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ABSTRACT

Abstract

Microfluidic devices are attracting interest for point-of-care diagnostics due to their low unit
cost, low reagent and sample usage, fast analysis times and portability. Fluorescence is the most widely
used detection method in microfluidics due to its high sensitivity, excellent dynamic range, ease of
implementation and non-invasive nature. Fluorescence detection has accordingly been widely used for
the interrogation of microfluidic devices, with the majority of reports to date having used non-
integrated laser excitation sources coupled with off-chip optics and photodetectors. For point-of-care
applications, there is a growing need for self-contained systems which incorporate the microfluidic chip
and all associated optical components into a compact, low-cost package. Highly compact systems of this
kind would eliminate the need for expensive dedicated bench-top instrumentation. As such they would
find multiple uses in the home, ambulance and GP’s surgery, where their ability to provide immediate
and/or frequent testing would enable faster, more responsive and ultimately more successful treatment.

Work undertaken in this thesis focuses on developing highly sensitive analyte detection systems
that would enable the use of cheap optical and electronic components. To accomplish this, two separate
methods, based on optical filters and time-gated detection of phosphorescent polymer beads, were
investigated. We describe a simple technique for fabricating non-emissive colour filters based on the
sensitisation of a highly porous nanostructured metal-oxide film with a monolayer of dye molecules. The
resultant filters exhibit much less autofluorescence than conventional colour filters, and are a viable low
cost alternative to interference filters.

In separate work Ru(dpp)s;-doped polystyrene/bisphenol A diglycidyl ether polymer
phosphorescent beads developed by Dr. Edwards (Imperial College London) were used to demonstrate
the feasibility of highly sensitive of low-cost time-gated detection. This method was applied to a simple

biotin assay to show their bio-assay applicability.
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1 Introduction

1.1 Diagnostics

From tasting urine to molecular analysis, diagnostic techniques have come a long way since the
dawn of man, and new methods continue to be developed. Very early medical diagnosis was purely
observation based, and visual inspection of urine for pus and blood (uroscopy) was routinely performed
[1]. More advanced tools and methods for diagnostics such as microscopy, thermometers, and
stethoscopes were not widely used until the end of the 19" century. It was not until the early 20"
century that the first quantitative lab tests were introduced to diagnose cholera, typhoid, and
tuberculosis [1, 2]. By the mid-20™ century, clinical labs were commonly found in hospitals, and the use
of precise measurements in diagnostics became standard. Many of the ‘standard tests’ such as eye tests,
and 1Q tests developed during this period were part of a movement to identify the ‘norm’ in human
physiology [1]. Furthermore, chemical and bacteriological tests to identify diseases also evolved very

rapidly during this period, allowing physicians to systematically link microbiology to bodily symptoms.

Vast improvements were made in medical diagnostics with the introduction of computers in the
mid-to-late 20™ century. Algorithms were developed to analyse large medical data sets [3] and Artificial
Intelligence (Al) and Computer Aided Diagnostics, were widely used to help physicians to detect medical
anomalies from body scan images such as mammograms [4]. However, despite the significant advances
in medical diagnostic techniques over the past few decades, the majority of diagnostic tests are still

performed in centralised laboratories where tests are often expensive and time-consuming.

One such example is urine testing (urinalysis), which requires urine samples from the patients to
be collected over a 24 h period and typically another 24 hours for the results [5]. The whole process can
take up to 96 hours due to the need for the collected urine to be logistically transferred to a centralised
laboratory for testing [6]. Centralised laboratories have arisen because the instruments used for
urinalysis (and other tests) are expensive, and require specialised training for operation. Some on-the-
spot tests are available but these are currently used mainly for initial screening due to their qualitative
nature [6]. There are many conditions where time is critical to the survival of patients, hence fast

and quantitative diagnostic tests at the point of care are urgently needed.
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1.2 Point of care diagnostics

The current global Pont-of-Care (POC) diagnostics market is dominated by simple in-vitro
diagnostic tests that are self-administered (such as colorimetric tests for glucose in blood which). POC
diagnostics is a fast growing market that was worth $40 billion in 2008 [7]. With an increasing demand
for high quality healthcare in developed nations, the size of the diagnostic market is projected to reach
S60 billion by 2014 [8]. The challenge for researchers involved in this growing field is to develop low-cost
and accurate (yet rapid) diagnostic techniques that can bring the traditional lab test to the point of care,

and so enable swift and effective treatment of patients.

In developing countries the consequences of quantitative point-of-care technology would be far
reaching, enabling governments to avoid the cost of establishing national networks of diagnostic
laboratories (as currently exist in developed countries) and to instead move directly to a distributed
healthcare model based entirely around point of care testing. In the developed world, POC technology
would find multiple uses in hospitals, ambulances and GPs’ surgeries, where its ability to provide
immediate and accurate testing would enable faster, more responsive and ultimately more successful
treatment. POC technology can facilitate patient-monitoring at home and so alleviate the pressures that
are currently placed on the already overloaded medical services. Furthermore, the application of POC
technology could be expanded to drug screening or forensic analysis. Fig. 1-1 shows how such portable
diagnostic equipment could be used in hospitals to perform quantitative tests to diagnose patients with

time-critical conditions (such as heart attack suffers) quickly and efficiently.

20



Introduction [KeglaIZ:!

Fig. 1-1 — Picture taken from ref. [9] to illustrate A) the clinical demand for diagnostic solutions that enable
fast and accurate patient triage —e.g. in a heart attack, B) where a portable POC devices can be used to assist
physicians to make time-critical decisions C) The device operation is automatic and simple, only requiring ‘a
drop’ of sample for analysis. D) Patient is diagnosed in a matter of minutes and swiftly treated.
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1.3 Towards portable point of care diagnostics devices

1.3.1 Microfluidic technology

Some of the most exciting research in the last few decades has been in the field of
nanotechnology and miniaturisation of analytical equipment. The core technology for the realisation of
low cost portable POC devices is microfluidics, which is a technology that allows manipulation of fluids in
sub-millimetre channels [10]. Microfluidics is attracting interest in the field of point of care diagnostics
due to its low unit cost, low usage of sample and reagents, fast analysis times, portability, and ability to
manipulate small amounts of fluid [11] (Fig.1-2). This technology is essentially the miniaturisation and
integration of chemical and analytical processes into a single substrate, hence the commonly used term
“Lab-on-a-chip” technology [10]. A key objective for microfluidic technology, is to provide a low-cost,

and portable analyte detection device capable of POC application [12].

Fig. 1-2 (Left) Picture of a microfluidic “chemostat” designed to study the growth of a microbial population.
taken from ref. [13] (Right) Comparison with a standard laboratory chemostat array for growing and
processing yeast samples. Both have similar functions yet microfluidic technology has enabled
miniaturisation and automation of such experiments. (Picture taken from Yeast Resource center ref. [14])

Portable POC devices will only find widespread usage when they can provide a comparable level of
quantification and reliability to current lab-based analytical methods. Typical stages in a diagnostic

process include analyte sampling, sample pre-treatment, chemical reaction, analyte separation, and
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analyte detection. The last of these steps is often the most challenging due to the small quantities of
analyte present, particularly in microfluidics devices where the absolute number of detectable analyte
molecule is limited due to the small channel width and the detection window area. Consequently, highly
sensitive detection systems are needed where typically “nano-molar” sensitivity (or better) is required
for most diagnostic applications [11, 15]. In practice, optical methods — most notably fluorescence
detection — are often the only ones that can provide adequate sensitivity. The reason fluorescence
detection provides such high sensitivity is that unlike other optical detection methods such as
absorption spectroscopy, fluorescence is measured against a dark background. Furthermore, very
sensitive photodetectors with high quantum efficiencies and low noise levels are available which makes

fluorescence the ideal detection method for a microfluidic device.

Considerable efforts have therefore been devoted to developing high performance optical
components for use with microfluidic devices, including both active components such as light-sources
[16-20] and photodetectors [16, 18, 19, 21-24], and passive components such as prisms, [22] micro-
lenses, [25] filters, [26, 27] mirrors, [28] gratings, [29] waveguides, [30, 31] and polarisers. It is often the
performance of the passive components rather than the active ones that determines the final sensitivity

of the system. [26, 32, 33]

1.3.2 Fluorescence detection

Fluorescence occurs when an absorbed photon triggers the emission of another photon of lower
energy. When molecules absorb photons, they are excited from their Sy ground state to their S1 excited
state, i.e. Sg + hv — S; (where & v’ = the energy of a photon). In the case of a fluorescent molecule,
emission of light is observed when the molecule relaxes from this excited state back to its ground state

(i.e. Sy — Sy + hv”’). The phenomenon is best described by the use of a Jablonski diagram. (Fig. 1-3)

As seen from Fig.1-3, the ground and excited states contain multiple vibrational energy states. The
molecule is excited to different vibrational states depending on the energy (wavelength) of the incoming
photon. Since the molecule is unstable in a high vibrational state configuration, it readily relaxes to the
lowest excited state configuration — a process known as internal conversion, with its excess energy being
lost as heat. This effect results in a Stoke’s shift of the emission, with the emitted photon being red-

shifted relative to the absorbed photon.
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Fig. 1-3 A Jablonski energy diagram.

In phosphorescence the excited molecule undergoes an intersystem crossing into a lower-lying
energy state of higher spin multiplicity, typically a triplet state as shown in Fig. 1. Such transitions are
most common when 1) vibrational levels of the excited states overlap and 2) heavy-atoms are present in
the molecule since there is substantial spin-orbit coupling. Once the molecule is “trapped” in its triplet
state, it can only relax down to its singlet ground state by ‘spin-forbidden’ transition - radiatively or non-
radiatively. Although it is termed ‘forbidden’ it still occurs however, at a significantly slower rate
compared to S; = S, transitions. Radiative relaxation from the triplet state to the singlet ground state is
called phosphorescence and this type of emission forms the basis of time-gated luminescence detection

(discussed further in Chapter 4).
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For fluorescence, it is desirable for the excitation light to have a low divergence and a narrow
emission spectra. Hence most researchers use lasers, and early reports on laser-induced fluorescence in
microfluidic devices used gas-phase lasers. Such lasers are expensive and bulky, which makes them ill-
suited for field applications [34-37]. Several examples of low-cost and compact laser diodes being used
in conjunction with microfluidic devices have been reported however, they still rely on bulky and
expensive optics (such as confocal microscopes) for detection that are ill-suited for miniaturisation [30,
38]. A more recent trend has been the development of microfluidic devices with integrated optical
components that uses relatively compact and low-cost laser diodes, waveguides and photodetectors [33,
39-41]. For example, Zhixiong et.al., has shown that a micro-arrayed waveguide grating integrated
microfluidic platform excited by a laser diode is capable of fluorescence spectroscopic analysis [42].
However detection systems that utilise laser diodes still suffer from narrow spectral coverage and high
power consumption [43]. State-of-the-art microfluidic devices overcome this problem by switching to
inorganic/organic light emitting diodes (LEDs and OLEDs) which offers low cost, low power consumption,

and broader spectral coverage, albeit with much broader line widths [16, 18, 26, 44, 45].

1.3 Excitation source and detectors

LEDs are a semiconductor based light source and they are constructed by placing p-type and n-
type semiconductors in contact, thus creating a p-n junction. P-type materials are made by addition of a
trivalent impurities (such as boron, aluminium, and gallium) to a quadvalent materials (silicon) creating
electron deficiencies called ‘holes’ in the lattice which can act as a positive charge carrier. N-type
materials are made by the addition of pentavalent impurities, which contribute free electrons to the
lattice, greatly increasing the conductivity of an intrinsic semi-conductor. In a forward bias (switched on)
electrons near the p-n junction diffuse across to combine with the holes, falling into a lower energy level
and releasing energy in the form of photons. The wavelength of the light is determined by the bandgap
energy of the materials forming the p-n junction — providing some tuneability of the emission properties.
Inorganic photodiodes operates much like the LED in reverse where photons are absorbed to create a
photocurrent. Numerous examples of LEDs and photodiodes used in conjunction with microfluidic

devices have been reported and extensive review articles on this matter are available [45].

Another class of excitation source that has generated significant commercial interest is the OLED.
Major electronic companies have started mass production of OLEDs for the next generation of ultra-flat

screen displays and lightings. Typical OLEDs comprise two semiconducting polymers (electron and hole
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transport layers), sandwiched between two electrodes (Fig.1-4), where one electrode is made from an
optically transparent material such as ITO (Indium-Tin Oxide). When a voltage is applied across the
electrodes, electrons and holes move according to the electric field. Charges drift through their
respective transport layers and recombine at the interface (Fig. 1-4). This recombination results in the
formation of an exciton (bound state of electrons and holes) and an emission of a photon with a
frequency given by the energy gap between the highest occupied molecular orbital and the lowest

unoccupied molecular orbital of the semiconducting polymers employed [46].

OLED Structure Anode Cathode

Hole transport layer Electron transport
layer
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Fig. 1-4 (Left) Schematic diagram to show the structure of an organic light emitting diode which is comprised
of a transparent anode or cathode sandwiching conductive polymer layers where electron/hole
recombination occurs. (Right) Schematic shows the basic working principle of an OLED. (Bottom) Picture to
show the compact and flexible nature of OLEDs.

The same configuration can be used in reverse as a photodetector where the fluorescence light from the
analyte causes the excitons inside the active layer to dissociate into their constituent electrons and
holes, creating a photocurrent (organic photodiode — OPD) [46]. The interest in using OLEDs and OPDs as
the optoelectronic components arises from 1) the possibility to tune the emission wavelength and the

photodetector response curve through selection of the active layer material and 2) their small size and
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weight (overall device thickness is typically in the sub-millimetre range) which results in easier device
integration. Importantly, multiple OLED’s or OPD’s can be closely packed on a single substrate allowing
for multipoint detection. There are many examples of OLEDs used in conjunction with a microfluidic
device. For example Edel et. al.,, demonstrated the use of polyfluorene-based OLEDs in a microfluidic
environment to detect carboxyfluorescein, and achieved limits of detection as low as 1 uM [20]. Yao et.
al., applied a combination of an OLED and a photomultiplier-tube to detect fluorescent protein samples
in a microfluidic device [17]. However they reported a limit of detection that is roughly six orders of
magnitude poorer than the laser-induced capillary electrophoresis method due to the weakly
luminescent properties of their fabricated OLEDs [17]. Pais et.al., reported a microfluidic device that
used both OLEDs and OPDs to detect fluorescence signal from rhodamine 6G and achieved a limit of
detection of 100 nM [47].

Recent advances in this field have allowed the efficiencies of OLEDs and OPD’s to become
comparable to their inorganic counterparts. The quantum efficiency (ratio of photons emitted to
electrons injected) of an OLED is as high as 29% [48] compared to 38.9% for an InGaN (Indium Gallium
Nitride) [49] based inorganic LEDs. As for the detector’s performance, both inorganic and organic
photodetectors have shown incident-photon-to-conducted-electron peak efficiencies to be near 100%
[50]. OLEDs still have problems, however, which include broad emission profile, long-term stability, and
limited spectral range (450nm-650nm). Many fluorescence assays require UV excitation, which
precludes the use of OLEDs. Stable and bright, low-cost inorganic LEDs are widely used in miniaturised
detection devices, and their ability to pulse rapidly makes them well suited for time-resolved
applications (more on this topic in Chapter 4). Silicon photodiodes are also used to complement the
detection system — owing to their low-cost, compact and wide spectral response nature. For now
inorganic diodes are the more mature and better performing technology, but this may well change in

the near future.
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1.4 Optical Filters

Optical long-pass filters play a particularly important role in microfluidic devices. In conventional
fluorescence detection, the excitation source and detector are usually arranged orthogonally to one
another to prevent direct illumination of the detector by the excitation source. This orthogonal
geometry, however, is difficult to implement in a microfluidic environment since it requires the
production of optical-grade side-surfaces onto which optical components must somehow be mounted
[26]. The light source and detector are most conveniently placed on the upper and lower faces of the
microfluidic chip in a face-on geometry, but this would ordinarily flood the detector with direct light
from the excitation source thus masking the typically weak fluorescence signal from the analyte. (Fig. 1-

5A)

Orthogonal Geometry Face-on Geometry

Fig. 1-5A Schematic diagram showing the two detection component geometries. An orthogonal geometry is
typically used in conventional bench top fluorometers, and it prevents significant excitation light from
reaching the detector. The face-on geometry allows convenient integration of microfluidic devices and the
detector components; however, this configuration can flood the detector with light from the excitation
source — masking the typically weak emission signal.

Furthermore, use of light sources with a broad emission profile such as OLEDs and inorganic LEDs (rather
than a monochromatic light in conventional fluorometer or from a laser) can be problematic due to their
long wavelength tail which often overlaps with the emission from the analyte. Key to differentiating the
emission light from the excitation light in a face-on configuration is the use of a short-pass filter

immediately after the light-source, together with a long-pass filter in front of the detector (Fig. 1-5B)
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Face-on Geometry
with filters

@ <—— Broad excitation light
Short-pass filter

Narrower excitation light %‘

Sample
' <—— Emission from sample

Long-pass filter

' <— Emission from sample

Fig. 1-5B Schematic diagram showing a face-on geometry with short and long-pass filters in place. Broad
emission from the LED is sharpened by passing it through a short —pass filter to prevent spectral overlap with
the analyte emission. The sample is excited by this sharpened LED light. A long-pass filter prevents any
unabsorbed LED light to reach the detector.

Unabsorbed excitation light ——>

The short-pass filter sharpens the emission spectrum of the light-source, removing any long-wavelength
tail that would otherwise overlap the analyte signal (and so reduce sensitivity); while the long-pass filter
blocks the sharpened excitation light, passing only the longer wavelength emission signal to the detector.
For this approach to be successful the short- and long-pass filters must be chosen to display
complementary transmission characteristics, i.e. the short-pass filter must block when the long-pass
filter transmits, and vice-versa. The use of optical filters for this purpose is well established, but
considerable difficulties are encountered when (as required for monolithic integration) the filter is
placed in close proximity to the detector. In such circumstances any auto-fluorescence from the filter
will add to the analyte-fluorescence, and so set a base-line beneath which it is difficult to measure a
signal. Autofluorescence is a particular problem for colour filters formed by dispersing pigments or dye
molecules in a glass or polymer host (Fig. 1-6). For the detection of low analyte concentrations, even
very weak auto-fluorescence from the filter may obscure the desired signal, so it is essential to select
dyes that not only have appropriate blocking and transmission characteristics but ones that are also

completely non-emissive. Needless to say, the palette of usable materials is extremely limited.
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Fig. 1-6 Photo showing the highly autofluorescent nature of a commercial Schott glass filter (OG550, Schott
AG, Germany) when illuminated with a 110 mW, 442 nm HeCd laser (IK5751I-G, Kimmon, Japan).

Hofmann et al., used a dye-doped polydimethylsiloxane (PDMS) substrate as a long pass filter.
(Fig. 1-7) This filter retained all the desirable characteristics of the PDMS substrate (for example
flexibility and feature resolution), while exhibiting excellent transmission characteristics and low
autofluorescence. In this case, the dispersion of Sudan Il dye in PDMS effectively quenched any
autofluorescence signal from the dye [26]. However, more recent work by Bliss et al. showed that the
performance of such absorption filters (transmission characteristics and autofluorescence properties)
are sensitive to the processing method and the dyes employed [33]. Furthermore, the doped substrate
is in direct contact with the analyte fluid which can cause some of the dye to ‘leach’ into the fluid when

in prolonged contact with the analyte sample.

Fig. 1-7 Photo showing the Sudan Il doped PDMS substrate fabricated by Bliss et. al., which incorporated
optical waveguides to maximise signal to noise ratio by increasing the optical path-length. The microfluidic
device was designed to perform DNA fragment analysis [33]. This method for filtering excitation light is
limited by the range of non-autofluorescent dyes available [15].
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Auto-fluorescence can be largely avoided by switching to interference filters that comprise of
multilayer thin films of alternating refractive index. In for example a band pass filter that selected passes
one wavelength A, a dielectric spacer material (metal oxide) of thickness A/2 is sandwiched between the
two reflective surfaces. The reflective surface consists of A/4-thickness alternating layers with high and
low refractive indices, usually zinc sulphide (n = 2.19) and sodium hexafluoroaluminate (n = 1.34),
respectively. When incident light passes through this reflective layer, a certain fraction of this light is
reflected and transmitted to the next layer as shown in Fig. 1-8. This reflected light will constructively
interfere if its ‘wavelength half cycle’ is the same as the thickness of the layer and any other
wavelengths will destructively interfere. In an interference filter this constructively interfered light is
reflected again back into the filter, where the process is repeated. The thickness and the refractive index
of the material can be controlled to alter the reflective and transmission characteristics of the multi-
layered structure, allowing for the fabrication of short- and long-pass filters as well as simple band-pass
filters. The combination of such reflective layers and a single spacer layer is called a ‘single cavity

interference filter’ [51].
Optical-Grade
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Fig. 1-8 (Left) a picture to show how interference filter selectively transmit specific wavelength bands through
constructive and destructive interference [52] and (Right) their typical transmission spectrum taken from [53].

