
signals. Since plasmonic nanoholes only work in transmission, it also means that the
collection optics interferes with the fluidic access, i.e. detection electronics and fluidics
are on the same side of the device. As stated previously, the fact that GMR and SPR
can operate in reflection means that the optics and the electronics can be placed on
one side of the device and the fluidics on the other, which is much more elegant for
practical implementations.

As a counterpart to the plasmonic nanoholes is an array of nanoholes in dielectric
material by Conteduca et al. [30]. This dielectric configuration operates as a 2D GMR
and so can perform in reflection which is advantageous compared to the plasmonic
variety. The work presented by Conteduca et al. demonstrated a Q = 450 and a bulk
sensitivity of 140 nm/RIU yielding a FOM comparable to other implementations of GMR
of Y 0 = 6.3x10*. While this FOM is in the region of other sensors the performance is
seen more acutely with the demonstrated LOD of 1 pg/mL for 1gG [30].
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1.3.iv. Microrings

Microrings are guided-mode devices where light propagates in the form of a
whispering gallery mode which is resonant when an integer number of wavelengths fit
into the circumference of the ring. The mode is strongly confined to the waveguide
(Figure 3) and is a proper long-lived guided mode (unlike the leaky mode of the GMR
or the very lossy mode of the SPR), so very high Q-factors can be achieved. In fact, Q-
factors into the Q = 108-10° have been achieved with microdisk resonators [31] but these
are not typically used for sensing as the Q-factors are impractically high; as explored
by Hu et al. [32], Q-factors above 10° are not useful in this context because the
wavelength noise of typical lasers then limits the accuracy of determining the
resonance. In terms of sensitivity, microrings tend to be worse than the other
modalities, because the same strong confinement to the waveguide that is needed for
the high Q-factor tends to limit the overlap of the mode with the analyte, such that
sensitivities of S = 50-80 nm/RIU are typically being achieved [33,34]. Nevertheless, due
to the high Q-factor, the overall figure of merit tends to be quite high,
i.e."Y 0 =105-10 nm/RIU, which is higher than the other modalities explored so far.

v Top View

Yyt

Whispering
Gallery Mode
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Figure 3: Operation principle of microring resonator sensor with the top view also showing the
access waveguide. Reprinted with permission from [8] © Elsevier.

1.3.v. Bimodal waveguide

Bimodal waveguides represent the class of interferometric waveguide sensors. Bimodal
waveguides obtain the sensing information by interfering two modes that co-exist in
the same waveguide. The advantage of this approach is the “common-path” nature of
the interferometer, which ensures high stability due to the fact that the signal and the
reference experience exactly the same external influences. This feature is in contrast

31



to the more commonly employed Mach-Zehnder geometry whereby the signal and the
reference experience different paths, so any noise source that is specific to one path
does not occur on the other so cannot be normalized out.

The principle of the bimodal interferometer is sketched in Figure 4. The device starts
with a single mode input. The waveguide thickness is then changed at the mode
splitter which serves to excite the first order mode. The two modes then propagate
with different propagation constants and have a different overlap with the analyte, so
they experience a different phase delay on interaction. At the output, the two modes
are made to interfere and the interference pattern represents a direct measure for the
relative phase change between the two modes [35]. Bi-modal waveguides are an
elegant solution because they are less complex than conventional interferometers and
they have demonstrated detection limits of 2.5x107 RIU [36]. Bi-modal waveguides have
thus achieved a limit of detection of 10 pg/mL of human growth hormone (hGH) [37].
A brief note, while this could be compared to the 1 pg/mL result of the nanohole arrays,
hGH is ~6x smaller in terms of mass than 1gG which makes a direct comparison difficult.
Nevertheless, this performance is an impressive feat.
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Figure 4: Operation principle of a bimodal waveguide sensor. Reprinted with permission from
[8] © Elsevier.
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1.3.vi. Comparison summary

The various forms of optical biosensor all have benefits and drawbacks, each taking

advantage of the modal properties of light. By considering the various modalities, it

becomes clear that a higher Q value tends to dominate the Y 0 figure of merit,

however due to biological considerations, this does not always lead to a low LOD in

terms of bio-particle detection. A high Q tends also to reduce the sensitivity, although

this reduction is small compared to the gain in Q-factor.

Table 1: Comparison of different sensing modalities. The relative similarity in performance is
quite striking, although the microring and bimodal waveguide clearly have the advantage.

Array (2D GMR) [30]

Bulk FOM
Structure Analyte Q-factor | Sensitvity SxQ LOD
(nm/RIV) (nm/RIV)

SPR (Biacore) [22] CEA antigen ~20 ~10° ~2x10* 3ng mL"

Different
GMR [38] ) ~85 510 4.3x10* -

Solutions
GMR [39] Streptavidin ~150 88 1.3x10* Tng mL"
Micro Rings [40,41] 2 | MCP-1 2x10% 65 [33]° 1.3x10° 0.5 pg mL"
Bi-modal Waveguide | HCL 6x10°

. - - 2.5x107 RIU

[36] Solutions nrad/RIU
Bi-modal Waveguide 6x10?

hGH - - 10 pg mL"
[37] mrad/RIUC
Nanobeam Cavity .

CEA antigen 1x10* ~70 ~7x10° 0.1 pg ml”
[42]
Plasmonic nanohole

1gG <100 700 ~7x10* 145 pg mL"
Array [29]
Dilectric nanohole

1gG 450 140 6.3x10* 1pg mL"

2 Multiple references used as specific details on Genalyte Maverick™ systems are difficult to

find.

b Sensitivity used as approximate to determine the FOM.
‘Assumed to be the same as other work(s) from the same research group due to the same

structure being used.
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1.4. Economic considerations

In the literature, photonic biosensors are often compared only in terms of raw
performance. Considerations of the cost of implementation is rarely mentioned or only
considered once a technology is ready to spin out. While it is clear that research
institutions like universities encourage spin out companies due to the utilisation of
intellectual property, there is a disparity between research output and technology
reaching the market.

Here | will briefly cover some concepts that are worth considering in device
development.

1.4.i.The valley of death and technological lock-in

In 2013 the UK government released a report aimed to highlight the issues of
translating technology from research to industry, i.e. bridging the valley of death [43].
The valley of death pertains to the lack of resources either from research funding or
industry to develop technology. This gap is illustrated in Figure 5. One reported issue
is that researchers do not consider or do not understand needs that are only relevant
to industry and commercialisation [44]. While such understanding will clearly have an
impact on the ability to translate technology the main issue is the lack of capital
needed to fund translation, which was also identified in the 2013 report [43]. While
there is some small resource overlap which supplies the trickle of technology from
academia to the market, there are clearly issues on both sides. Industry is not willing
to take risks on technology that is only reported to work in a handful of publications,
in contrast academia loses interest when trying to develop technology as the perceived
novelty decreases.

Beyond the barrier of funding is the issue of technological lock-in [45]. Technological
lock-in describes the fact that the market tends towards a standard technological
solution and so generates hurdles for innovations that deviate from this standard.
Many new technologies do have clear advantages but struggle to compete with the
maturity of current technology. One way around this is to create a loss leader where
the product makes a loss until the economies of scale arise but this requires heavy
initial investment and a willing company. A solution is to find a niche market where
either the advantages outweigh the cost or there is an unmet need for the current
attributes of the technology [46].
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Figure 5: A representation of the valley of death where there is a lack of resources available to
develop technology.

A final approach, utilised in this work, is to exploit already available technology. For
example, using off-the-shelf components or established manufacturing processes that
already exist as a foundation for development. The advantage of this approach is that
it is applicable to both industry and research, although it may lead to a lack of
perceived novelty in academia. There is some funding from sources such as the
Knowledge Transfer Partnership and Innovate UK which aim to address the gap
between industry and academia thereby aiding in bridging the valley of death.

1.4.ii. Point-of-care testing

For biosensors and medical diagnostic technology, there are several other

considerations needed before market entry [47]EGTGTGTcNG
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