Interference filters typically have excellent characteristics in terms of strong blocking in the
stop-band, high transmission in the pass-band, sharp roll-on (Fig. 1-8) and extremely low auto-
fluorescence, but they are expensive to produce due to the complex multistep nature of their
fabrication and hence they are ill-suited to low cost disposable applications. They also suffer from
angular variability in their blocking/transmission characteristics, which can degrade their performance in

actual use [33].
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Recently Richards et. al., showed that, by combining interference filters with low-fluorescence
colour filters, it is possible to produce high quality hybrid filters with low auto-fluorescence and minimal
angular variation [54] (Fig. 1-9). They found that Orasol Red BL dye doped KMPR 1005 (epoxy-based
photoresist) coated with a titania/silica interference filter produced the best results in terms of

transmission and autofluorescence characteristics, although other combinations displayed appreciable

autofluorescence. .‘.

+— Microfluidic channel

X % » KMPR + Orasol Red
X 2 Absorbing layer

»Sio,
Interference layer

TiO,
Photodiode
CMOS substrate

1.6 um

1.2um

ka "

Fig. 1-9 Photo and a schematic to show the hybrid filter fabricated by Richards et. al., [54].

However, any solution based on interference filters, is likely to be restricted to high-end
applications where cost is of secondary concern. Indeed, without a departure from the traditional
fabrication methods of sputtering, evaporation and chemical vapour deposition, it is doubtful whether
interference filters could ever form a part of an ultra-low cost disposable diagnostic technology.
Attempts have been made by Chen et. al., to produce TiO,/SiO, based interference filters via a sol-gel
deposition technique but the resultant filters frequently delaminated (due to internal stress build up by
cyclic annealing process). Furthermore, with this method it is very difficult to precisely control the oxide
layer’s thickness due to formation of porous structures [55]. In this thesis, we report a purely dye-
based approach to fabricating high performance optical filters that avoids the expense and angular
variability of interference filters, whilst overcoming the undesirable auto-fluorescence characteristics of
conventional colour filters. In the next section (section 1.5), some basic properties of TiO, (titania) which

play a major role in achieving this goal are presented.

1.5 Titania

In the late 1960’s Fujishima and Honda [56] demonstrated successful photocatalytic splitting of

water using sunlight and a electrochemical photocell with a titania anode and platinum cathode. Upon

exposure of this electrochemical cell to sunlight, oxygen and hydrogen were generated at the anode and
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cathode respectively. This pioneering work has sparked significant interest in the photoelectric
properties of titanium and in particular its applications in heterogeneous catalysis and photovoltaics [57].
Titania exists in several crystalline forms, among which the most common are the rutile, anatase, and
brookite polymorphs. In this chapter, we provide a brief outline of the optoelectronic characteristics of
titania and the synthetic procedures used to produce nano-crystalline titania. In the next chapter, we
describe a new application of nano-crystalline anatase titania, namely the fabrication of non-emissive

optical filters for high sensitivity fluorescence detection.

1.5.1 Crystal Structure of TiO:

The rutile and anatase phases of titania both crystallize in a tetragonal system, while the
brookite structure is orthorhombic. In all polymorphs, a titanium ion (Ti*) is surrounded by six oxygen
ions (0%) with a distorted octahedral configuration. [57-59] The crystal structures differ in the distortion
of each octahedron, causing the assembly patterns of the crystals to differ significantly. In the rutile
structure (Fig. 1-10), two edges (out of twelve) are shared forming a linear chain. This linear chain is
joined by the sharing of corner oxygen atoms. In total, each octahedron is in contact with ten

neighbouring octahedrons (two sharing edge oxygen pairs and eight sharing corner oxygen atoms).

With the anatase form (Fig. 1-10), four-edge oxygen pairs are shared and each octahedron is in
contact with four neighbours. Brookite on the other hand crystallises in a orthorhombic crystal system,
where three edges are shared per octahedron [60]. The basic unit cells of all polymorphs are shown in
Fig. 1-10. These differences in lattice structure cause differences in densities and electronic band

structures between the polymorphs as shown on Table 1-1. [59, 61]

° o o
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Fig. 1-10 Schematic of the crystalline structures of the three main TiO, forms: Left) Anatase, Centre) Rutile,
and Right) Brookite.
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Properties Anatase Rutile Brookite
Crystal System Tetragonal Tetragonal Orthorombic
Space groups 14,/amd P4,/mnm mmm
Number of Titania /unit cell 4 2 8
Density (g/cm’) 3.89 4.23 4.14
Band gap (eV) 3.30 3.00 3.18
Refractive Index (n) 2.488 2.908 2.704

Table 1-1 selected crystallographic data and physical properties of anatase, rutile, and brookite. Schematics
and data extracted from ref [62].

1.5.2 Optical and Electronic properties of TiO>

Due to the differences in the optoelectronic properties of different polymorphs of titania, they
are used in distinct applications. Anatase titania is known for its high n-type mobility - which is due to it
having a smaller electron effective mass than the other crystal phases, leading to a higher charge carrier
mobility (4 cm®Vs™ compared to 0.1 cm?®Vs™ for rutile titania at room-temperature) [63]. Hence anatase
titania is frequently used in the field of photovoltaics [64]. Examples of brookite titania in practical
applications are scarce for reasons that are not entirely clear, but Magne et. al., recently reported its
application in dye sensitised solar cells (DSSCs), achieving a conversion efficiency of 5.97% (compared to
approximately 11% for anatase based DSSCs) [65]. Rutile titania is used for pigment manufacturing due
to its high refractive index (n = 2.90) (Fig. 1-10). Pigments that utilise rutile titania provide strong opacity
due to strong optical scattering when compared to other metal oxides. In general the bulk crystals in all
polymorphs exhibit wide band gaps (Ey anatase = 3.3 €V, Ey ruile = 3.1 eV, E, grookite = 3.13 ev) which
correspond to absorption in the UV range, leading to excited electrons in the unoccupied conduction
band and positive holes in the valance band. Their charge carriers can interact with adsorbed molecules

on the surface of the titania.

1.5.3 Dye sensitization of TiO:

Titania can be sensitised in the visible region by attaching organic dyes onto its surface. These
organic dyes can be linked to the titania surface by four different interactions: 1) covalent attachment
by using linking groups, 2) electrostatic interactions, 3) hydrogen bonding, and 4) Van der Waals forces.

The most stable and frequent reported method of attachment is covalent attachment, where groups
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such as amides, carboxyls, and silanyls have been reported to form stable linkages with the surface
hydroxyl groups on the titania [66]. The most common linkage between the surface titania and the dye
is formed by dye molecules with carboxylic acid groups, which react with the titania surface hydroxyl
groups to form esters (Fig. 1-11). Electronic interactions between titania and the excited state of the
adsorbed dye is discussed in more detail in chapter two since this mechanism forms the basis for our
non-emissive dye-sensitised optical filters. When the dye molecules are ionic in nature, the surface
charge of the titania also plays an important role in assisting dye adsorption as discussed in chapter
three. Hydrogen bonding can also occur between the titania surface hydroxyl groups and the carbonyl
/NH; groups on the adsorbent [67] (Fig. 1-11). Strong Van der Waals interaction have been reported to
serve as the driving force for the adsorption of large molecules such as lipid vesicles [68] but, this type
of interaction is only dominant in the initial attraction of the molecule and does not form any

permanent link.

Electrostatic Hydrogen Van der
Interaction Bonding  Waals

Hydrogen
Bonding
NH,

A Surface
. hydroxyl
- - v groups
H . H = :
° : H H H
/ \+ / - | I |
0 0 0 0 0 0 0

Titania surface

Fig. 1-11 Schematic showing the four main dye adsorption mechanism on titania surface.

1.5.4 Synthesis of TiO2z nanoparticles
Titania nanoparticles are commonly synthesised by the ‘low-temperature’ hydrolysis of titania

precursors (such as titanium alkoxides or titanium chloride) in a pH controlled environment. This process

is outlined in the equation 1A.
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TiX, + 2H,0 =TiO, + 4HX (Hydrolysis) (1A)
where X = OR or Cl. Formula 1A shows that titania precursor spontaneously reacts with water
(hydrolysis) to form titanium oxide. Titania nano-colloids are formed this way and depending on the
synthetic conditions (pH of the environment, precursor employed and additives) and the post hydrolysis
annealing temperatures used, the resulting polymorphs and the particle size can be controlled. These

synthetic conditions are outlined in Fig. 1-12 [59, 69, 70].
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Fig. 1-12 Schematic summarising the common routes for the production of titania nano-colloids using
titanium tetrachloride and alkoxy-titanates as precursors. Different polymorphs of titania are produced
depending on pH, temperature, additives, and ageing time. The diagram is adapted from [71].

The formation of pure rutile at very low pH (<0.5) values from alkoxy-titanate is thought to be
due to a dissolution-precipitation mechanism [70]. Cheng et. al., suggested that large amounts of ClI" (or
NO;) would produce octahedral [Ti(OH).Cl,]> complexes (m>n) that have a preference for corner
oxygen sharing and thus form rutile titania [72]. Phase pure anatase synthesis typically occurs in

solutions of pH > 1, where amorphous titania is insoluble and hence is unaffected by the dissolution-
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precipitation mechanism. It has been suggested by Reyes-Coronado et. al., that anatase titania is formed
upon heating amorphous titania due to its lower surface energy compared to other phases [70].
Furthermore, elevated temperatures (above 65 °C) were reported to favour edge oxygen pair sharing,
thus favouring the formation of anatase titania [72]. Addition of anions such as PO, and SO,* prevent
the formation of ordered titania, causing amorphous phase titania to be formed [71]. Nagase et. al.,
reported that the addition of NaOH during the post hydrolysis treatment step results in phase pure
brookite colloids [73] and a recent report by Jiao et. al., suggests that the sodium cations play a crucial
role in forming brookite, by acting as a ‘molecular scaffold’ [74]. Hydrolysis of titanium tetrachloride
generates hydrochloric acid and hence use of this precursor favours formation of rutile phase titania
since titania colloid is formed in highly acidic conditions (see equation 1A) where it undergoes a

dissolution precipitation mechanism.

Anatase is preferred in our case due to its lower refractive index which minimises optical
scattering and its high band gap compared to other polymorphs of titania. Titania nano-colloids can be
synthesised by a variety of other methods, including the hydrothermal method, chemical vapour

deposition, electrovapour deposition, sonochemical, microwave and micelle methods [59].

1.5.4.1 Effect of pH on colloidal size

Titania colloids (made via hydrolysis) in aqueous suspension possess an electrical charge which
is pH dependent [24]. Surface acidic/basic properties can be modified by the chemisorption of H" or OH’

from the solution such that [75]:

TiO, + H" = TiO,H" for pH <3.5 (1B)
TiO, + OH -> TiO,(OH) for pH > 3.5 (1C)

It has been reported that the surface potential of titania in acidic (pH <3.5) or alkaline solutions (pH >
3.5) inhibits less aggregation, resulting in smaller colloids [24]. Fig. 1-11 shows the pH dependence of the
titania crystal size. The trend shows that a high degree of aggregation occurs with titania pastes

prepared at pH values between 3 and 8.
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Fig. 1-13 pH dependence of TiO2 particle size in sol (taken from ref. [62])

1.5.5 Nanoporous TiO: thin films

New physical and chemical properties emerge as crystallite size is decreased down to the nano-
scale, and an exponential growth of research activities in the field of nano-scale titania has occurred in
the past few decades [59, 76-80]. In nano-metric materials, hole and electron transport are governed by
the effect of quantum confinement [78]. For example, electron-hole pair recombination is reduced as
particle size decreases and this has been attributed to an increase in surface imperfections that can act
as electron/hole traps [81], and thereby improve the photocatalytic properties of titania by extending
the lifetime of the radicals [82]. Furthermore, as particle size decreases, the surface—to-volume ratio
(and hence specific surface area) increases, enhancing the amount of dye adsorption that can occur at
the interface. Nanoporous titania thin films can offer the surface area enhanced properties of nano-
colloidal titania solutions whilst offering interconnectivity between the titania providing a conductive
‘scaffold’ like structure. Such structures are required in fabricating devices such as DSSCs.

Surfactants and polymers such as ethylene glycol can be added to the synthesised colloidal
suspensions (also referred to as sols) described above to prevent aggregation of the colloids (Fig. 1-14).
Loss of the solvent leads to a transition from liquid-sol to sol-gel which can be spin-coated, dip-coated,

or screen printed (details in Chapter 2) onto a glass substrate. The resultant film can be sintered at high
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temperature to drive off any remaining solvents and induce coalescence between the titania colloids.
Surfactants or polymers such as polyethylene glycol have been reported to prevent surface cracking
during this sintering process and also act as a template to form nanoporous structures (rather than a flat

surface) [83].

1.5.5.1 Effect of the sintering temperature

The sintering temperature can also affect the surface morphology of the resulting titania, with a
low sintering temperature causing surfactants/polymers to remain in the titania, forming ‘flat’ surfaces
(rather than nanoporous features). More importantly, the sintering temperature can also change the
phase of the titania with higher sintering temperatures promoting the formation of the rutile phase. The
phase transition temperature from anatase to the rutile phase however also depends on the synthetic
route taken (the precursor and pH). Sintering also increases the crystal size due to coalescence, which
yields a highly porous titania film (fig 1-13). Titania substrates with large crystal sizes can cause optical

scattering and form cloudy or opaque films.

Titania without surfactants or polymer Formation of large aggregates over time Sinter forms networks of such large aggregates
Less porous structure

Sinter forms networks small colloids

Titania with surfactants or polymer No formation of aggregates Porous structure

Fig. 1-14 Schematic showing the function of surfactant/polymer additives in 1) preventing aggregation of the
titania colloids in sol-gel and 2) providing a template to form nanoporous structures upon sintering.
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1.6 Summary

The development of portable low-cost POC devices with comparable sensitivities to
conventional lab based instrumentation would revolutionise healthcare industries in both developing
and developed worlds. Microfluidic technology has been identified by researchers around the globe as a
core technology for delivering portable POC devices, and much research has been undertaken with
respect to both assay implementation and analyte detection in microfluidic devices Optical methods,
most notably fluorescence, have shown themselves to be the most appropriate detection method for

the trace levels of analyte present in a typical diagnostic test.

A face-on arrangement of the excitation source and the detector is the most favoured geometry
for a portable POC device construction. However, use of such geometry requires an effective optical
filtration strategy to prevent the excitation light from flooding the detector. Current filters however
have drawbacks that make their incorporation into highly sensitive, low-cost portable POC devices very
difficult: Colour filters typically show strong autofluorescence, which renders accurate measurements of
weak analyte fluorescence difficult; while Interference filters are costly and as such are unlikely to form

part of an ultra-low cost disposable diagnostic device.

The key message of this chapter is the requirement to provide inexpensive optical filters, with
minimal autofluorescence. To meet this need we report in Chapters 2 and 3 a new class of low cost
optical filter (based on the use of dye sensitised nanoporous TiO,) that exhibit excellent light filtration
properties and low autofluorescence. In chapter four, an alternative ‘filter-free’ route to highly sensitive
analyte detection is described using a combination of phosphorescent label and time-gated detection

system.
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2 Nanoporous TiO: Optical Filters

2.1 Optical filters based on TiO:

In a typical low cost colour filter, a polymer of glass film is doped with organic dyes or pigments,
which absorb the incoming light and are excited to a higher energy electronic state. This excited
electronic state undergoes a combination of non-radiative and radiative decay to reach its ground state.
In many cases filter autofluorescence can be significantly higher than the optical signal one wishes to
detect preventing a reliable measurement. In this chapter we report a purely dye-based approach to
fabricating high performance optical filters that avoids the expense and angular variability of
interference filters, while overcoming the undesirable auto-fluorescence characteristics of conventional
colour filters. Our approach exploits ultrafast electron-transfer between a photo-excited dye molecule
and a transparent metal oxide onto which the molecule is absorbed - the same process that forms the
basis for the charge-generation step in DSSCs [84, 85]. In essence, a monolayer of the dye molecule is
adsorbed onto the surface of a highly porous metal-oxide such as titania (TiO,), generating a diffuse
interface between the two materials. The interface acts as an extremely efficient quenching site for the
photo-excited excitons [86], reducing the photoluminescence quantum vyield of the dye to a negligible
level without significantly perturbing its absorption characteristics. The oxide itself has a wide optical
gap (Ey, > 3.2 eV for anatase titania), so does not absorb over the visible wavelength range typically used
for diagnostic tests. Hence, providing the crystallite size is significantly smaller than the wavelength of
light so as to minimise optical scattering, the oxide serves as an invisible scaffold for the dye molecule.
The mechanism of the quenching process is well established, see Fig.2-3 [86]. Upon absorption by the
dye, an electron is promoted to an unoccupied molecular orbital. From there, it undergoes an ultrafast
charge injection into the continuum of conduction band states in the titania. The basic photophysical
equation between the dye and the TiO, substrate can be written as the following [86]:

SO+ hv -5 > St + egp (Ti0y).

Where S is the ground state of the dye and S is the excited state to which the molecule is
promoted by the electromagnetic energy, hv. When the energy of the photo-excited electrons in the dye
lies higher in energy than the conduction band (CB) of the TiO,, electron injection occurs, forming the
dye cation (S*). The electron relaxes by internal conversion to the conduction band-edge and then hops
between titania sites until it reaches an interface with a dye-cation, whereupon it recombines non-

radiatively to regenerate the dye. With the dye sensitized TiO, system, we do not observe fluorescence
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in the final regeneration step since the TiO, CB edge and the trap state are well below the energy of the
first excited state of the dye. Importantly, the initial charge-transfer step from the dye to the oxide
typically occurs on a very short timescale (« 100 fs), [86-89] which means that the photo-excited
electron is removed from the dye molecule long before it has any chance to relax radiatively to the
ground-state. In this way, it is possible to reduce the fluorescence quantum yield of the dye molecule to
a negligible level and so quench the autofluorescence by many orders of magnitude. ZrO, substrates
undergo similar dye-coupling (as titania — section 1.5), but unlike the TiO, substrates; there is no
electron injection into its CB due to its high energy barrier (Fig. 2-1). The relaxation of the excited
electron via a trap state of ZrO, allows back transfer to the excited state energy level of the dye (v'=0)
and hence emission remains possible. ZrO, substrates were used here as non-quenching metal oxide

electrodes for comparison with TiO,.
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Fig 2-1 Energy diagram for a dye coupled to anatase titania (Left) A) Ultrafast electron injection (<100 fs,
depending on the dye) into the conduction band of TiO,. B) Relaxation of the excited electron in the
conduction band and the trap states (Internal conversion). C) Non radiative charge recombination with the
dye cation. D) Internal conversion with in the S; state followed by subsequent fluorescence emission.

Energy diagram for a dye coupled to ZrO, A) Ultrafast electron injection into the ZrO, trap state (<100 fs) B)
Electron relaxes down the ‘trap’ energy levels, and C) back transfer into the lower vibrational level of the dye
excited state energy level (450 fs) before relaxing down to the ground state via fluorescence (160 ps) E&F)
Alternatively the electron relaxes down via trap states and recombine at the ground state Alizarin, with no
emission (recombination time frame of 2.4 ps) (Adapted from [86]).

2.2 Experimental

43



Nanoporous TiO, Optical Filters Eegl\Ai2:]

2.2.1 Preparation of the Filter

2.2.1.1 Titanium Oxide Thin Films

Titania films of approximate thickness 4.4 um were prepared by screen-printing 100 pL of as-
received commercial titania gel (WA-15DPT 8% v/v, Nanopac, South Korea) onto glass substrates (Fig. 2-
3). A glass substrate was taped onto a flat surface with a standard 3M scotch tape and 100 ml of the
oxide paste was deposited on the substrate. A glass rod was used to spread the oxide paste on to the
exposed region of the glass substrate and left to dry (turns transparent) for 10 min. The coated glass
slides were then sintered in an oven at various temperatures for one hour, ramping the temperature
gradually over a 30 min period (approximately 14 °C/min for 450 °C) to avoid cracking. To sensitize the
resulting titania film, each titania-coated substrate was immersed overnight in a dye solution. The dyes
were chosen according to the following criteria: firstly, the dyes should absorb in the desired optical
range (i.e. 400-450 nm for long-pass filters); secondly, for the dyes to be effectively quenched, the
lowest unoccupied molecular orbital (LUMO) of the dye should coincide with the conduction band of the
titania (3.3 eV) [90] (Eg titania = -0.5 V vs standard hydrogen electrode) [91]. Finally, the dyes must
contain carboxyl groups to form a strong ester link with the titania surface hydroxyl groups. Other
interactions such as electrostatic interaction and hydrogen bonding can also be employed with carbonyl
and hydroxyl group containing dyes. The stained films were then washed repeatedly with a solvent

(used to disperse the dye) to remove unattached dye molecules and finally dried in a stream of nitrogen.

No dye Alizarin Fluorescein No Dye Alizarin Fluorescein
(in UV) (in UV) (in UV)
Titanium
Oxide
Zirconium
Oxide

Figure 2-2 Titanium Oxide / Zirconium Oxide thin films, doped with corresponding dyes (Alizarin and
Fluorescein) exposed under UV lamp (365 nm). Films prepared with Zirconium Oxide shows significant
emission in comparison to the films prepared with titania. The zirconia films were highly scattering and so
appear white and opaque in both visible and UV light.

Fig. 2-2 shows nanoporous titania/zirconia thin films prepared with the method outlined in

section 2.2.1.1. The zirconia thin films sensitised with fluorescein and alizarin showed significant
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fluorescence upon UV excitation. This effect was not observed with titania thin films sensitised with the

same dye, demonstrating the fluorescence quenching nature of titania substrate.

2.2.1.2 Zirconium Oxide Thin Films

The Zirconium Oxide gel was prepared by adding 12g of ZrO, nano powder (Aeroxide ZrO,,
Evonik, Germany) into 4 ml of distilled water. This solution was then diluted with 16 ml of distilled water
and 0.4 ml of Triton X100 (Aldrich) under continuous mixing, yielding a thick white paste of ZrO, [92].
The same procedure described for TiO, was used to produce zirconium oxide thin films, of approximate

thickness of 5-6 um and the same staining and washing procedures were followed.

Glass rod

] ‘ \
Direction j j |
of the rod 7: -
b

|

1

Metal-oxide paste

Spread metal-oxide paste

Spacer/ substrate holding tape

Partially dried metal-oxide paste Dried metal-oxide paste

Fig. 2-3 Screen Printing Ti/Zr oxide paste onto a glass substrate. A) A Glass substrate is taped onto a flat
surface with a standard 3M scotch tape and 100 ml of the oxide paste is deposited on the substrate. A glass
rod is used to spread the oxide paste on to the exposed region of the glass substrate B & C) The oxide paste is
left to dry for approximately 10 minutes causing the film to become clear. D) Dried oxide layer is now ready
to be sintered in air.
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2.3 Oxide Film - Characterization Methods

2.3.1 Scanning Electron Microscopy

Scanning Electron Microscopy (SEM) is a type of electron microscopy method that utilises high-
energy electron beams to obtain very high resolution surface images (upwards of 300,000 x
magnification compared to just 200-1000 x magnification with standard optical microscope). Scanning
electron Microscopes also have a large depth of field due to their narrow electron beam, which allows
‘3D’ images of the sample to be obtained, providing the samples are conductive (compared to the flat
images optical microscopes produce). To provide necessary conductivity, all the titania samples
described in section 2.4.1 were sputter coated with chromium. The sputter coater settings were set to
80 mV (at 1 min) and vyielding a coating of approximately 5 nm thick on the surface of the sample.
Furthermore, SEM samples were prepared on conductive Indium Tin Oxide (ITO coated glass, Sigma

Aldrich, UK) coated glass for added conductivity.

Incoming primary electron
(Electron beam)

Scattered
Electron

Secondary electron
(<50eV)

O Inelastically
Scattered 1°e”

Inelastic scattering Elastic Scattering

Fig. 2-4 Diagram illustrating inelastic and elastic scattering of electron.

In the SEM, electrons generated by a thermal emission source (e.g. heated tungsten filament)
are focused into a beam by series of electromagnetic lenses. Scanning coils deflect and position the
beam onto the sample. The sample can interact with the incoming electron beam inelastically or
elastically. Inelastic scattering occurs when the electron beam interacts with the electric field of the
sample resulting in a transfer of energy to the electron of the sample. This is followed by emission of a
low energy electron (compared to the incident electron with typical energy of 5 keV), also known as the

secondary electron which typically has less than 50 eV of energy. Detection of secondary electrons is

46



Nanoporous TiO, Optical Filters [eglaN=:W)

useful for topological studies of a sample. Furthermore, if an electron from a higher orbital fills the
electron vacancy that has been created, characteristic X-Rays are emitted which can help identify the
chemical composition of the sample. Elastic events occur when the electron beam interacts with the
electric field of the nucleus, which results in deflection of the electron without any significant loss in its
energy. The loss in energy is typically less than 1 eV [93]. The electron is referred to as a ‘back scattered
electron’” when it is deflected back out of the sample. Since heavy atoms and lighter atoms have
different scattering properties, this technique, along with the X-ray detection technique provides useful

compositional information.

2.3.2 Nitrogen Porosimetry

Nitrogen porosimetry allows data such as average pore volume, pore distribution, and the
surface area of the material to be calculated by measuring the volume of nitrogen gas adsorbed by the
sample. This technique can be used to investigate how the porosity/surface area is affected by the
processing conditions and so help identify the optimal process parameters. The BET Surface analyser
(Tristar BET Surface analyser, Micrometric, UK) allows precise measurement of the amount of nitrogen
gas adsorbed by the porous TiO,. This data in conjunction with BET (Brunauer Emmett Teller) theory (as
discussed below) provides a simple means of determining the specific surface area of the titania i.e. the
total microscopic surface area per unit geometrical area. Langmuir theorised that the adsorption of a
molecule to the surface is related to the pressure. Based on this theory, an equation was derived which
expressed the relationship between the pressure and the number of active sites undergoing adsorption
assuming 1) a fixed number of adsorption sites is available on the surface, 2) all adsorption sites have
equal shape and size to the adsorbent, 3) each site can only hold one adsorbent, 4) dynamic equilibrium
exists between the adsorbed molecules and the free molecules. Langmuir theory assumes that the
absorption is a monolayer but under high pressure situations, this assumption breaks down as
multilayer adsorbent forms. BET theory is an extension of the Langmuir Theory. Where Langmuir theory
is a theory defining the adsorption of monolayer [94], BET theory expands this to a multilayer adsorption
based on three further assumptions: Firstly, gas molecules adsorb on solid substances. Secondly, there
are no interactions between the adsorbed gas monolayer, and thirdly, Langmuir theory can be applied
to each monolayer in the multilayer (meaning that a surface coverage of the surface is a function of

pressure and Langmuir absorption coefficient).
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To determine the adsorption isotherm of our nanoporous titania, known amounts of adsorptive
gas are admitted stepwise into the sample cell, containing the sample that has been degassed and dried.
The amount of gas adsorbed by the titania is the difference between the gas in the sample cell and the
amount of gas admitted. The adsorption isotherm is then given by a plot of amount of gas adsorbed (in

mol/g) as a function of relative pressure, P/P,. (Equation 2A & fig 2-5)

The BET equation is expressed as:

P _c—1(P)+ 1 (2A)

v(Po=P)  vmC \Py) | vmC

Where:

P = Equilibrium Pressure
P, = Saturation Pressure
V = Adsorbed Gas in unit volume
Vi = Monolayer Adsorbed volume
C = BET constant described in Equation 2F

and the BET constant can be described by where E,y is the heat of adsorption for the first layer and E,

is the heat of adsorption for the second and higher layer.

c=exp (%) (2B)

Eags = Heat of adsorption for the first layer
E. = Heat of condensation
R = Gas Constant (8.314JK'mol™)
T = Temperature in Kelvin (K)
Eqgn. 2A denotes an adsorption isotherm and is plotted with P/v(Py-P) on the y-axis and P/P, as x-axis as

shown on Fig. 2-5 This is called a BET plot where the slope (S) and its y-intercept (I) are used to calculate

both the volume of monolayer adsorbed gas, Vi, and the BET constant, C as follows.

Um = 7 (2C)

c=1+§ (2D)

The total surface area (Stqt) and the specific surface area (Sget) are defined as follows:

VNS
SBET total = n‘l, (2E)
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Sper = _Stifal (2F)
where in Equation 2E & 2F:

N = Avagadro’s Number
S = adsorption cross section
V., = molecular volume of the gas itself
A = molecular weight of the adsorbed gas.

The derivation of these equations is presented in reference [95]. In practice all data is analysed using the
software supplied with the BET surface analyser. The TiO, samples were sintered at different
temperatures to observe the effect on the surface area and the pore size distribution. This information

was then used to optimize the sintering temperature of the titania substrate for maximum dye loading.

Model BET Plot

v(Pp — P)

1
— interscept = —
:|» y 14 vme

Fig 2-5 Diagram of a model BET plot showing the amount of gas adsorbed (in mol/g) vs relative pressure,
P/P,.

P
Py
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2.4 Oxide Film - Results

2.4.1 Scanning Electron Microscopy (SEM)

The titania samples shown here were fabricated using the method and materials outlined in
section 2.2.1.1 without any dye sensitisation. All samples were sputter coated with approximately 5 nm
of chromium using the setting described in section 2.3.2. (K500X Polaron, Quorum Technologies, UK).

SEM images were taken with 2 x 10° x magnifications at 1.5 x10° T pressure (Fig. 2-6)

Surface Cracking at higher temperatures

Fig 2-6 All images were taken at x200000 magnification and at 1.5 x10° T pressure. Images are in order of
sintering temperature, starting from 750 °C down to 150 °C (750, 650, 450, 250, and 150). The last picture
just shows the film cracking at high temperature sintering (in this case 750 °C.)
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Fig 2-7 Size distributions of the surface features seen on the titania substrate sintered at 750 °C, 650 °C, and
450 °C. Size distributions of 100 random surface features were obtained through ImagelJ analysis software.
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The dark patches in the pictures signify deep areas, where secondary electrons were not
detected. Titania sintered at higher temperature (450-750 °C) showed significantly more dark patches in
the SEM pictures implying higher porosity. An increase in average feature size can be seen upon
comparing the images of samples sintered at 450 °C and 750 °C. Using the ImageJ imaging software, it
has been found that the average feature size in films sintered at 750 °C was 45 nm with approximately
10 % of the features exceeding 65 nm. The size distribution of the features ranged from 12 nm to
107 nm and this could be attributed to coalescence of the titania crystals at higher temperatures. The
average feature size of films sintered at 650 °C was 17 nm and the size distribution ranged from 7 nm to
29.5 nm, which is attributed to reduced coalescence. It is evident from Fig. 2-7 that at 450 °C the
features showed finer pore structures. The feature size averaged 8 nm with much tighter size
distribution ranging from 4 nm to 19 nm. The two films sintered at lower temperatures (250 °C & 150°C)
showed formation of small pore features but also showed ‘shallow’ pores. This is because the
temperature was not sufficient enough to burn off the surfactants (see next chapter) and hence the

nanoporous features were not formed completely.

The data illustrates important points: Firstly controlling the porosity of the titania substrate is
possible by simply altering the sintering temperature, with the most porous structure being achieved at
450 °C. Secondly, assuming that the dye can form a monolayer on the internal surface of the pores, dye
loading on the film should be readily controllable by changing the porosity. Finally, films sintered at
temperatures above 650 °C show larger titania features, which lead to optical scattering and are not
suited for optical filter applications. Furthermore, using such high sintering temperatures caused surface

cracking due to the expanding glass substrate [96].

For the purpose of using these nano-porous titania substrates in dye-sensitised optical filters,
we required high porosity to maximise dye loading and hence filter attenuation. Furthermore, the
anatase phase titania is preferred to maximise the transparency of the substrate - which would preclude
any sintering temperatures above 650 °C as beyond this temperature, partial formation of rutile phase

titania occurs.
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2.4.2 Profilometer and Nitrogen Porosimetry

Thickness of the oxide film is a significant factor in the final properties of the optical filter since
this determines the optical pathlength, and the amount of dye loading. The thickness and porosity were
measured using a surface profilometer and nitrogen porosimetry. The films were prepared on standard
microscope glass slides measuring 30 mm x 100 mm and the average thickness of the films were

determined over a distance of 10 mm in the x-direction (across the short side of the glass slide).
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Fig. 2-8 Results from the profilometer, displaying average results of three films taken at three different points
(9 measurements in total for each sintering temperature). The graph on the right shows a diagram of a typical
result from a Profilometer

Nine measurements were taken in total for each temperature group and Fig. 2-8 shows the
average thickness of the titania film. The thickest parts of the film are at the edges and these features
are 10-20 um in height. The height values were taken away from the edges to avoid this ‘edge’ effect
(note, the edge effect is caused by tape used during the initial screen-printing procedure). The thickness
profile of titania shows an approximately linear increase in thickness with sintering temperature (Fig. 2-
8), varying from 1 um to 5.5 um as the sintering temperature is increased from room temperature to
750 °C. Titania becomes more porous as the sintering temperature increases. At higher temperatures
the crystals coalesce forming larger pore volumes, which contributes to the overall thickness of the film.
In fig 2-9 and table 2-1 we show the data obtained from the BET surface area measurement, which
indicated an increase in pore volume with sintering temperature (Fig 2-9) and this is in agreement with

the data from the Profilometer.
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BET Surface Area (mzlg)

Sample BET Surface Area m*/g Pore Volume (cm?/g) Effective TiO, Area (cm?)
ITO Glass 30.0 N/A N/A
25°C 37.2 N/A 1.28
39.8 N/A 1.37
43.7 0.0101 1.50
80.1 0.011 2.75
100.0 0.09 3.43
159.5 0.089 5.47
50.2 0.0154 1.72
42.4 0.0521 1.46
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Fig. 2-9 & Table 2-1 Results from the BET surface analyser for non-dye doped titania films. All films were
prepared as described in section 2.2.1. ITO glass of equal area is used as a reference to a lamellar type
surface. Effective surface area of the TiO, film was calculated from the BET surface area and the amount of

titania used to fabricate each film (34 mg for all samples).
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The BET surface area ranged from 30 m?/g to 160 m?/g as the sintering temperature was
increased from 25 °C (unsintered) to 450 °C above which it dropped significantly to less than 50 m?/g.
The ‘peaked’ appearance of the data comes as no surprise since we have already established from the
SEM that films sintered at 450 °C showed the smallest surface features. This result is consistent with the
literature, where Schneider et. al., observed similar results [97]. The effective surface area of the titania
films is the product of specific BET surface area and the actual weight of the titania colloids used. This
increases with sintering temperature, peaking at 450°C (24.77 cm?) above which it declined again as
titania coalesce to form larger features. The effective areas obtained using the lowest and highest
sintering temperatures films were relatively low (1.28 — 1.72 cm?). From the above data, we conclude
that sintering the commercial paste at 450 °C adequately burned off the organic surfactant and allowed

optimum coalescence to form highly nanoporous titania layers.

2.5 Dye Sensitization of TiO: - Results

In the following section, the dye solvents and the concentrations were altered to find the
optimum sensitizing conditions to produce highly absorbing titania long pass filters. The transmission
characteristics of the filters were measured with a dual-beam UV/Vis spectrometer (Perkin Elmer,
Lambda 20, UK), keeping the reference path empty so as to determine the overall transmission

properties of the filters (dye plus substrate as opposed to the dye alone).

Titania-coated substrates were sintered at 450 °C and immersed overnight in a 0.01 M
solution of one of the following six dyes: Alizarin, Alizarin Red, Purpurin, Fluorescein , Fluorescein
Disodium Salt (FDS) and Eosin Y (see table 2-2) —all of which were chosen for their ability to adsorb
directly onto titania without surface functionalization [91, 98, 99] and to absorb visible light in the range
400 nm - 500 nm. Alizarin, Alizarin Red and Purpurin are anthraquinone-derived dyes with relatively low
guantum efficiencies in solution in the range 0.2 to 3 % [87, 100] while the others are fluorescein
derivatives with high efficiencies in the range 40 to 97 % [101]. Factors that determine how easily
organic molecules will absorb onto an oxide surface include pH [102], temperature [102], the ionic
strength of the dye [103], the structure and the concentration of the dye [102], and the surface
chemistry of the substrate [102]. The stained films were then washed repeatedly with the same solvent
that dissolved the dyes, to remove any unattached dye molecules and finally dried in a stream of

nitrogen.
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Chemical Name Chemical Structures Molecular Weight Absorption in Solution

Avax(Acetone) = 470nm

}\MA)((DMSO) =458nm
Alizarin 240.04

Awax(Ethanol) = 465nm
Avax(Water pH7) = 460nm

Avax(Acetone) = 470nm

}\MA)((DMSO) =458nm
Alizarin Red 319.99

Avax(Ethanol) = 465nm
)\MAx(Water pH7) =460nm

Avax(Acetone) = 470nm

}\MA)((DMSO) =458nm
Purpurin 256.03

Avax(Ethanol) = 465nm
Avax(Water pH7) = 460nm

Avax(Acetone) = 470nm

AMA)((DMSO) =458nm
Fluorescein 332.06

Avax(Ethanol) = 465nm
Avax(Water pH7) = 460nm

Avax(Acetone) = 470nm
Fluorescein Avax(DMSO) = 458nm
376.03

disodium salt Avax(Ethanol) = 465nm

)\MAx(Water pH7) =460nm

Avax(Acetone) = 470nm

}\MA)((DMSO) =458nm
EosinY 687.67

Avax(Ethanol) = 465nm

Awvax(Water pH7) = 460nm

Table 2-2 Table to show the chemical structure and the optical properties of the dyes employed in fabricating
long pass filters.
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Fig. 2-10A Normalised absorption spectrum of the dye in solution and the titania long-pass filter.
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Fig. 2-10B Transmission spectrum of Titania long-pass filters prepared in different solvents.
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The organic dyes listed in table 2-2, were dissolved in various solvents of different polarity and 0.01 M

solutions of the respective dyes were prepared. The relative dielectric constants of the solvents

employed are as follows: Acetone (21), Ethanol (24.3), DMSO (46.7), and water (78.4). As expected, the

highest dye adsorption by the titania was observed for solvents with the highest solubility of the
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corresponding dyes, leading to reduced optical transmission across the entire measurement range (400

— 800 nm), and particularly in the absorption band below 600 nm. Again, as the concentration of the dye
solution increase, so did the amount of dye adsorbed by the titania leading again to increased optical

density. Another important feature of the spectrum is a clear red shift relative to the dye in solution (Fig.

2-10A).
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Fig. 2-11 Transmission spectrum of Titania long-pass filters prepared in solvents with the highest solubility of
the corresponding dyes. Concentration ranged from 0.01 M to 1x10° M.
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The absorption maximum for alizarin increased from 432 nm (in ethanol) to 482 nm (on titania),
and similar results were observed with other anthraquinnone derived dyes (Alizarin red S: 424 nm (in
ethanol) > 482 nm (on titania), Purpurin: 483 nm (in ethanol) = 507 nm (on titania), Fluorescein: 444
nm (in ethanol) = 497 nm (on titania) , Fluorescein Salt: 483 nm (in ethanol) - 501 nm (on titania), and
Eosin Y: 526 nm (in ethanol) - 531 nm (on titania)). The observed red-shift in the absorption spectrum
are in agreement with the literature where that attribitue this effect to the formation of new ligand to

metal charge transfer band in between the usual m - t* absorption [104-106].

From the previous sections, the fabrication condition for producing highly absorbing titania based long

pass filters were chosen as follows:

TiO Sintering Temp °C Sensitisers
Alizarin Ethanol 0.01M
Alizarin Red S Ethanol 0.01M
450 Purpurin Acetone 0.01M
Fluorescein Dimethyl Sulphoxide 0.01M
Fluorescein Salt (FDS) Acetone 0.01M
Eosin Y Acetone 0.01M

Table 2-3 Table showing solvents for various filters.

2.6 Integrating sphere quantum yield measurements

2.6.1. Principles

In this section, the quantum vyields of dye-sensitised titania and zirconia are compared to
evaluate efficacy of the quenching process with titania. Photoluminescence quantum vyield, # is defined

by equation:
n = Numbers of Photon emitted / Numbers of Photons absorbed (2G)

and is also given by the equation:

n = kg/(kg + kyg) (2H)
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where kg is the radiative and kyg is the non-radiative rate constant. The quantum yield of a sample may
be determined by comparison with a reference fluorophore with a well-defined quantum yield. The

quantum yield of an unknown (1) is related to that of the reference (n,.5) by the equation:

Nx = (Aref/AX)(FX/Fref)(nX/nref)znref (21)

Where A is the absorbance at the excitation wavelength, F is the area under the corrected emission
profile (expressed in number of photons per steradians per nanometer per second), and nis the
refractive index of the solvent used. Parameters with subscripts ref and X refer to the reference and the

unknown respectively. (Method described here and equations taken from ref. [107])

The equations described above are for solutions, and their measurements are relatively simple
because one can assume an isotropic angular distribution of the emission. Measuring the
photoluminescence quantum efficiency of thin films is problematic due to difficulties in determining the
reflectivity, angular emission distribution and absorption of the sample under investigation [108]. To
compare the quenching efficiencies of the films, it is essential to have an accurate and reproducible way
of measuring their quantum yields. This is possible with an integrating sphere, which is a hollow sphere
lined with a diffusely scattering material such as barium sulphate or polytetrafluoroethylene (PTFE). In
an integrating sphere, the emission light is distributed isotropically within the sphere regardless of any
angular dependence of the initial emission. Hence if N photons are received per second over a solid

angle Q, the total number of photons (N) emitted per second is equal to:

4
N = N, (3”) (2J)
The basic experimental setup is shown in Fig. 2-12. The setup consists of a CW He-Cd laser (Class 3B,

Max Power 300mW), sample, integration sphere, optical cable, and a CCD spectrometer (Ocean Optics

QE64000).

Laser Beam 442nm
He-Cd Laser 1 —

Fig. 2-12 Schematic of the integrating sphere setup.
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The laser beam enters the integrating sphere through a small entrance hole. The integrating

sphere is connected to the detector with an optical fibre, which sits flush with the interior wall of the
sphere. A short distance in front of the optical fibre is a small “baffle” or obstacle coated with the
scattering wall material to prevent direct illumination of the detector. Three different configurations are

required to determine the quantum yield as shown in Fig.2-13. [108]

Detector Detector Detector

Baffle

A

Integration sphere

Configuration A Configuration C

|
|
|
|
1
|
|
|
|
|
1
|
|
|
|
|
1
|
|
|
|
|
I
: Configuration B
|

|

Dark spectra for low integration time ILaser (B) Measurements (short integration time) 1Laser (C) Measurements (short integration time)

Dark spectra for high integration time iIPL (B) Measurement (long integration time)

Laser (A) Measurement (low integration time) ' PL (C) Measurement (long integration time)

Fig. 2-13 — Diagram to show the three separate experiments for obtaining the photoluminescence quantum
efficiency values for thin film samples

Configuration A — Only the laser light is detected (no sample) by the detector. One spectrum with the
laser ‘on’ is recorded, and two further spectra when the laser is ‘off’ are recorded, each at two different

integration times. The reason for the two different integration times is explained later.

Configuration B — The sample is placed within the integration sphere but the laser beam is directed

towards the wall. Again, spectra are recorded at two different integration times.

Configuration C — The sample is under direct laser illumination. The sample is orientated so that any

reflected light strikes the wall and is not lost via the entrance hole.

62



Nanoporous TiO, Optical Filters Eegl\Ai2:]

B e — i T T 1 ]

[ «— Experimant (&) ]

25 F b

2 } € Exporiment (b] p
15 |:E::p-ariment ic}

Intensity * Wavelength {(a.u.)

0.5 '1
NN
400 200 600 00 800

Wavelength {nm}

Fig. 2-14 — Example spectra for measurement of thin film MEH-PPV taken from ref. [108]

The area under the laser peak is proportional to the amount of unabsorbed laser light
(expressed as a flux), and is denoted L. The area under the emission spectra is denoted P. The laser light
incident on the sample has two contributions: a first contribution from the direct laser beam
illumination and a second contribution from diffuse laser light reflected by the integrating sphere. In
configuration B (Fig.2-13) we make the assumption that the laser light is scattered from the wall of the
sphere and a fraction U of the scattered light is absorbed by the sample. In configuration C the laser
beam directly hits the sample and a fraction of this beam will be absorbed by the sample. The
unabsorbed light hits the wall of the integrating sphere and scatters, and again a fraction u of this light is
absorbed by the sample. Therefore we can write equations 2G & 2H where the values, L Lg, and L¢

denote the values for L for the three configurations (fig 2-13):

Lg =L,(1—p) (2K)

Le=L,(1-A)(1—p (2L)

Hence we obtain the absorption coefficient A of the sample by:

A= (1 - z—c) (2M)

B
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In experiment B the detected light is composed of (i) absorbed laser light and (ii) the emission caused by
scattered laser light that is subsequently absorbed by the sample. The number of photons detected is
equal to Lg + P;. In configuration C, a proportion of the laser beam is reflected, absorbed (A), and

transmitted. The contribution of the scattered light to the data can be expressed by:

(1—A)(Lg + Pp) (2N)

The absorption of directly incident laser beam also contributes to the emission in experiment C (nL4A),

hence the total intensity in experiment C is given by:

Eliminating Lg and L¢ with equation 2M, this rearranges to give the quantum efficiency:

_ Pc—(1-A)Pp

™ (2P)

The dark spectra obtained in configuration A were subtracted from the subsequent
measurements. The short and long integration times were needed to record the strong signal laser light
and the emission signal respectively. Neutral density filters and short integration times were used to
prevent detector saturation. Verification of the integrating sphere method was performed using a dilute
ethanolic solution of Rhodamine 6G (1 mM). The solution was placed in a small ampoule, and the laser
beam was orientated to hit the curved surface of the ampoule, taking care to ensure that no reflected
exited the integration sphere via the entrance hole. Measurements were taken for working out the
absorption coefficient (area under the laser peak) and the photoluminescence (PL) spectrum of
Rhodamine 6G. To obtain the PL efficiency it is necessary to obtain the area under the fluorescence
spectrum from each experiment. These spectra were integrated over 550 to 800 nm. The equation for

working out the photoluminescence quantum yield is in equation 2P.
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2.6.1. Results

As mentioned previously, quantum yield measurements on solutions are relatively simple.
Quantum yield measurement of dilute Rhodamine 6G solution has been reported by deMello et. al.,
using the comparative method described in the previous section. They obtained quantum yield of 60 %
5 %, compared to our 55.4 + 5 % obtained through the integrating sphere method described above.
Hence there is reasonable agreement between the two. Five samples of dye-sensitized titania and
zirconia films were prepared for each of the dyes and sintered at 450 °C. Here the quenching
performance of the titania was assessed by the ‘quenching factor’, and this is deduced by dividing the
photoluminescence quantum vyield from the zirconia samples by the quantum vyield of the titania
samples. Significant quenching was observed with all three samples, where the quenching factors were:
Alizarin (502.437), Purpurin (442.129), and Alizarin Red S (292.820). It is also interesting to note that
dye-sensitised zirconia is only weakly fluorescent due to the system undergoing similar non-radiative

relaxation mechanism as seen on titania substrates.

From these results it is evident for photoinduced charge transfer between the dye and the
titania to occur, and the relaxation of the ‘hot’ electron undergoes relaxation via the non-radiative
pathways as described in section 2.1. Dyes sensitised on zirconia could be dye-coupled in a similar
manner to titania but showed weakly fluorescent characteristics (Non-radiative decay via ‘trap’ states —
see Fig. 2-1). This confirms that the decrease in luminescence efficiency of the dye arises from its

interaction with the titania substrate and not from any other effects.

R6G Ag Zr-AL Zr-ALRS Ti-P Ti-AL Ti-ALRS

Expt. A (La) 1521686.67 1972100 2556883 1739533 1742680 1654363 2153697
Expt. B (Lg) 1280106.67 1251136.67 1440373 1392713 1492047 1419107 1379827

Expt. C (L¢) 694303.33 131076.67 124160 79446.67 666613.3 322423.3 33210
PL B (Pg) 151367.13 33219.78 23846.65 31816.48 4366.23 63499 6087.43
PL C (Pc) 467890.77 27678.2 20838.33 25831.13 1980.88  1463.15 2151.02

Abs Coeff. (A) 0.458 0.895 0.914 0.943 0.533 0.773 0.976
PLQY (%) 55.4010 1.3706 0.8039 1.4641 0.0031 0.0016 0.0050
(%5) (1) (£0.5) (£0.5) (+0.005) (+0.005) (+0.005)
Quenching Factor 442.129 502.437 292.820

Table. 2-4 Overall results from the integration sphere measurements. PLQE of three titania samples and three
zirconia samples (prepared at 450 °C) were measured. Results displayed here are the relative intensities in
counts.
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2.7 Autofluorescence Measurements

2.7.1 FDS doped Polydimethyl Siloxane (PDMS)

To mimic a conventional low cost colour filter, one of the dyes, fluorescein disodium salt (FDS),
was dispersed in a polymer host. Adapting the method outlined in ref. [109], 1 ml of saturated FDS
solution was prepared in ethanol and 1 ml of immiscible toluene was added to the FDS saturated
ethanol solution. The two phased mixture was vigorously mixed until the toluene layer showed
colouring. This toluene layer was separated from the ethanol
layer and evaporated to increase the FDS concentration. This
process was repeated until we achieved adequate amount of
highly concentrated FDS toluene solution. In this way we were
able to prepare a concentrated solution of FDS in toluene — a
solvent in which it will not dissolve directly. The resulting FDS
toluene solution was then mixed with 20g of
poly(dimethylsiloxane (PDMS) monomer and hardener pre-
mixed at a ratio of 10:1 v/v (Sylgard 184 silicone elastomer kit,
Dow Corning, Coventry, UK). This resulting slurry of dye doped
PDMS was poured into a plastic petri dish and left to cure at

room temperature for 48 hours, resulting in a coloured PDMS

filter with approximate thickness of 5 mm.

Fig. 2-15 - Dye doped PDMS filter in petri dish after 48h of room temperature curing.

2.7.2 Absorption Measurements

The absorption characteristics of the titanium filters and those of commercial Schott glass colour
filters (GG475, 0G530, 0G550) were measured with a dual-beam UV/Vis spectrometer (Philips Unicam,
UK), using air as reference to determine the transmission properties of the filters (Fig. 2-15).
Autofluorescence spectra were obtained by directing a 1.1 mW beam from a 442 nm HeCd laser
(IK5552R-F, Kimmon Japan attenuated with Thor Labs 442 nm band-pass filter and a O.D. 2 Schott glass
Neutral Density filter ) onto the front side of each filter and placing a fibre-optic coupled to a CCD
spectrometer (QE65000, Ocean Optics, US) at the rear of the filter. (See Fig. 2-17).
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Fig. 2-16 (Above) Absorption spectra of single-layer titania films sensitised with various anthraquinone- and
fluorescein-derived dyes. (Below) Absorption spectra of three commercially sourced Schott glass colour
filters, and an FDS-doped PDMS filter; also shown for comparison are calculated absorption spectra for four-
layer FDS- and Alizarin-sensitised titania stacks determined from the single-layer absorption spectra.
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Fig. 2-16 shows the absorption spectra of the dye-sensitised titania films. Each long-pass filters
shows a broad cut-on from the short-wavelength stop-band to the long-wavelength pass-band, with the
absorbance approaching zero towards 800 nm. The absorbance in the stop-band was small in all filters,
falling as low as 1.7 for Purpurin, 1.5 for Alizarin, 1.2 for Alizarin Red, 0.5 for Fluorescein, 1.5 for FDS, and
0.4 for Eosin Y. Whilst these OD values are certainly too low for most filter applications, improved OD
can be achieved by stacking several dye-sensitised filters, albeit at the expense of transmission in the
pass-band. From Fig. 2-16B it is evident that by stacking four layers of FDS-sensitised titania significantly
improved blocking characteristics are attainable with a modest loss of transmission in the pass-band.
Also shown for comparative purposes are absorption spectra for the FDS-sensitised PDMS film and the
three Schott glass colour filters. The high baseline of the FDS-doped PDMS filter is due to the difficulty of

uniformly dispersing FDS in PDMS, which results in a highly scattering film.

2.7.3 Autofluorescence measurements

The experimental configuration shown on Fig. 2-17 was chosen to mimic the typical situation in
a microfluidic device where the light-source and the photodetector are directly opposite one another,
and a long-pass filter is placed immediately in front of the photodetector to block the excitation light.
Integration times of up to 15 minutes were used to collect the spectra due to the weak emission from

the dye-sensitised titania films.

“— Ocean Optics QE65000 Spectrometer

1 — Optical Fiber 1mm (Ocean Optics)
— Sample (Ti/Zr/Schott Filter)

— OD2 Lee Filters + Metal Plating (For support)
OD2 Neutral Density filter (Schott)

Bandpass filter 441-442nm (Thor Labs)

— KIMMON He-Cd Laser (442nm)

Fig. 2-17 - Schematic of configuration used for autofluorescence measurements. A 1.1 mW laser beam from a
442 nm HeCd laser is directed onto the front side of the filter and a fibre-optic coupled to a CCD
spectrometer is placed against the rear-side of the filter immediately behind the laser spot, leading to
collection of directly transmitted laser light and filter autofluorescence.

68



Nanoporous TiO, Optical Filters Eegl\Ai2:]

Fig. 2-18(A) shows the emission characteristics of the three Schott glass colour filters, the FDS-
doped PDMS film and the four-layer FDS-sensitised titania stack, measured in the manner described on
the previous page. It is evident that the three Schott glass filters and the dye-doped PDMS filter exhibit
strong auto-fluorescence that would preclude their use in high sensitivity detection. On the other hand,
the FDS-sensitised titania film exhibited extremely weak fluorescence that we were unable to detect
even with a fifteen minute integration time on the CCD spectrometer. Fig. 2-18(B) shows on a magnified
scale the emission characteristics of all six dye-sensitised titania films. In every case, the emission was
strongly quenched and indeed only the fluorescein sensitised film had an emission spectrum that was
(barely) detectable. It is evident that depositing a diffuse monolayer of dye molecules on a nanoporous
titania scaffold is a highly effective method of quenching emission from the dye. Fig. 2-19 shows a
picture taken during the autofluorescence measurements described above. It is evident that commercial
glass filters and FDS-doped PDMS autofluoresce considerably compared to the FDS-sensitised titania

film.

600 . . '
550_‘ GG475 Schott Filter

500 OG530 Schott Filter /

4504 0G550 Schott Filter
400__ FDS + PDMS
350
300
250 -
200 -
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1

Intensity (chm'an'1)

Fig.2-18A Autofluorescence spectra for the three Schott Glass colour filters, the FDS-doped PDMS and the
FDS-sensitised titania filter. All samples were excited at 442 nm with an integration time of 15 min.
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Fig.2-18B Autofluorescence spectra for the six dye-sensitised titania films under identical conditions. Note,
the spectra are shown on a magnified scale relative to 2-18 (A).
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Fig.2-19 Photograph taken during the autofluorescence measurements using the conditions described in Fig.
2-17. Titania based filters sensitised (right) with FDS only shows a reflected laser spot, while commercial (left)

and FDS-doped PDMS (center) shows significant autofluorescence.
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2.8 Using the Filters

2.8.1 Detection of Rhodamine 6G

To evaluate the titania-based filters for fluorescence detection, we applied them to the
fluorescence detection of Rhodamine 6G (R6G), using a 442 nm HeCd laser for optical excitation. Four-
layer FDS- and Alizarin-sensitized titania stacks were selected as long-pass filters, both of which were
chosen for their ability to provide good blocking of the laser and to transmit the R6G emission signal.
Again, to mimic the conditions used in a typical microfluidic device, the detection configuration shown in
Fig. 2-20 was used, in which the laser spot and photodiode were positioned in a face-to-face
configuration. Ethanolic solution of R6G of various concentrations (5x10° to 10° M) were placed in a
0.1 mm quartz cuvette, and positioned on top of the long-pass filter. For comparative purposes, the

measurements were also repeated using the commercial Schott glass colour filter 0G530.

F 442 nm Laser Beam

|__je— Photodetector

Fig.2-20 Schematic of configuration used for concentration measurements. The 1.1 mW laser spot from a
440 nm HeCd laser and a silicon photodiode were positioned opposite one another on the front and back
surfaces of a cuvette, with the long-pass filter tightly inserted between the rear of the cuvette and the
photodiode, leading to collection of transmitted laser light, analyte fluorescence and filter autofluorescence.

Fig. 2-21A shows the relationship between the signal intensity and the R6G concentration
obtained using the three different long-pass filters. The filters employed were the Alizarin- and FDS-
sensitised titania filters (four-layer stacks in both cases), and the commercial schott glass filter
0G530. The signals were dark current corrected (dark current of 0.1 nA) in all cases. Excellent
linearity was observed with the two Ti- based filters, with fairly low y-intercepts of 57.4 nA and
11.2 nA for the FDS- and Alizarin-sensitised filters, respectively. In both cases where titania filters
were used, the signal baseline was attributable to incomplete blockage of the laser light. Defining
the limit of detection (LOD), A as the concentration of analyte that yields a signal equal to the y-
intercept plus three times the standard deviation (o) of the blank (see Fig. 2-21B), we obtained A =
2.5 X 10° M (1.2 ug/ml) for the FDS-sensitised filter, and A = 1.9 X 10° M (0.91 pg/ml) for the

Alizarin-sensitised filter. Good linearity but a much higher y-axis intercept value of 1.14 pA was
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observed with the OG530 Schott due to strong autofluorescence from the filter, resulting in a
significantly worse limit of detection of A =9.3 X 10° M (4.43 ug/ml). From these measurements,
it is evident that autofluorescence from the filters can severly impair the limit of detection. Filters
with low autofluorescence are essential for high sensitivity detection. It is important to note though
that our LOD is one orders of magnitude worse than the recently reported microfluidic chip utilising
OLED and an OPD [47]. Pais et.al., achieved LOD of 0.1 X 10 M (0.0479 ug/ml) for R6G indicating

that there is still much room for improvement.
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Fig. 2-21A Signal versus concentration of Rhodamine 6G in ethanol. Three types of filters were used: 1) a
four-layer FDS-sensitised titania stack, 2) a four-layer Alizarin stack, and 3) a commercial Schott glass colour
filter 0G530. The experiment used 1.1mW HeCd Laser (KIMMON, Japan) as the light source, and the signal
was detected using a Si photodiode (51226-8BQ, Hamamatsu, Japan) coupled to a Keithley 6517 electrometer.
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Fig. 2-21B Schematic to show the concept of LOD shown on a ‘model’ signal versus concentration plot (not to

scale). Standard deviations (o) obtained from repeated measurements are used to calculate the LOD.
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2.9 Photo-degradation of Titania based filters

Sensitising nanoporous titania with appropriate dye molecules offers a viable means of creating
low cost colour filters with competitive absorption characteristics and superior autofluorescence
characteristics to conventional colour filters. However, since titania is widely used as a photocatalyst, it
is pertinent to ask whether such filters can be stable under sustained illumination. Furthermore, the
selected dye molecules are known to be susceptible to photo-degradation on Titania nano-colloids [110,
111]). With this in mind, the photostability of the TiO, filters was investigated by placing the filters in a
Fluoromax-2 spectrometer (Fluoromax-2, Horiba Jobin Yvon, UK) and exposing the filter to 442 nm light
of 0.04 mW/cm? for an extended period of time. (Intensity of this light was determined with a calibrated

Silicon photodiode - S2281, Hammatsu, Japan)

In Fig. 2-22, we show the absorption spectra of the FDS based filter and the Alizarin based filter
in open air, obtained under illumination at 0, 5, 15, 30, 60, 120 min and 24 h intervals, which shows
rapid degradation in the blocking performance upon exposure to continuous illumination. The
absorbance maxima of the Ti-FDS filters exposed with 442 nm light changed from O.D. 1 to 0.D. 0.9 in
the first 15 minutes, which equates to a approximate 10 % change. Over the period of 24 h, the
absorbance decreased to 0.D. 0.25 at 500 nm, implying an average degradation rate 0.052 %min™. The
observed photo-degradation after exposure to visible light can be attributed to a mechanism proposed
by Liu et al., in which injected electrons react with the pre-absorbed oxygen to form oxidising species

[112].

To protect the titania filters from moisture and oxygen-mediated photo-degradation, FDS- and
Alizarin-sensitised filters were placed in a dry N, environment and briefly heated at 60 °C to drive off any
moisture or solvents. The filters were then encapsulated using a UV-curable liquid epoxy (EE-1
Encapsulation Epoxy, Ossila), and a glass cover slide was placed on top to provide protection from the
atmosphere. The dyed part of the filter was covered with aluminium foil before before placing the filters

under a UV-lamp table to cure the epoxy.
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Fig. 2-22 Normalised absorbance of filters sensitised with A) Ti-FDS and B) Ti-Alizarin over period of 24h
under continuous illumination by 442 nm of monochromatic light (0.04 mW/cm?). A 50-80 % reduction in
absorption is observed due to photodegradation.
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Fig. 2-23 Normalised absorbance of encapsulated filters based on A) Ti-FDS and B) Ti-Alizarin over period of
24 h under the same illumination conditions as Fig. 2-22
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Fig. 2-23 shows the absorption spectra of encapsulated filters over the course of 24 hours, using
the same experimental setup as before. The spectra show minimal changes and it is evident that
encapsulating the filters in glass with epoxy resin and glass provides an effective protection against
photo-degredation. The stability of the resulting filters is adequate for their use in low cost diagnostic
applications, although slight photo-degradation was observed with Ti-FDS filters (O.D. 0.75 to 0.65 at
425 nm in 24 h). This could be addressed through the use of more photo-stable dyes and stringent

fabrication/encapsulation procedures.

2.10 Summary

In summary we have developed a new type of colour filter with minimal autofluorescence that
offers a viable low cost alternative to interference filters. The colour filters are prepared by overnight
immersion of a substrate coated with highly porous nanoscale titania in an appropriate dye solution,
followed by repeated washing to remove excess dye, resulting in monolayer coverage of the dye
molecules on the diffuse titania surface. The interface between the titania and the dye molecule induces
efficient quenching of photogenerated excitons in the dye molecule, reducing the photoluminescence
guantum vyield to a negligible value. The approach can be applied to a wide variety of dye molecules,
providing they bind strongly to the titania surface and have compatible energy levels to ensure efficient
electron transfer to the titania. (Note, in circumstances where the dye does not bind directly to the
titania surface, a linker unit can be used to anchor the dye [113]). The resultant filters exhibit far lower
autofluorescence than equivalent filters obtained by dispersing the same molecules in a host matrix, i.e.
conventional colour filters. The dye sensitized titania filters were successfully applied in the detection of
R6G. A commercial colour filter was also tested for comparison, but showed significantly worse limit.
The photostability issue of the titania filters in air was relatively poor, but could be significantly
improved by encapsulating them in glass with an UV-curing epoxy. In the next chapter we discuss the

extension of this method to plastic substrates — a critical step for low cost applications.
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3 Short Pass TiO: Filters

3.1 Introduction

Chapter two reported a new type of low cost colour filter based on titania which exhibit minimal
autofluorescence and offer a promising alternative to expensive interference filters [15]. Upon
comparing these filters to commercial Schott glass colour filters, significant improvements in the limit of
detection were observed. As discussed in Chapter one, portable point-of-care diagnostic devices will
incorporate low cost light sources such as inorganic LEDs which typically have a bandwidth profile which
can range from 25 — 100 nm and a weak broad wavelength tail that can persist for several hundred
nano-meters. Successful implementation of such devices is dependent upon their combined use with
both short- and long pass filters. In previous experiments, laser light coupled to an interference band
pass filter was used to ensure highly monochromatic excitation source hence long-pass filteration was
sufficient for fluorescence detection. However in situations where the light source is not monochromatic,
short pass filters are also required to sharpen the spectrum and suppress any “tail-light” from reaching
the photodetector that may overlap with and obscure the analyte signal. In this chapter, titania short-
pass filters sensitised with blue dye molecules were fabricated on glass and plastic substrates. Plastic
long-pass filters were also developed. The plastic long- and short-ass filters were then used in

conjunction with LED light source and a silicon photodiode for analyte detection.

3.2 Short Pass Filters

3.2.1 Sensitising Titania in the Red

Sensitising titania with red-absorbing dyes is a “hot” topic in the field of dye-sensitised solar
cells (DSSC). Researchers in the DSSC field hope to maximise the light-harvesting efficiencies of DSSCs by
using dyes that extend the absorption range, beyond 600 nm [114-119]. Hara et. al. fabricated a series
of coumarin-based DSSCs where the chemical structures of the coumarin dyes are altered by introducing
additional electron-withdrawing —CN groups to the m-conjugation bridge [117-119] with a view to
extending the absorption range. Other groups have successfully sensitised titania with red-absorbing

indoline [120], cyanine [121] and oligo-ene [122] based dyes. However all of these dyes require
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complicated synthesis steps and have broad absorption range (400 — 700 nm). While appropriate for
DSSCs, they are not suitable for our purposes since a short wavelength pass-band is required which the
above dyes lack. For our short-pass filtering purposes, the dyes are required to adhere to the titania but
absorb only above 550 nm to complement our long-pass filters. Very few dyes are available with the
desired optical characteristics and in most cases, they do not readily adhere to titania surfaces due to an
absence of suitable anchor groups. One approach to improve adhesion is to modify the surface charge
of the titania to improve electrostatic cationic/anionic dye adhesion [123] (Fig. 3-2). An extensive search
of the literature revealed only a handful of appropriate dyes and these were all of an ionic nature:
Methyl Blue, Remazol Brilliant Blue, 1,1 diethyl -4,4 Carbocyannine iodide, and Xylene Cyanol (Fig 3-1
and Table 3-1).

1-0 L) I T I

Xylene Cyanol —

084 Carbocyannine

] Brilliant Blue
Methyl Blue —*

Normalised Absorption (arb. unit)

0.0 : :
400 500

T
600 700 800

Wavelength (nm)

Fig. 3-1 Absorption Spectra of the blue dyes dispersed in ethanol.
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Chemical Name [ Chemical Structures " Molecular Weight { Absorption in Solution

}\MAX(Water pH7) =660 nm

799.07 A (Ethanol) = 640,660 nm

MAX

}\MAX(Acetone) =650 nm

Methyl Blue
(Anionic dye)

A (Water pH7) =595 nm

- MAX
RemazoI.Brl!Ilant Blue R 625.97 A (Ethanol) = 580 nm
(Anionic dye) MAX ~
)\MAX(Acetone) =570 nm
H
1,1'-diethyl-4,4 Carbocyannine AMAX(Water pH7) = 625,700 nm
lodide r 480.38 A, (Ethanol) =670 nm
(Cationic dye) & A (Acetone) = 665 nm

MAX

AMAX(Water pH7) =620 nm

538.12 A Ethanol) = 610 nm

AMAX(Acetone) =590 nm

Xylene Cyanol
(Both anionic and cationic)

Table 3-1 Properties of the dyes employed in fabricating short pass filters. Dyes with absorption
characteristics well above the desired block band are selected since dyes adsorbed onto titania show blue
shifts in their absorption bands.
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3.2.2 Fabricating Short pass filters

Nanoporous titania coated glass was prepared using the method described in the previous
chapter. The surface pH of the resulting titania films was altered by immersing them in a 0.1 M HNO; or
0.1 M NaOH solution depending on the anionic or cationic nature of the dyes used for sensitization
(Table 3-1 & Fig. 3-2). Work by Herrmann and co-workers found that cationic/anionic dye absorption
onto a titania surface is governed by electrostatic effects [124]. At high pH the surface of the immersed
titania is negatively charged due to deprotonation of the surface hydroxyl groups (Fig. 3-2). Such titania
films are able to electrostatically adsorb cationic dyes such as 1,1'-diethyl-4,4° carbocyannine iodide
(Table 3-1). At low pH the hydroxyl group is protonated, leaving the titania with a positively charged

surface, enabling electrostatic adsorption of anionic dyes such as xylene cyanol (Fig. 3-3).

Long Pass Filter

Fluorescein disodium salt
[e]

| Substrate |

Titanium chelation occurs at the Carboxylate & Carbonyl of the dye, hence no
pre-treatment of the titania surface is necessary.

Short Pass Filter

1,1 diethyl -4,4 Carbocyannine iodide Xylene Cyanol

- o AT S8t O
1 4 3

| Substrate | | Substrate |
TiOH+ OH™ - TiO” + H,0 TiOH + Ht - TiOH,+

Fig. 3-2 Cationic and anionic dyes adhere to negatively and positively charged titania, respectively.
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Fig. 3-3 (A) Titania film ‘sensitised’ with xylene cyanol dye without any surface charge altering treatment. The
titania film shows of transparent patches where dye adhesion did not occur even after 24 h of immersion in
the dye solution. (B) Titania film sensitised using surface charge treatment showed greatly improved dye
adhesion.

After the surface pH alteration step, films were dried in open air, before being immersed in their
respective ethanolic dye solution for 24 hours. The stained films were then washed repeatedly with
ethanol, to remove any unattached dye molecules and finally dried in a stream of nitrogen. To prevent
any photodegradation, the stained films were encapsulated with UV-curing epoxy and a glass cover slip.
The absorption and the autofluorescence characteristics of the titania filters were measured in the

manner described in chapter two.

Fig. 3-4 (A-D) shows the absorption spectra of the resulting dye-sensitised titania filters. As
before, four-layer stacks were used to achieve high O.D. All filters show an absorbance of over one O.D.
in the pass band. The absorbance values in the stop-band were high, as high as 6.25 for Methyl Blue,
3.90 for carbocyanine, and 3.80 - 4.00 for Xylene Cyanol. Several attempts were made to fabricate highly
absorbing Remazol Brilliant Blue sesnitised filters, however optical densities higher than 3.0 were never
obtained. Furthermore, the absorption maxima were too narrow for short pass filtering. Filters
sensitised with methyl blue showed the highest absorbance (0.D. > 6) in the blocking band but also
showed the highest absorbance in the pass-band. 1,1'-Diethyl-4,4 carbocyanine iodide shows a broad
stop-band which ranges from 550 to 750 nm. However these filters have a very narrow pass-band and
the use of these filters are limited to assays with excitation at around 500 nm. Xylene cyanol sensitised
filters also have a broad stop-band which ranges from 550 nm to 680 nm and importantly display a

broader pass band (450 -510 nm) than other filters, making them attractive for LED filtering applications.
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Fig. 3-4 (A) Absorption spectra of four-layer stacked titania films sensitised with Methyl Blue (B) Remazol
Brilliant Blue. (C) 1,1'-Diethyl -4,4‘ Carbocyanine lodide and (D) Xylene Cyanol.

3.3 Plastic Filters

3.3.1 Introduction

So far, all Ti- filters were prepared on glass by sintering a commercial TiO, colloidal paste at
450 °C. Such high sintering temperatures are required to remove the organic surfactant that these
commercial pastes contain to achieve the highly nanoporous titania morphology needed for maximising
the interfacial area between the titania and the dye, and hence maximising the optical density. However,
such high sintering conditions limit the substrate to thermally resilient materials such as glass or quartz
and increase cost. Ideally, the titania based filters should be fabricated on plastic substrates, which are
more durable, flexible, thinner (hence easier to incorporate into portable diagnostic devices), lighter,
cheaper, and offer optical transparency comparable to glass. However plastic substrates melt and
decompose at high temperature, and often deform when the glass transition temperature, Ty is

approached. Hence an alternative procedure is required for preparing the titania which avoids the high
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temperature sintering step. Since titania is extensively used in fabricating dye-sensitised solar cells,
which would also benefit greatly from using plastic substrates, there have been many attempts to
produce nanoporous titania layers on plastic substrates. Previous methods include the use of a static
press to apply 1500 kgecm™ of pressure onto a TiO, colloid dispersed in ethanol. However plastic dye-
sensitised solar cells fabricated using this method obtained low conversion efficiency due to the thin
nature of the resultant films [125] and hence fabricating our filters this way would almost certainly
result in filters with low optical density. Another method utilised 28 GHz microwave to rapidly sinter
commercially available titanium nano-powders [126]. Although utilising microwave radiation allows thin
films to be fabricated extremely quickly (2 min), it is difficult to achieve uniform thickness due to the

non-uniform nature of the microwave [126].

More recently, Jeong et. al., demonstrated the use of Plasma Enhanced Atomic Layer Deposition
(PEALD) to deposit thin layers of titania onto a polyethersulfone (PES) substrate at low temperature
(80 °C) [127] using titanium iso-propoxide as the substrate precursor. This method is effective where an
extremely thin layer of the material is required (< 100 nm) however, only lamellar surfaces are produced
which limits any surface area enhancement. For the purpose of fabricating filters with high optical

density, we require cost effective and simple methods for producing thick titania layers (> 3 um).

Other low temperature methods include the electrophoretic deposition as reported for instance
by Miyasaka et. al., who applied a 200 Vem™ electric field to a mixture of P25 commercial TiO, nano-
powder and acetonitrile sandwiched between two ITO coated PET substrates. The process resulted in
formation of a formed weak inter-connected titania network and hence showed extremely low
conversion efficiency when applied to DSSCs. The films fabricated using this method underwent series of
chemical vapour deposition and UV radiation treatment to improve the conversion efficiency [128].
Titania based filters made using this method would require conductive substrates, which would

obviously add to the cost.

The simplest method is to use existing titania pastes with a reduced sintering temperature
conditions. Longo et. al., were able to produce mechanically stable titania film by sintering the
surfactant containing titania gel at 130 °C in dry conditions (low enough for compatibility with PET-ITO
substrates) [129, 130]. Dye absorption with films produced at higher temperature was better as
demonstrated in the previous chapter. Pichot et. al., demonstrated that stable nanoporous titania on
conductive glass can be achieved at low sintering temperature (100 °C) by removing the organic

surfactant in the titania colloidal paste and by using a long sintering time (24 h) [131]. However with this
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method, only thin films were mechanically stable (< 1 um). Fabrication on plastic substrates (where
flexing of the substrate can cause further instability) was not demonstrated. In the following section,

different methods for producing thick titania films on plastic are discussed.

3.3.2 Fabricating filters on Plastic Substrates

3.3.2.1 Types of Plastics available

Regardless of its fabrication process, the plastic employed should be transparent in the visible
region of the electromagnetic spectrum. Also, the choices of plastic used for the base substrate depends
on the conditions needed to deposit nanoporous titania. The plastic should be cheap and readily
available in thin film. The following plastics satisfy our core criteria: Poly vinyl chloride (PVC) film,
Polyethylene terephthalate (PET), Polycarbonate (PC), and Acetate film. The PVC and PET films are
readily available; they have good optical transparency, and have good chemical resistance. However,
both plastics start deform at 70 °C which limits their use to room temperature fabrication processes. The
only plastic that was investigated with high deformation temperature was PC. However PC films
available commercially were thick (0.75 mm) and had limited flexibility. Acetate films are available in the

form of adhesive tapes and were used as a sealant for our flexible plastic filters.

3.3.2.2 Using Conventional Paste

The pastes used in the previous chapter supplied by Nanopac (WA-15DPT) contains organic
surfactant materials such as ethylene glycol to enhance the porosity of the sintered film. The organic
additives act as a scaffold for the nanoporous structure [131] and are designed to be ‘burned-off’ at high
temperatures. High sintering temperatures also help titania to form inter-particulate networks which
enhances the mechanical stability and the electrical conductivity of the films (although latter is not a
requirement for our purpose). However, previous studies have shown a degree of mechanical stability in
films fabricated without any organic surfactants which raises the question whether surfactants are really
needed for the purpose of producing filters [131]. Before completely ruling out the use of conventional
pastes in fabricating plastic filters, other low temperature methods (other than sintering) for removing

organic additives were evaluated.
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Normal Methods on Glass substrate

Organic Surfactant

Sintering 450°C

Glass Substrate Glass Substrate
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Anatase Titania Colloid

Plastic Substrate

Fig. 3-5 Proposed low temperature fabrication steps for using conventional paste.

First we method we utilised examined a combination of low temperature (120 °C) sintering to
form the inter-particulate titania network, followed by UV/ozone treatment to remove the organic
content (Fig.3-5). Work by Clark et. al., had shown this to be an effective way to remove organic content
from silica pastes to form mesoporous films at low temperature [132]. Other studies have shown that
UV treatment of nanoparticulate titania films in air induces interconnection of the nanoparticles and
removes the organic additives [133]. The removal of the organic additives can be attributed to the
photocatalytic activity of titania under UV irradiation. Interparticulate connections formed under UV
irradiation can be explained by the formation of hydrogen peroxide from the reaction of ozone
(produced photocatyltically with water or supplied through O; treatment) with water absorbed on the
surface of titania. Decomposition of hydrogen peroxide yields OH or —OOH radicals, which can react with
the surface Ti** ion to form surface hydroxyl groups, that form interconnected titania via a series of

oxolation reactions [133, 134].

Three separate methods were tried and compared against films that were prepared on glass substrate
and sintered at 450°C:

1: Titania film prepared on plastic substrate with 120 °C sintering.

2: Titania film prepared on plastic substrate sintered at 120 °C, followed by UV/O; treatment.

3: Titania film was treated with UV/O; first, then followed by sintering at 120 °C.

85



In experiments 2&3, films were exposed to UV/O; treatment for 1h. With all experiments conducted,
the resulting films were immersed in a 0.01 M ethanolic solution of FDS for 24 h and then washed
repeatedly with ethanol to remove any unattached dye molecules before being dried in a stream of

nitrogen. Absorbances of the filters were measured as described in chapter two.

2.0 . ; . ;

<— Sintered at 450 °C on Glass

1.5

Sintered at 120 °C + UV/O; |

1.0 .
UV/O; + Sintered at 120 °C

Sintered at 120 °C

Absorbance (O.D.)
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Fig. 3-6 Filters fabricated using conventional paste on A) glass with 450 °C annealing, B) plastic substrate (PC)
with 120 °C followed by UV/O; treatment, (C) PC with UV/O; treatment first followed by 120 °C sintering, and
D) PC with 120 °C sintering only. In all cases precursor from Nanopac, which contained surfactants was used.

Fig. 3-6 shows the absorbance spectra of the filters fabricated using the various methods. As
expected, filters prepared on glass at 450 °C had the highest O.D. and showed the best dye loading.
Plastic filters without the UV/O; treatment had the weakest dye loading and recorded a mere O.D.1 at
500 nm. It is evident that the sintering temperature was not sufficiently high to remove the organic
content, presumably forming flat surfaces of the kind shown in Chapter two section 2.3.1. We did not
observe any significant improvement (1% increase in 0.D. at 500 nm) in dye loading for films treated
with UV/O; before the sintering procedure, which implies that the UV/O; treatment is not effective in
forming a porous titania layer. It is also possible that treating the film with UV/O; removes the organic

surfactants and so upon sintering allows the titania colloids to coalesce into a flat surface.

Slightly better performance of 10 % increase in O.D. at 500 nm was observed when the precursor
was sintered first and UV/O; treatment applied afterwards. This can be attributed to the formation of a
slightly more porous surface. However, plastic filters fabricated using this method displayed poor

mechanical stability and formed cracks when the substrate was flexed (Fig. 3-7). In all cases, the

CHAPTER 3
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absorbances of the filters were in the region of O.D. 1 — 1.2 at 510 nm, which is rather low for filtering

applications.

Fig. 3-7 Ti-Short pass filter fabricated by 120 °C sintering followed by UV/O; treatment. The filter showed
poor mechanical stability with the titania layer cracking and flaking off upon flexing the filter

3.3.2.3 Using Surfactant Free (SF) Paste

A study by Barbe et. al., showed that increasing the concentration of the organic surfactant in
the paste increases the final porosity of the sintered film [135]. This effect is attributed to the dilution of
the titania content of the paste, meaning that upon sintering fewer colloids form an inter-particulate
network. This causes the titania layer to form more voids, and hence increases its porosity. However, we
have shown that filters fabricated via the low temperature route have lower dye adsorption compared
to filters fabricated at normal conditions. To avoid this, filters were fabricated from surfactant-free
titania paste (Solaronix SA, Switzerland) using the standard doctor-blading technique (see chapter two).

Titania filters made from SF pastes were also fabricated without sintering for purposes of comparison.

In general, the filters prepared with SF pastes had improved blocking (O.D. 1.4 at 500 nm)
properties compared to films prepared with conventional paste using low temperature conditions. It is
evident from Fig. 3-8 that the sintering temperature did not have any significant effect on the final
absorbance of the filters. This is not surprising, since in the case of using SF pastes, the sintering process
is only used to form inter-particulate network between the titania colloids. Interestingly, filters
subjected to sintering were fragile and delaminated from the substrate when bent. Titania films
prepared without sintering were more mechanically stable — a possible consequence of positively

charged TiOH groups in the titania binding electrostatically to carbonyl groups on the PC substrate,
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increasing adhesion. (The hydroxide groups are lost after prolonged heating) [136]. This was also the

case in non-sintered titania films prepared on PET substrate. As is clear from Fig. 3-8, there were no

differences in absorbance between the sintered and non-sintered FDS sensitized titania. Although filters

fabricated on plastic have inferior blocking properties compared to those prepared by high temperature

sintering of a surfactant-containing paste, they are significantly easier to handle i.e. they are much

thinner, more robust, and can be ‘cut’ to desired dimension. Furthermore, for the purposes of

fabricating optical filters, interconnectivity of the titania substrate is not a concern since the quenching

occurs at the dye-titania interface. All filters described hereafter were fabricated from SF pastes without

sintering, using PET as the base substrate (since it is cheaper and easier to handle than PC). The key

fabrication steps for the plastic titania filters are summarised in Fig. 3-9.
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Fig. 3-8 Filters fabricated using conventional surfactant-containing pastes + 450 °C annealing on glass
substrate, surfactant free paste with 120 °C annealing on plastic (PC), and surfactant free paste with no

annealing on PC.

Surfactant Free
Water, Ethanol

Immerse in dye (24h)

Fig. 3-9 Schematic to show the new filter fabrication steps on plastic substrates [137]. Additional titania
surface charge moderation step may be necessary depending on the sensitizer.
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3.3.2.4 Using Acetate tape as a Sealant

Once made, the plastic filters were encapsulated with adhesive acetate tape (3M) under N,
atmosphere. Encapsulating the filter with such tape provided adequate protection from the atmosphere
and improves film stability. This method also avoids the use of UV-curing and provids a cheap/ facile

route to encapsulating the sensitised titania.

Fig. 3-10 shows the absorption spectra of tape-encapsulated titania short- and long-pass filters
exposed to 0.04 mWcm™, 500 nm monochromatic light over the course of three hours. The
experimental setup is the same is described in chapter two. The spectra show minimal changes and it is
evident that encapsulating the filters with acetate tape provides effective (short-term) protection
against photo-degradation. However a slight photo-degradation of the Ti-FDS filters was observed at a
rate of approximately O.D. 0.015 h™ which equates to approximately 50 h half-life at the test conditions.

However the stability of the filters is certainly adequate for their use in low-cost diagnostic applications.
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Fig. 3-10 Normalised Absorbance of A) acetate tape encapsulated Ti-FDS filters and B) Ti-Xylene Cyanol filters
over a period of 3h under continuous illumination by 500 nm monochromatic light.
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3.3.2.5 New Screen Printing Format

Use of our original screen printing procedure with the SF paste, yielded titania films of non-
uniform thickness, ranging from approximately 1 um to 3 um on the same substrate, with thicker titania
at the edge. This was attributed to the high water content of the SF paste, which forms a denser layer at
the taped edge due to surface tension. A commercial coater was used in an attempt to produce more
uniform films, but the supplied wire-wound coater bar were not smooth and prevented titania pastes
from being spread evenly. To produce uniform titania film, a new screen printing format adapted from a

commercial K-hand coater was applied (RK Printcoat Instruments, UK) and utilised (Fig. 3-11).

OLD FORMAT, 7 Plastic Substrate
< =& <= Ceramic Base

| Blade support + substrate holding tape

NEW | ‘ Plastic Substrate Holder (Tape)

' Plastic Substrate
<€— Ceramic Base ~

Blade Support Tape + Plastic Substrate

Fig. 3-11 Schematic to show the new doctor blading format used to fabricate uniformly sensitised titania
plastic filters. The new format allows the titania to dry with uniform thickness. Inset shows a plastic Xylene
Cyanol sensitized short pass filter fabricated using both the old and the new doctor blading formats
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3.3.2.6 Summary

The method established to produce titania filters on plastic is summarised below:

1. SFtitania paste (Solaronix SA, Switzerland) was screen printed onto a PET substrate using the
new doctor blading format (Fig.3-11) and dried gently in a stream of N,.

2. Dried substrates were then immersed in a 0.01 M ethanoic solution of FDS (for long-pass) or
Xylene Cyanol (for short-pass) for 24 h.

3. The resulting sensitised films were washed repeatedly with ethanol, and dried again with N,.

4. This dried film was placed in a N, atmosphere and encapsulated using adhesive 3M acetate film.

3.3.3 Autofluorescence measurement of the Plastic Filters

3.3.3.1 Autofluorescence measurement

In this section, the autofluorescence of short- and long-pass filters prepared on plastic were
measured using the same experimental set up described in chapter two, section 2.6. As with the glass
filters, four layers of plastic filters were stacked to achieve sufficient blocking of the excitation light. A 15
min integration time was again used to record the weak emission from the titania-based filters. FDS
titania filters were illuminated with 442 nm, 1 mW HeCd. Xylene Cyanol titania based filters were

iluminated with 0.5 mW HeNe Laser (633nm).

The absolute fluorescence signals for the plastic filters are shown in Fig. 3-12 and compared
against a commercial Schott glass filter 0G530. The absolute fluorescence intensity for the Schott
0OG530 filter was approximately 30,000 times more intense, than the Ti-FDS and Ti-Xylene Cyanol
sensitised filters. It is evident that the autofluorescence quenching mechanism remains effective for the

filters fabricated on plastic.
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Fig. 3-12 (A) Autofluorescence spectra for an unsintered Ti-FDS long-pass filter on PET under 1 mW 442 nm
HeCd excitation. Also shown for reference is a commercial Schott glass filter obtained under identical
conditions. (B) Autofluorescence spectra for an unsintered Ti-XC short-pass filter on PET under 0.5 mW 633
nm HeNe excitation. All other acquisition conditions were the same. Spectra for the titania-based filters have
been enlarged by a factor of 1000 for clarity.
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3.4 Transfluosphere Detection

3.4.1 Testing the Plastic Short Pass filter with Transfluosphere

To evaluate the effectiveness of the long and short pass (LP & SP) plastic filters for fluorescence
detection, a spectrally compatible transfluosphere bio-label T-8861 (Invitrogen ex:488nm em:605nm)
was used. Emission and excitation characteristics for the beads are shown in Fig. 3-13. The peak of the

absorption spectrum is at 500 nm, and the peak of the emission spectrum is at 600 nm.
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Fig. 3-13 Excitation and Emission spectra of the T-8861 Transfluospheres

The absorption characteristics of the short- and long-pass filters are shown in Fig. 3-14. The
short-pass filters absorb strongly in the wavelength range 525 to 650 nm, which corresponds closely to
the emission range of the beads. The long-pass filters block wavelengths up to about 525 nm and hence
the transfluosphere can be excited at its maximum absorption wavelength. T-FDS and Ti-Xylene Cyanol

filters have good spectral compatibility with the transfluospheres.
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Fig. 3-14 Absorption spectra of FDS-sensitised titania long-pass filter and Xylene Cyanol- sensitised titania
short-pass filter.

To fully mimic portable point-of-care devices of the kind described in chapter one, a simple test
device, (see Fig 3-15A and photo’s in Fig. 3-15B) was constructed from sheet plastic. It houses a standard
9V Battery (Duracell rechargeable 9V Battery, Duracell, UK), a 505 nm cyan LED (Luxeon REBEL LED
Cyan, Philips Lumileds Lighting, N.V.) driven at 20 mA, and a silicon photodiode (51226-8BQ, Hamamatsu,
Japan). The photodiode is coupled to a (LabVIEW, controlled) Keithley 6485 electrometer to monitor and
record the photocurrent. All measurements were carried out in the dark unless otherwise specified. The
device also housed a stack of four Ti-XC films for short-pass filtering, a holder for 1 mm path-length

cuvette, a stack of four Ti-FDS films for long-pass filtering.

Quartz Cuvette

LP Ti-Filter SP Ti-Filter 9V

Battery
Photodiodexl /
|

\’

LED Driver

Circuit

LED
Photodiode holder

Fig. 3-15A Simple schematic diagram of the sheet plastic constructed test device
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Photodiode Holder Sample Cuvette + Filter Holder

505nm LED 20mA

Simple LED circuit with
resistors and switch

Photodiode holder can also
hold an optical fibre which can
be coupled to an Ocean Optics
QE65000 CCD spectrometer.

When LED is switched on

During the measurements:
Plastic cover to minimise
any external light

Fig. 3-15B Pictures of the test device used to measure the transfluosphere signal

Fig. 3-16 shows the emission characteristics of the LED, with and without a single short-pass
filter in place. This measurement was taken by replacing the photodiode in the test device with a fibre
optic coupled CCD spectrometer (QE65000, OceanOptics). Whilst causing a moderate (50 %) reduction

in the peak intensity, the short-pass filter results in a distinct sharpening of the emission characteristics,

95



CHAPTER 3

removing the problematic long tail beyond 525 nm that would otherwise overlap the emission from the

transfluospheres beads. There is weak leakage of LED light beyond 700 nm due to the finite width of the

short-pass filter’s stop band. The inset photograph shows the appearance of the LED light after passing

through the short-pass filter.

Intensity (uWem?nm™)

Intensity (chm'znm'1)

Fig. 3-16 (Top) Optical characteristic of the cyan LED (505nm) measured with a fibre-optic coupled CCD
spectrometer. Inset picture and the spectra also show the LED with a single Xylene Cyanol sensitized glass Ti-
short pass filter (Bottom) — Spectrum shows effective blocking of the cyan LED light up to 670 nm by using
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both the short and long pass filters. Inset picture shows no apparent light leakage.

96



Transfluosphere beads were diluted with water from the original aqueous beads suspension of
1x10™ beads pl™ in distilled water and identical 1 mm cuvettes containing different concentrations of
Transfluosphere beads were prepared. The concentration of the solutions ranged from 1.0x10° to

1.0x10° beads pl™. Signals were averaged over 100 readings and corrected for the signal obtained with a

blank cuvette containing water only. Fig. 3-17 shows the corrected signal versus bead concentration.
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Fig. 3-17 Signal versus transfluosphere bead concentration using titania short and long pass filters. The
measurement set up is shown in Fig. 15A.

As defined in chapter two, section 2.7, taking the limit of detection A as the concentration of
analyte that yields a signal equal to the y-intercept plus three times the standard deviation of the blank,
we obtained A = 2.06 X 10’ beads ul™. Considering that the stock bead concentration was 1.0x10"°
beads pl™, the obtained limit of detection was comparatively poor; only accurately detecting hundred-
fold dilution relative to stock solution and a typical assay would be expected to detect up to 100,000
fold dilution of the analyte. Initially, it was thought that this result could be attributed to the ‘“flimsy’
nature of the sample/filter holder, which causes shifts in the alighment of the optical parts when

changing the sample cuvettes. A more secure sample/filter holder was therefore constructed.
3.4.2 Machined Testing Rig
To address the need for a robust, rigid testing rig, sample holders were machined from a block

of aluminium where the detector — light source configuration have been kept the same (Fig. 3-18).

Additionally, the photodetector was housed in a plastic block, which was machined to be in direct line of

CHAPTER 3
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sight of the LED light source. Removable filter holders were also machined from aluminium for both
the short- and long pass filters. The new rig was placed in a vice for added stability and the LED light

source was driven at 20 mA with a 9V Battery.
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Fig. 3-18 Left (A) -505 nm LED (20 mA) connected to a 9 V battery supply. (B) - Plastic Short pass filter
inserted in a filter holder. The short pass filter is placed directly in front of the LED light source. (C) - Quartz
cuvettes containing the transfluosphere solutions are placed in the cuvette holder. The holder is machined so
that cuvettes are held tightly. (D) - Plastic Long pass filter inserted in a filter holder. The Long pass filter is
placed directly in front of the detector. (E) — silicon photodiode connected to Keithley electrometer. Right —
photograph of the machined rig.

Fresh Transfluosphere solutions were prepared and all experimental details, except for the rig
setup remained unchanged. Despite the improved mechanical stability, scatter in the obtained data was
still high and the linearity remained poor, and only a slight improvement in the limit of detection was

observed with A = 1.49 X 10’ beads pl™ (Fig. 3-19).

13 — g

Signal - Signalg (nA)

1E-5 A | T M | T MR | T M |
1x10° 1x10° 1x10" 1x10° 1x10

9

Concentration (Beads pl™)
Fig. 3-19 Signal versus transfluosphere bead concentration in distilled water using the machined rig and
titania short- and long-pass filters.
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Upon comparing the data obtained using the original plastic rig and the newly machined rig, we
found a striking similarity in the observed behaviour. This trend can be seen more clearly on Fig. 3-20,

which highlights the sudden signal drop at low concentration of transfluosphere beads.
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Fig. 3-20 Signal versus concentration of transfluosphere in distilled water. (Left) using the original plastic rig
and (Right) Using the machined rid. The graph is plotted on a linear scale and focuses on the low
concentration region.

Furthermore, a steady decrease in signal was observed at all concentrations during the acquisition. The
cause for this phenomenon was found to be a drift in LED light intensity over time (Fig. 3-21). With LEDs
or any other diodes, current is an exponential function of voltage and hence any change in voltage
results in a large current change. During the discharge cycle, the battery voltage decreases, causing a
significant change in LED light intensity overtime. To circumvent this drift, a simple constant current
circuit was designed and incorporated into the LED driver (see appendix, section 7-1). Also the power
source was switched from a 9V battery to a DC power supply. Using the same rig with the constant
current LED driver, the intensity of the LED light was measured over time. Fig. 3-21 shows the
comparison of the LED intensity with and without the constant current LED driver, normalised to their
maximum light intensity. Under constant current drive the signal is stable with only slight fluctuations
(£0.0018%) while under battery driven “constant voltage” operation it shows a gradual signal drain
(note, that the scale on Fig 2-21A is small, specifically - 0.35% over 600 s with substantial instantaneous
fluctuations. This shift due to the shifting background can drastically affect the measurements at lower
concentration. Fluctuations in signal were also observed with D.C. power supply in constant voltage

mode, which again highlights the importance of incorporating a constant current LED driver (fig 3-21).
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Fig. 3-21 (A) Variation in LED intensity with time under battery operation and constant current operation (B)

Signal intensity for 1x10° beads ul™ using LED driven with a power supply at constant voltage and current
over 300 s time period.

3.4.3 Machined Testing Rig with Constant Current LED Driver

Using the constant current LED driver yielded a dramatic improvement in linearity, the
problematic signal drop at low concentrations was no longer observed, and the limit of detection, A,
improved to = 1.56 X 10° Beads pl" or ten thousand fold dilution relative to the original bead
concentration (Fig. 2-22) However despite the evident improvement, due to the exposed nature of the
setup, it was still vulnerable to sudden changes in background signal, due to changes in the ambient

lighting which could adversely affect the limit of detection. This effect is shown on Fig. 3-23 where the
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reading was repeated in a fully lit room. A background signal of 20.5 nA was recorded and this was

approximately 45 times larger than the background signal recorded in the dark. In accordance with
expectation, measurements performed in the light resulted in a significantly worsened LOD of 4.53 x 10®
beads pl™. This therefore indicates a clear need for a signal acquisition method that is not affected by

any changes in the background signal.
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Fig. 3-22 Signal versus transfluosphere bead concentration in distilled water using the machined rig and
titania short and long pass filters. The LED is driven with a homemade 20mA constant current driver. The
graph is plotted on a log-log scale.
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Fig. 3-23 Signal versus concentration of transfluosphere in distilled water using the machined rig and titania
short- long pass filter. The LED is driven with an in-house 20 mA constant current driver.
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3.4.3.1 Pulsed Constant Current LED Driver and Lock-in Amplifier

A lock-in Amplifier (LIA) is commonly used to detect and measure very small AC signals. Highly
accurate measurements can be made even when the signal is obscured by an overwhelming background
noise that may be many orders of magnitude larger. Lock-in amplification uses Phase-Sensitive
Detection (PSD) to single out the signal at a specific frequency and phase. Hence, any background noises
that have different frequency or phase to the input signal are rejected. Measurements using LIAs require
a reference frequency that typically matches the frequency of the excitation source. In Fig. 3-24 the

reference signal is a cosine wave at frequency wp.
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Fig. 3-24 Diagram to show the output response of a phase sensitive detection with cosine reference
waveform and a square-wave signal waveform. More details in equation 3A-3F.
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PSD in the LIA multiplies the measured signal by a reference cosine wave at the modulation
frequency and then passes the product through a low-pass filter. To briefly demonstrate how a PSD
work, consider that we have a square wave input signal, Vg;,(t) with frequency, w. Using fourier series,

decomposition of the waveform can be written as:

Vsig(®) = Vo E + % (cos wt — %cos 3wt + icos Swt ... )] (3A)

which can be written:

Vsig(t) = (%) + (% cos a)t) - (% cos 3wt) + (% cos 5a)t> — (38B)

We also have a reference signal at frequency, wg:
Vi (t) = cos wgt (3C)

Product of the two when both frequencies are the same (w = wg) gives:
Vsig @) Vr(t) = [% (coswt)] + [% (coszwt)] - [% (cos 3wt coswt)] +
[% (cos 5wt coswt)] — (3D)
Using the trigonometric identities, (cosut cosvt) = %[cos(u —v) + cos(u +v)], 3D may be rewritten :
Vsig(®Vr(t) = [% cos a)Rt] + [%] + [% cos Zwt] — [:—;’t cos Zwt] - [:—;’Tcos 4wt] + [:_701 cos 4wt] +

[ﬁ cos 6wt] - . (3E)

5t

The only term remaining after low-pass filtering is the DC term (Fig. 3-25):

Vo

Vour = . (3F)

i.e. the lock-in voltage is proportional to the amplitude of the signal. “White-noise” contains uniform
contributions at all frequencies, and therefore all noise is filtered out except that close to the
modulation frequency. A home-made constant current pulsed LED driver (see appendix, section 7-2)
was used to drive the LED at constant light intensity, using a square wave of 170 Hz. The detector
response was recorded using a Stanford Research Systems SR830 lock-in amplifier with a 3s time
constant. Fig. 3-25 shows the signal versus bead concentration for measurements obtained using the
Lock-in amplifier setup in both dark and ambient conditions. In both cases the sighal showed good

linearity with bead concentration, yielding 30 limits of detection, of 6.5 x 10° and 4.91 x 10° beads pl™
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for dark and light conditions respectively i.e. the same to within experimental error. While an expensive
commercial Lock-in amplifier was used for this purpose, cheap analogue systems can be built for a few

pounds, meaning this approach is very applicable for low cost POC applications.

The intensity of fluorescence emission of the analyte is usually very weak compared to the
intensity of excitation light; hence it is crucial to suppress the LED tail light which overlaps the emission
from the analyte in order to improve the signal to noise ratio and the limit of detection. (A typical Si-
photodetector has a wide spectral range, ranging from the visible to the NIR) There are several ways in
which this tail light could be suppressed to improve the limit of detection for our system and this is

discussed in the next section.
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Fig. 3-25 Signal versus transfluosphere bead concentration in distilled water using the machined rig and
titania short and long pass filter. The LED was driven with an in-house 20 mA pulsed constant current driver.
The signal was measured with a Si-photodetector coupled to a lock-in amplifier.

3.4.4 Suppression of LED tail light in the NIR to improve Detection Limits

The easiest way to suppress the NIR transmission is to add an NIR-blocking optical filter between
the Ti-long pass filter and the photodiode. There are various interference filters available commercially
that block NIR (>700 nm) and have suitable optical characteristics for our detection system. However,
the use of such filters is incompatible with our objective of developing a low-cost detection system. NIR-

blocking (or sensitising) dyes have recently attracted much attention in the field of dye-sensitised solar
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cells to harness the energy in the IR region of sunlight. In particular, asymmetrical squaranine dyes [138-
141] and various cyanine based dyes [142, 143] have been reported to absorb in the NIR region and
beyond. Most dyes of this kind have complicated synthesis procedures, and the few that are
commercially available are extremely expensive. However there are efforts by commercial firms such as
Kentek, USA to develop lower cost dye-based plastic filters to block the NIR region. An alternative
method reported in the patent literature uses inorganic cobalt & nickel complexes doped in polymer

substrates to provide the requisite absorption characteristics [144, 145].

3.4.4.1 NIR Absorbing Dye Based Plastic Filter

A prototype NIR absorbing dye-based plastic filter was kindly provided by Kentek USA, and used
with the Ti — Filters in an attempt to further improve the LOD. The transmission spectrum of the NIR
filter showed good blocking beyond 800 nm, but still transmitted approximately 10-30 % of NIR light in
the desired blocking region (Fig. 3-26). The NIR filter was placed after the long pass filter to minimise
autofluorescence from the filter. Initial measurements showed very promising results with the
background signal dropping from 440 pA to 58.1 pA with the NIR filter in place (Table 3-2). Increasing
the number of NIR filters had no further effect on the background signal and hence further
measurements used a single NIR filter. The signal with the LED off was 1.24 pA, suggesting the remaining
56.8 pA of the background signal is a leakage light from other parts of the spectrum. At first, LED tail
light at the transmission window of the Ti-short and long pass filter set was thought to be the cause
(where the absorption of light is the lowest at around 600 nm). This was tested by addition of extra Ti-
short and long pass filters which only resulted in a small decrease in the background signal to 56.9 pA.
Blocking the photodetector with an opaque shim while the LED was on, resulted in a significant drop in
signal, indicating that the background signal arises from stray light rather than noise from the
electronics. This may be due to unabsorbed light from the short wavelength (<450 nm) region of the
spectrum — a possibility that | unfortunately did not have an opportunity to investigate. To test the NIR
filter, the same experimental setup, Ti-filters, and transfluosphere solutions as described section 3.4.2
were used. With the addition of the NIR filter between the long pass filters and the photodiode, the
LOD was calculated to be 4.83 x 10* beads pL™* which is approximately a 200,000 fold dilution from the
original stock solution (Fig. 3-27). As noted with the NIR filter in place the background signal was 58 pA
compared to 1.2 pA with the LED switched off and it is therefore clear that the LOD could be further

improved by blocking the NIR region completely and this possibility is explored in the next section.
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Fig. 3-26 The transmission spectra of the Kentek prototype NIR blocking filter shows between 5-30%

transmission in the desired stop band (700 — 800 nm) and relatively good transmission at the transfluosphere

emission (70 %). Inset shows the actual NIR blocking filter. Inset shows a picture of the prototype plastic IR
filter.

LED + Ti Filters (4x SP & LP) 440.0

LED + Ti Filters (4x SP & LP) + NIR Filter 58.1
LED + Ti Filters (4x SP & LP) + 2x NIR Filter 58.0
LED + Ti Filters (5x SP & LP) + 2x NIR Filter 56.9
Dark + Ti Filters (4x SP & LP) 1.2

Table 3-2 A table to show the summary of the background signal under different conditions.
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Fig. 3-27 Signal versus transfluosphere bead concentration using the machined rig and titania short- long pass
filter. The LED is driven with an in-house 20 mA pulsed constant current driver. The signal was measured with

a Si-photodetector was coupled lock-in amplifier. An additional NIR blocking filter was added at the front of
the photodetector to cut the LED tail light leakage in the NIR region
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3.4.4.2 NIR Blocking filter based on Cobalt Complex

Metal halide complexes such as cobalt bromide and nickel chloride (MX,*) have broad
absorption spectra with steep cut offs in the spectral range 600 nm to 750 nm. However these
complexes tend to crystallise readily and have low solubility in common solvents such as water. Jones et.
al. identified a quaternary ammonium counterion which has improved solubility and also shows the
desired IR absorption [144]. Methyltrioctyl-ammonium (TOMA) is available from Sigma-Aldrich in the
form of bromide or chloride salts. Solutions of TOMA salts (either cobalt (Co*) or nickel (Ni**)) have
sharp blocking characteristics in the NIR region, and following Jones et. al., in this section their potential
as NIR blocking filters was explored. The NIR-absorbing complexes used here was the (TOMA) salt of
cobalt since nickel complexes was reported by Jones et. al. to dissociate. Furthermore, the cobalt
complexes are more transparent in the visible range of the spectrum [144]. In a very recent publication
from 2012, (TOMA),CoBr, (Fig. 3-28) was applied in a microfluidic device for fluorescence detection of
water pollutant by Lefevre et. al., and he showed that these cobalt complexes are easily incorporated

into a polymer host to fabricate an optical filter [146].

3.4.4.3 (TOMA),CoBr, doped Polyvinylpyrrolidone (PVP) filter.

(TOMA),CoBr, was synthesised by adding 0.575 g of anhydrous CoBr, and 2.43 g of
methyltrioctylammonium bromide ((TOMA)Br) — both salts supplied from Sigma Aldrich) to 50 ml of
ethyl acetate. This solution was stirred and refluxed for 1 h until complete dissolution of the solids. The
resulting cyan solution was cooled to room temperature and treated with activated charcoal to remove
any uncoordinated TOMA . This black solution was stirred vigorously for 1 h and the activated charcoal
was removed by filtration. The resulting clear cyan solution was heated at 60 °C to evaporate off all the
ethyl acetate to form viscous (TOMA),CoBr, [144]. 10 ml of 33 % w/w PVP solution in ethyl acetate was
prepared. To this, 1 ml of saturated solution of (TOMA),CoBr, in ethyl acetate was added. This thick
mixture was drop cast (on a heated glass substrate) or spin coated (at 1000 rpm for 1 min) on a glass
substrate to produce a thin (TOMA),CoBr, -doped PVP layer on glass (Fig . 3-29). (Fabrication on plastic

would also be straight forward.)
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Fig. 3-28 Structure of (TOMA),CoBr,. (TOMA)" and Br  ions have weak electric fields and cause low energy gap
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glass. Inset picture shows the drop casted (TOMA),CoBr, doped PVP on glass.

The transmission spectrum of the (TOMA),CoBr,shows sharp drop beyond ~575 nm and shows
promising results for NIR filtering. However it was not fit for our purposes due to its high transmission
(80 %) beyond 750 nm., meaning it could not effectively block the problematic LED tail light in the NIR

region (750 800 nm). Furthermore, it has a relatively low transmission in the transfluosphere emission

band (45 %) which would further reduce the sensitivity.
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Short Pass Filters & Plastic TiO, Filters

Electronic transitions that correspond to NIR transitions are rare, and they are typically observed
in F block elements which are known to exhibit weak ‘low energy’ electronic transitions [147]. Also a
small HOMO-LUMO gap arises from metal-to-ligand charge transfer (MLCT) or Ligand-to-metal charge
transfer (LMCT) where the barrier for intramolecular redox activity is sufficiently high [148]. Large
extended m-conjugated systems can also exhibit low energy absorption due to the low energy m-nt*

transitions.[149].

The absorption band of cobalt complexes can be shifted by using radical-containing ligands
which are known to show low energy MLCT, LMCT and inter—ligand m-m* transitions. One of the
characteristic properties of stable organic molecules is their wide HOMO-LUMO gaps which only allow
absorption in the UV and the visible region. One electron reduction or oxidation creates the radical form
of such molecules, forming singly occupied molecular orbitals which allows low energy transitions that
corresponds to NIR absorption [150]. This transition is illustrated in Fig. 3-30 for both radical cations and
anions. Several examples of radial anions that can be used as a potential ligand for metal coordination,
such as 2’2-bipyridine [151] have been identified. Further optimization of the cobalt complexes by using
such radical ligands may provide improved blocking characteristics in the NIR region and better satisfy

the requirements of our application.

Radical Anion Ground State Molecule Radical Cation

Fig. 3-30 A schematic to show the NIR absorption in radicals. This schematic has been adapted from [150].
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3.4.4.4 Photodetector with a narrower Spectral Response

Another way to minimise the effect of the LED tail light in the non-blocking region of the Ti-long
and short pass filters is the use of a photodiode with narrower spectral response. Si-photodiodes have a
wide spectral range, typically ranging from 190 — 1100 nm, but cheap Si-photodiodes (using proprietary
filters) that are designed to mimic the spectral response characteristics of a human eye are
commercially available. The Hamamatsu S7686 Si-photodiode is one example, and it offers spectral
response range of 480 — 650 nm. The S7686 photodetector was used in conjunction with the lock-in
amplifier to investigate its effectiveness in further improving the LOD of the transfluospheres. The same
experimental methods, detector-light source configuration, and transfluosphere concentrations were

used as before.

0.1
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Fig. 3-31 Signal versus transfluosphere bead concentration in distilled water using the machined rig and
titania short- long pass filter. The LED was driven with an in-house 20mA pulsed constant current driver. The
signal was measured with a Hamamatsu S7686 narrow spectral response Si-photodetector coupled to a lock-
in amplifier (Stanford Research Systems, SR830).

Fig 3-31 shows a linear dose response characteristics of the transfluorsphere beads The use of
the S7686 photodiode lead to a significant reduction in the background from the previously obtained
values of 440.0 pA (Lock-in setup with no IR filter) and 58.1 pA (with IR blocking filter) to 22 pA was
observed. The LOD was also improved to 2.86 x 10" beads pL™, which is approximately 350,000 fold

dilutions relative to the stock solution (Fig. 3-31). This compares favourably with a previous value of
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6x10* beads pL™* (~170,000 fold dilutions relative to the stock) obtained using a combination of colour
filters and polarisers [152]. The LED/Ti-XC/T8661/Ti-FDS/Si-photodiode combination reported here
offers a highly attractive solution for sensitive, low cost, integrated fluorescence detection in a

microfluidic chip that is readily applicable to a wide range of bead-based immunodiagnostic assays.

3.5 Summary

Titania based short-pass filters were fabricated using a variety of long wavelength absorbing
dyes. Surface acid/base treatment of the titania surface was used to electrostatically attract
anionic/cationic dyes that would otherwise not coordinate to titania. A facile method for fabricating
mechanically stable titania filters on plastic (PET) substrates at room temperature was also devised,
allowing the filters to be applied to portable detection devices requiring thin plastic high performance
filters. Plastic short- and long-pass filters were made with xylene cyanol and FDS and applied to
transfluorsphere detection. Subsequent experimental details and their results are summarized in the

table 3-3 below:

LOD (beads pL™)

Filters Used

Experimental conditions Background

Plastic LED/Detector Holder

4x Xylene Cyanol Ti-SP filter

7
Keithley Electrometer 4x FDS Ti-LP filter 1200 pA 2.06x10
Machined LED/Detector Holder 4x Xylene Cyanol Ti-SP filter 7
Keithley Electrometer 4x FDS Ti-LP filter 1210 pA 1.49x10
Machined LED/Detector Holder . i
Constant Current LED Driver “xXylene Cyanol Ti-SPfilter 555 (0 1.59 x 10°
. 4x FDS Ti-LP filter
Keithley Electrometer
Machined LED/Detector Holder . i
Constant Current Pulsed LED Driver “x Xylene Cya.nol T.I_SP filter 440 pA 4.91x10°
. e 4x FDS Ti-LP filter
Lock-in Amplifier
Machined LED/Detector Holder 4x Xylene Cyanol Ti-SP filter
Constant Current Pulsed LED Driver 4x FDS Ti-LP filter 58 pA 4.83x10*
Lock-in Amplifier Kentek NIR Blocking filter
Machined LED/Detector Holder
Constant Current Pulsed LED Driver 4x Xylene Cyanol Ti-SP filter 4
22 2. 1
Lock-in Amplifier 4x FDS Ti-LP filter PA 86x10
Hamamatsu S7678 Photodiode
In complete Dark using 4x Xylene Cyanol Ti-SP filter 1.0 bA N/A
Standard Si-Photodiode 4 FDS Ti-LP filter P
D : b 1
In complete Dark using 4x Xylene Cyanol Ti-SP filter 0.6 pA N/A

S$7686 Si-Photodiode

4x FDS Ti-LP filter

Table 3-3 A table to show the summary of the transfluosphere detection experiments.
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Initially the transfluosphere detection was performed in a plastic rig. The LED was powered by a
9V battery and the signal was recorded with a Keithley electrometer. A poor limit of detection of 2.06 x
10’ beads pL™ and a high background signal of 1200 pA was observed. At first, this result was thought to
be caused by the ‘flimsy’ nature of the plastic LED/detector holder. To make sure that all the
components (LED/cuvettes/detector) remained in the same position for each measurement, a new rig
was machined out of an aluminium block. This ensured that all the components were rigidly fixed in
place. Using the same transfluosphere concentrations the dose-response measurements were repeated
again. To our disappointment, the background signal was still high compared to the signal with the LED

off and showed significant scatter.

It was subsequently discovered that the LED intensity was drifting due to battery discharge. To
correct this effect, a constant current LED driver circuit was added to the rig. Improvement in the signal
profile was immediately apparent and a ten-fold improvement in the LOD was observed to 1.59 x 10°
beads pL™* However this was still only a 6000 fold dilution relative to stock solution and a typical assay
would be expected to detect up to 100,000 fold dilution of the analyte. The background signal at 1090
pA was still very high compared to the signal when the LED was off (or the photodiode blocked with an
opaque shim) at 1.0 pA. By reducing the background, one would expect the sensitivity to improve and
this was achieved by using a lock-in amplifier coupled to a pulsed LED (to eliminate constant + slowly
varying background interference). An approximate 60 % reduction in the background signal was
achieved this way, under dark ambient conditions, improving the LOD to 4.91 x 10° beads pL™. Moreover,
virtually the same LOD could now be achieved with the room fully lit. Since the lock-in amplifier filters
any external background, the 440 pA of background observed were attributed to leakage from the LED,

in particular the LED tail light leakage observed in the NIR region of the spectrum.

A plastic dye-based NIR absorbing filter was used to block the leakage from reaching the
detector and this was successful in greatly reducing the background signal to 58 pA. The LOD was also
improved to 4.86 x 10* beads pL™ which is equivalent to an approximately 200,000 fold dilutions. In an
attempt to further lower the background signal and improve the transmission in the pass band of the
NIR-Filters, a NIR blocking plastic filter based on (TOMA),CoBr, complex was investigated. The
synthesized (TOMA),CoBr, was doped in a PVP polymer host, yielding a filter with a sharp cut-on and
desirable optical properties for a short pass NIR filter. Unfortunately the complex had high transmission

beyond 750 nm and did not provide adequate blocking in the desired blocking band (750-800 nm). The
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NIR absorption for complexes of this kind can be altered and further investigation might well identify

suitable candidate.

Finally, a narrow spectral response Si-photodiode was also tested in conjunction with the
approaches described above. The background signal was further suppressed to 22 pA (compared to 0.6
pA in the dark). An improved LOD of 2.86 x 10* was achieved, making it possible for this setup to detect

transfluosphere concentrations that are 350,000 times more dilute than the stock solution.
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4 Phosphorescence Detection

41 Introduction

In the past few decades, advancements in the field of biochemistry have affected many aspects
of life, with new detection and imaging techniques allowing for better understanding of human biology.
One such advancement is in the detection of specific antigens using immunoassays. Such immunoassays
rely on the binding of antibodies to their specific antigens to form an sparingly insoluble complex [153].
Antibodies are proteins produced by the immune system in response to infection or foreign matter.
Antigens are any substance (from the environment or made within the body) that induce the production
of antibodies by the immune system. The most commonly used antibody for bio-analysis is
Immunoglobulin G (IgG) which has a y-shaped protein structure comprising two separate parts: a
fragment crystallisable (FC) part which is common to most antibodies and they can be used to
immobilise them on a solid support [154] and a fragment antibody binding (FAB) region which allows the

antibody to selectively bind to antigens (Fig. 4-1).

Immunoassays can be designed so that either an antigen or the antibody is the analyte. At high
concentration, bound antibodies and antigens precipitate out of their solution, providing a visual
indication of successful binding. However for low concentration analytes, alternative methods for
detecting binding are necessary [155]. Luminophore-doped polymer beads provide an effective means
of detecting such interactions. Polymer based micro and nanoparticles with different surface
functionalization can be prepared by simple co-polymerisation using a variety of monomers, allowing
them to be conjugated to a broad range of biomolecules. Furthermore, many different types of
luminophores can be incorporated into the beads such as dyes [9, 156], metal nanoparticles [157-159],
and quantum dots [160-162] which can then be detected optically. Importantly, since the luminophores
are encapsulated in a polymer matrix, they are protected from the external environment. Many studies
have showed improved chemical stability and luminescence in dye-doped polymer beads compared to
free dye, with the emission characteristics of the incorporated dye remaining unchanged even when the
external conditions of the assays are altered (an important consideration if the assay is to be performed

in in-vivo).
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< Encapsulated Luminescent
Dye
< Polymer Shell

Antibody functionalized
Dye doped Polymer Bead

Antibody bound Antigen

} Fragment Antibody Bonding
(FAB)

Fragment Crystallisable
(FQ)

Solid Support

Fig. 4-1 Schematic to show mechanism of a commonly found immunoassay using an antibody functionalised
luminescent polymer beads

Polymer beads are typically prepared by precipitation polymerisation. An ideal dye-doped
polymer bead for biomolecule detection would be a non-coagulating spherical bead with high dye
loading. To achieve this, one must optimize several factors, such as choice of the constituent polymers,
dyes, solvents, and their concentrations. There are many luminescent polymer beads that are available
commercially, but they tend to be costly and frequently require UV excitation which precludes their use
with low cost visible-LEDs (that are often found in low-cost detection platforms [163].) This chapter
extends earlier work by Dr. Angharad Edwards of Imperial College London [163], who developed a

protocol for preparing stable phosphorescent dye-doped nano- beads discussed in the next section.

The objective of this work was to optimize the phosphorescent polymer bead synthesis
proposed by Edwards and to test the optimised beads in conjunction with time-gated phosphorescence
detection set-up (see next section) to measure their limit of detection. Furthermore, the beads will be

bio-functionalised and a simple biotin assay implemented to demonstrate their biomedical applicability.

116



CHAPTER 4

4.1.1 Time-gated detection

Time-gated detection is a highly sensitive detection technique that is widely used in bio-analysis
as an elegant means of eliminating backgrounds due to the light source and autofluorescence from
biomolecules. It works by setting a time delay between the excitation pulse and signal detection, hence
allowing the emission from the light source and autofluorescence of biomolecules to decay to a
negligible level before measuring the phosphorescence signal from the label [164, 165]. This detection
method is well suited for our beads, since phosphorescent beads have significantly longer lifetime than
any fluorescence or the switching time of the light source. Schematics to show how the time-gated

detection operates are shown in Fig. 4-2.

Tperay = Delay time
Tpet = Detection window

Tpyise = Pulse duration

Autofluorescence

Intensity

Phosphorescence Decay Signal

<>
Tpuise Time

Fig. 4-2 Schematic to show how time-gated detection works. Adapted from [165].

As shown in Fig. 4-2, the analyte sample is excited by a short burst of light (typically a pulsed LED,
lamp, or laser [166]). This is followed by a time delay (Tpelay) Which lasts longer than the pulse duration
(Teuse) or any autofluorescence signal that may arise from such photo excitation. After this time delay,
the detector is switched ‘on’ for the duration of the detection window, Tpe to measure the
phosphorescence delay of the label. The detector is switched off and the measured signal is integrated,

after which this cycle is repeated. The duration of this cycle depends on the properties of the
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components used in the detection system — such as the excitation source/detector response time and

the label life-time.

Despite its considerable advantages over steady state fluorescence detection, phosphorescence
detection format is not widely used in portable detection systems [163]. One of the main reasons is the
expensive and bulky nature of the equipment required to carry out sensitive time-gated detection.
However a very recent report in 2011 by Wang et. al., reported an ultra-portable time-resolved
fluorescence analysis device for detecting explosives which utilises CMOS sensors and pulsed LED light
sources [167]. The detection system was limited to low vapour pressure nitro-aromatic compounds and
only achieved moderate detection limits. Another report in 2012 by Chen et. al., described a portable
time-gated luminescence detector for the detection of environmental pollutants. The system used
multiple excitation sources such as UV-LEDs and Xenon flash lamps. The final device was housed in a
small briefcase, which weighed 5 kg, and achieved ng/ml-level detection limits [168]. However, the
examples outlined above were constructed to analyse short lived fluorophores (z < 0.5 us) and at such
time scales, the requirement for fast electronics coupled with potential interference from
autofluorescent molecules adds significantly to detection complexity. Although there is much scope for

improvement, the idea of applying time-gated detection to portable platforms is gaining momentum.

4.2 Phosphorescent dye doped polymer beads

4.2.1 Dye selection and their optical properties

Tris(4,7-diphenyl-1,10-phenanthroline)-ruthenium  (Ru(dpp)s) which is chemically and
structurally very similar to the widely-studied Ruthenium based dye, Tris(bipyridine)ruthenium(ll)
(IRu(bpy)s]*). Unlike Ru(bpy); (which has bipyridine ligands), in Ru(dpp); the Ru metal centre is
surrounded by three bidentate diphenyl phenanthroline ligands arranged in an octahedral geometry as
seen in Fig. 4-3A. Unlike other commonly used Ruthenium-based dyes, Ru(dpp); is not water soluble
which makes it suitable for use in dye-doped polymer beads prepared by precipitation method. (See

section 4.2.3.)

Ru(dpp)s in dimethyl formaldehyde (DMF) absorbs strongly in the blue region of the spectrum

(absorption maximum at 465 nm, see Fig. 4-3B) and so can be excited by with low cost blue inorganic

118



CHAPTER 4

LEDs as supposed to UV-LEDs which are typically needed for exciting phosphorescent dyes. According to
the crystal field theory, six electrons in the d-orbitals of the Ruthenium metal centre split into two
higher degenerate orbitals (e;) and three lower degenerate orbitals (ty) upon the formation of the
octahedral complex. The absorption of 465 nm blue light arises from the promotion of an electron from
the singlet ground state (t,g) to the * orbitals of the dpp (singlet metal-to-ligand charge transfer state,
Fig. 4-3B). This absorption is followed by ultrafast intersystem crossing into the triplet metal-to-ligand
charge transfer state (*MLCT) as seen in Fig. 4-4 [169, 170]. Other competing decay paths such as
fluorescence or internal conversion are not observed since intersystem crossing to the *MLCT occurs

much faster (Kisc >> Kg).

A — 2+
Ru(dpp), Ru(bpy),
Fig. 4-3A Chemical structures of A) Ru(dpp)s and B) Ru(bpy);
1.0 ' ' ' ' ' ' ' ' ' 1.0
.h q -
0.8 Los S A
,5 \(ﬂ/ eg (Ru) — —
S o - hv
0.6 Lo6 C *
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C
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Fig. 4-3B (Left) Normalised absorption and emission spectra of Ru(dpp); in DMF. (1 = 470 nm) (Right)
Metal-to-Ligand Charge Transfer (MLCT) that occurs in Ru(dpp)s upon absorption.
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Fig. 4-4 A Jablonski diagram to illustrate the decay paths of Ru(dpp)s”". kg is the rate of fluorescence, kygrate
of non-radiative decay, Ksc rate of inter system crossing, and kp rate of phosphorescence.

According to literature inter system crossing occurs =100 % for Ru(dpp); [171] due to their strong spin-
orbit coupling with the heavier ruthenium metal centre. Non-radiative relaxation is suppressed due to
the large energy gap between the 'MLCT and the ground state. Due to this strong spin-orbit coupling,
the formally spin forbidden transition from the long-lived *MLCT state to the ground state becomes
available via phosphorescence with a luminescence life time of 7 = 5us. However it is strongly quenched
by oxygen via energy transfer or charge transfer mechanism [172], making this dye also useful for
oxygen sensing applications. For the purpose of making luminescent polymer beads, the dye must be
encapsulated in oxygen-impermeable polymer to prevent quenching. The photoluminescence quantum

efficiency, @p (PLQE) is defined by:

Pp = Nysckptry (4A)
where 7;5c is given by:
_  kisc
R (4B)

where k;sc = rate constant for intersystem crossing and kg = radiative rate constant

Tr is the lifetime of the *MLCT state and is given by:

1

T = 4C
"= e (4c)
where kp = rate constant of phosphorescence and ky = rate constant of non-radiative decay.
Since 71;5¢c=1, combining equation 4A and 4C gives:
— ke
(DP - kp+kngr (4D)
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Edwards previously obtained a value of @, = 30 £ 5 % for encapsulated Ru(dpp)s, which is relatively high
compared to other phosphorescent iridium and ruthenium complexes reported in other literatures (®p
= 20 % and 6.1% respectively) [173-175]. Please see section 2.6 and section 7.4 on photoluminescence

guantum yield acquisition of the phosphorescent beads.

The Ru(dpp)s; emission maximum in DMF is 610 nm (Fig. 4-3) which is easily detectable using
commonly available Si-photodetectors. Furthermore the large Stokes’ shift of 160 nm is beneficial for
detection platforms that use optical filters (with or without time-gated detection) since it lessens the
need for sharp filter transitions as explained in chapter one. Ru(dpp)s** is an attractive dye for polymer
bead incorporation since it has a long luminescence lifetime of 5 us, which can be readily detected using
sub-MHz bandwidth low-cost time-gated detection instrumentation (more details in section 4.2.4). It
can also be excited and detected within the visible range of the spectrum, and so is compatible with

low-cost inorganic LEDs and detectors.

4.2.2 Polymer Selection

Many varieties of polymers and have been used for bead preparation. The most common
polymers include: polystyrene (PS) [176-178], poly(acetonitrile) (PAN) [179-181], and poly (methyl
methacrylate) (PMMA) [182]. There are two key characteristics that one must look for when selecting
polymer for bead synthesis. Firstly, parts of the polymer must be hydrophobic to maximize Ru(dpp);
incorporation, since the dye is hydrophobic in nature. Higher dye-loading would leads to higher emission
intensities which are advantageous for detection. Secondly, parts of the polymer must have
hydrophobic polar groups to ensure the beads can be dispersed in aqueous media. Furthermore, the
polymers should also contain polar groups such as carboxylic acids that can be readily bio-functionalised

for assay applications.

Work by Edwards et. al., has demonstrated that an amphiphilic polymer, polystyrene-co-maleic
acid (PS-co-MA) (see Fig. 4-5) can yield non-coalescing spherical beads using precipitation
polymerization. Beads synthesized with this polymer were found to be highly impermeable to oxygen
and were effective at preventing oxygen quenching of the encapsulated Ru(bpp)s. Furthermore, the
carboxyl group present in PS-co-MA can covalently bond to biomolecules allowing for easy surface
functionalization. Cross-linking is another important factor that must be considered when synthesizing

polymer beads. Liu et. al., investigated the effect of cross-linking polystyrene-co-divinylbenzene with
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polypropane and discovered that cross-linked polymer beads had improved dye loading and showed less
tendency to coalesce [183]. Bisphenol A glycidyl ether (BPA) was chosen by Edwards as the cross-linker
since its epoxy group readily reacts with the carboxylic acid groups on the PS-co-MA polymer [163, 184].
Edwards showed that BPA cross-linked beads had improved dye loading and luminescence quantum
efficiencies than to uncross-linked beads. Importantly the cross-linked beads displayed less tendency to
coalesce and so all the beads in this chapter were cross-linked [163].
Dve
2

Tris — Ruthenium (ll) (diphenyl phenanthroline)
Ru(dpp)

)\EX =450 nm
)\EX =610 nm
T=0.86 ns in solution

Polvmer

Polystyrene — co — Maleic Acid
/\I/ PS-co-MA

Hydrophobic styrene group
Hydrophilic ester & carboxylic acid

Cross-linker
e Bisphenol A diglycidyl ether
JJ U
D/\W Epoxide group for reaction with

carboxylic acid group

Fig. 4-5 Selection of Ruthenium dye, polymer, and cross-linking agents for producing phosphorescent
polymer micro-beads described in this chapter.

4.2.3 Ru(dpp)s PS-co-MA/BPA nano-beads

4.2.3.1 Precipitation Polymerization

There are two main methods for producing polymer nano-beads. Emulsion polymerisation

typically starts with a water-insoluble monomer and water. Surfactants or other water soluble polymers
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are added to this mix, ‘emulsifying’ the monomer. The polymerisation reaction takes place within the
formed monomer particles forming the polymer beads. The beads are stopped from coagulating with
each other because they are surrounded by surfactants which electrostatically repel each other. This
polymerization technique is compatible with a wide selection of monomers, but it is difficult to remove

the surfactant and hence polymer beads made via this route are not ideal for bio-assay applications.

As an alternative to the above approach, precipitation polymerization developed by Kirner
[185] and Song et. al [184] involves a simple preparation route that produces high quality bio-
compatible beads. Edwards successfully demonstrated the use of precipitation polymerization to
produce Ru(dpp); doped PS-co-MA/BPA nano-beads [163, 186]. Precipitation polymerization is a
surfactant-free approach that requires the use of dyes and polymers that dissolve in water-miscible
solvents such as dimethylformamide (DMF), but not in the corresponding water/solvent mixture. The
process of bead formation via precipitation is illustrated in Fig. 4-6. A solution of PS-co-MA polymer and
dye is stirred vigorously in DMF and excess water is added slowly which causes the nano-beads to form
spontaneously (due to the solubility differences of the different groups on the polymer) [163]. Edwards
also found that crosslinking the polymers yielded crosslinked beads had better dye loading, size and less
coalescence than their non-crosslinked equivalents. The resultant polymer beads are crosslinked by
heating them to 85 °C.

In Organic Solvent (DMF) In DMF/Water Mix In Water

I] Low to High Water ratio >

® Ru(dpp); [ HydrophilicGroup [l Hydrophobic Group \l\/ﬁ Polymer Chain
-COOH -Styrene

Fig. 4-6 A schematic to show the formation of Ru(dpp)s;-doped polymer nano-beads by precipitation .
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4.2.3.2 Experimental

100 mg of PS-co-MA (polymer) and 25 mg of BPA (cross-linker) were dissolved in 20 ml DMF
using a glass-coated magnetic stirring bar. To this colourless solution, 1 mg of Ru(dpp); dissolved in 5 ml
DMF was added, giving the solution an orange tint. 120 ml of distilled water was added at a rate of
2 ml/min. After 5 min the solution turned from clear orange to a cloudy orange solution as nano-beads
started to form. The resulting solution was left to stir for 10 min after which it was centrifuged and
washed with distilled water three times to eliminate any DMF. All DMF was removed to prevent bead
coalescence. The solution was then heated overnight at 85 °C to induce cross-linking with BPA [163].

The stabilized beads were kept in the dark and stored at -20 °C. (Fig. 4-7)

"“”-..",‘ ( 120 ml distilled water
L. Added at 2 ml/min

100 mg PS-co-MA
25 mg BPA )

1 mg Ru(dpp),

Centrifuged at 3000 rpm for 30 min
Washed with water x3

Beads heated overnight at 85 °C
450 rpm stirring rate for cross-linking

Fig. 4-7 Schematic of synthesis procedure for Ru(dpp); doped PS-co-MA/BPA polymer nano-beads
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4.2.3.3 Determining the ideal Synthesis Conditions

For the purpose of bioassay optimisation, all beads should be spherical in nature and have a
narrower size distribution to ensure they all have similar binding affinity to the target analyte.
Furthermore, the beads should show structural stability and not coalesce. They should also have as high
dye loading as possible to maximize their quantum vyields without compromising all the attributes

mentioned above.

The synthesis procedure, suggested by Edwards was selected for its optimum dye loading
(determined by their quantum yield experiment [163]) and its ability to form spherical beads. However
the synthesized beads still had tendency to coalesce after prolonged storage, which suggested there was
still room for improvement. Previous studies have shown that synthesis steps such as stirring rate
greatly influence the properties of the resulting polymer beads. Therefore, in this section, the stirring
rate of the polymer solution during the water addition step was optimized to further improve the

characteristics of the phosphorescent polymer beads [187-189].

4.2.3.4 Stirring rate influence

Dye-loaded polymer beads were synthesized using three different stirring rates: 300, 600, and
900 rpm. (600 rpm is the speed previously used by Edwards) The water addition rate was kept constant
at 2 ml/min for all experiments. The resulting beads were analysed by SEM to measure the bead
diameter and their size distribution. This work was carried out in collaboration with Ms. Roxanne

Jourdain of Imperial College London.

Fig. 4-8 shows the SEM micrograph of the beads prepared at different stirring rates. It is evident
that beads prepared with 300 rpm stirring rates had the best characteristics in terms of the size, shape,
and resistance to coalescence. The as-made 300 rpm beads had a size (diameter) of 301 + 120 nm (Fig.
4-9), and narrower distributions down to 180 + 20 nm can be achieved by further filtration. Beads
prepared at the higher stirring rates formed non-spherical or aggregated structures. Altering the stirring
rate had a fairly weak effect on the mean size or the size distribution. There was a significant difference
however in the ratio of the spherical- to non-spherical beads at: 95 %, 50 %, and 10 % for 300, 600, and

900 rpm respectively. All polymer beads used in this work were synthesised using 300 rpm stirring rate.
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300 RPM 600 RPM P 900 RPM

95% Spherical : 50% Spherical  [# : 10% Spherical

Fig. 4-8 SEM images of the Ru(dpp); doped PS-co-MA/BPA beads synthesised at different stirring rates. Beads
synthesised at 600 rpm was the conditions used by Edwards.
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Fig. 4-9 Size distribution of the spherical Ru(dpp)s; doped polymer beads. Non-spherical beads were omitted
from the count.
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4.2.3.5 Surface carboxyl group quantification

Surface carboxyl groups present on the surface of the dye-doped PS-co-MA/BPA nano-beads can
be used to functionalize the surface with bio-molecules such as proteins and antibodies. Functionalised
nano-beads are useful for analyte quantification and imaging. The density of surface carboxyl groups
determines the number of bio-molecules that can conjugate to an individual bead. Past studies have
determined the surface density of carboxyl groups of polymeric nano-beads using conductometric
titration [190, 191], zeta-potential measurements [192], fluorescence dye absorption [193] and FTIR

spectroscopy [194].

Among these, conductometric titration requires the least sample pre-treatment and can be
carried out in the same manner as a conventional titration, but using conductivity to determine the
neutral point. When a base such as NaOH is added to an acidic solution (Phase 1, Fig. 4-10), the fast
moving H* ions are essentially replaced by ‘slower’ Na®ions (Phase 2, Fig 4-10 & Equation 4E), which

reduces the conductivity of the titrate.
H* + OH + H,0 + NaOH > Na* + OH™ + 2H,0 (4E)

This trend continues until an equivalence point is reached. Beyond this point, addition of base
simply increases the number of ions in the solution and the conductivity increases again (Phase 3, Fig. 4-
10). This equivalence point is essentially the minimum on the titration curve, which can be interpreted
as the neutral point of the titration. The amount of base added to reach this equivalence point can be
used to calculate the density of surface carboxyl groups on the beads. Before carrying out the titration, a
conductivity meter (EC-con 6, RMS, UK) was first calibrated using a hydrochloric acid reference solution.
114.5 mg of the dye-doped beads were dispersed in 49 ml of distilled water and to this, 1 ml of 0.05 M
sodium chloride solution was added. Titrations of the beads were carried out by adding 10 ul of 0.05 M
sodium hydroxide solution at 1 min intervals with continuous stirring. The conductivity of the resulting
solution was monitored and recorded carefully to determine the intersection point (Phase 2) (Fig. 4-10).
This procedure was repeated three times with independent batches of polymer beads prepared using
the optimised conditions determined in the previous section. (This experimental procedure was adapted

from ref. [195])
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Fig. 4-10 — Schematic to show the titration procedure of Ru(dpp); doped PS-co-MA/BPA bead. Phase 1) Beads
are suspended in 1 mM NaCl solution to promote ion exchange and to further liberate protons. Phase 2) slow
addition of 0.05 M NaOH solution neutralises the liberated protons, decreasing the solution conductivity due
to decreased ion mobility. Phase 3) further addition of NaOH increases the overall ion content of the titrates,
increasing the conductivity.
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Fig. 4-11 Titration curve of Ru(dpp); doped PS-co-MA/BPA bead. Equivalence point was reached with 76.8 pl
of 0.05 M NaOH solution, which equates to 35.5 umole/g of surface acidic group content.

From Fig. 4-11, it is evident that the equivalence point was reached upon addition of 76.8 ul of
0.05 M NaOH solution (3.84 umol) to 114.5 mg of beads, which equates to 35.5 umol g™ of acidic group
content. This value is far lower than the literature reported value for poly(methyl methacrylate)/
poly(acrylic acid) polymer beads (diameter = 6 um, 240 pmolg™ of surface acidic group content), but this

can be controlled by altering the size of the polymer beads
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4.2.3.6 Reality Check

Since there is no literature or data available for surface acidic group content of PS-co-MA/BPA
nano-beads, the experimental value obtained in section 4.2.3.5 was checked for reasonability. Taking
the density of the polymer beads to be approximately 1 gcm™ and the distribution of bead diameter

from Fig. 4-9, the numbers of polymer beads (table 4-1) was estimated to be 7.73 x 102 g™.

Diameter (nm) Distribution (g) Volume (em®) Massa single bead (g) Number of beads (g'l)

175 5.00E-03 2.81E-15 2.81E-15 1.78E+12
185 1.50E-02 3.32E-15 3.32E-15 4.52E+12
195 5.00E-03 3.88E-15 3.88E-15 1.29E+12
205 1.00E-02 4.51E-15 4.51E-15 2.22E+12
215 5.00E-03 5.20E-15 5.20E-15 9.61E+11
225 1.50E-02 5.96E-15 5.96E-15 2.51E+12
235 2.00E-02 6.80E-15 6.80E-15 2.94E+12
245 4.00E-02 7.70E-15 7.70E-15 5.19E+12
255 4.00E-02 8.68E-15 8.68E-15 4.61E+12
265 3.50E-02 9.75E-15 9.75E-15 3.59E+12
275 8.00E-02 1.09E-14 1.09E-14 7.35E+12
285 7.00E-02 1.21E-14 1.21E-14 5.77E+12
295 9.50E-02 1.34E-14 1.34E-14 7.07E+12
305 8.00E-02 1.49E-14 1.49E-14 5.38E+12
315 6.50E-02 1.64E-14 1.64E-14 3.97E+12
325 5.50E-02 1.80E-14 1.80E-14 3.06E+12
335 7.00E-02 1.97E-14 1.97E-14 3.56E+12
345 9.00E-02 2.15E-14 2.15E-14 4.19E+12
355 2.50E-02 2.34E-14 2.34E-14 1.07E+12
365 6.00E-02 2.55E-14 2.55E-14 2.36E+12
375 3.50E-02 2.76E-14 2.76E-14 1.27E+12
385 3.00E-02 2.99E-14 2.99E-14 1.00E+12
395 3.00E-02 3.23E-14 3.23E-14 9.30E+11
405 1.50E-02 3.48E-14 3.48E-14 4.31E+11
415 1.00E-02 3.74E-14 3.74E-14 2.67E+11
N/A 1.00E+00 3.96E-13 3.96E-13 7.73E+13

Table 4-1 Total number of beads per gram taking into accounts the beads size distribution of the beads.

76.8 pL of 0.05 M NaOH solution was added to the bead suspension to reach the
neutralisation point which equates to 35.5 umol or 2.02 x 10" NaOH molecules. From table 4-1 we
calculated the theoretical number of beads in each size distribution. Multiplying by the surface area for

each size calculated (table 4-2) we calculated the total surface area of the beads per gram. Assuming

129



Phosphorescence Detection [Negl N2

that all carboxyl groups at the surface of the beads, dividing the number of NaOH molecules added by
the total surface area per gram (1.99x 10** A per gram), we obtain the surface area occupied by a single
carboxyl groups, which is 98.65 A% The surface area occupied by a single carboxyl group can be square-
rooted to give the approximate spacing which equates to 9.93 A (3.s.f). Assuming that all neutralised
protons derive from carboxyl group are tightly packed (which in reality is an overestimate), this is within

the reasonable range of the estimates.

j Diameter (nm) Surface area of beads (A) Number of beads Total Surface Area (A”2)

175 9.62E+06 1.78E+12 1.71E+19
185 1.08E+07 4.52E+12 4.86E+19
195 1.19E+07 1.29E+12 1.54E+19
205 1.32E+07 2.22E+12 2.93E+19
215 1.45E+07 9.61E+11 1.40E+19
225 1.59E+07 2.51E+12 4.00E+19
235 1.74E+07 2.94E+12 5.11E+19
245 1.89E+07 5.19E+12 9.80E+19
255 2.04E+07 4.61E+12 9.41E+19
265 2.21E+07 3.59E+12 7.92E+19
275 2.38E+07 7.35E+12 1.75E+20
285 2.55E+07 5.77E+12 1.47E+20
295 2.73E+07 7.07E+12 1.93E+20
305 2.92E+07 5.38E+12 1.57E+20
315 3.12E+07 3.97E+12 1.24E+20
325 3.32E+07 3.06E+12 1.02E+20
335 3.53E+07 3.56E+12 1.25E+20
345 3.74E+07 4,19E+12 1.57E+20
355 3.96E+07 1.07E+12 4.23E+19
365 4.19E+07 2.36E+12 9.86E+19
375 4.42E+07 1.27E+12 5.60E+19
385 4.66E+07 1.00E+12 4.68E+19
395 4.90E+07 9.30E+11 4.56E+19
405 5.15E+07 4.31E+11 2.22E+19
415 5.41E+07 2.67E+11 1.45E+19
N/A (Total: 7.24E+08) 7.73E+13 1.99E+21
Table 4-2 Surface areas of beads per gram taking into account the beads size distribution.

No. of NaOH Total surface area of beads Area occupied per group Approximate

molcule (g) (R?) spacing (A)
2.02E+19 1.99E+21 98.65 9.93

Table 4-3 approximate spacing per surface carboxyl group taking into account the bead size distribution.
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4.2.4 Time-Gated Photoluminescence Detection of the beads

The time-gated detection described in this section is a miniaturised detection system in
development by de Mello et. al., which focuses on detection of long-lived phosphorescence (7 > 1.0 us):
in particular, phosphorescence from the aforementioned Ru(bpp); doped PS-co-MA/BPA nano beads. A
photo of the device construction is shown in Fig. 4-14 and further technical details are provided in the
appendix section 7-3. The time-gated device used an inorganic blue (480 nm) LED (E1L31-3BOA2, Toyoda
Gosei, Japan) as the excitation source. This was driven with 20 mA, and pulsed at 20 kHz with a pulse
duration of 6.154 us. After the LED pulse, a long delay time of 3.249 us was used to allow the LED light
and any autofluorescence to decay to zero. The detection window follows shortly after this delay, and
lasts for 40 us which is sufficiently long to detect much of decay profile of Ru(dpp)s. This cycle is
repeated multiple times, where the total time taken per cycle was approximately 50 ys. A schematic to

show the sequence of events in the time-gated detection is seen in Fig. 4-12.

Tpuise ~ 6.154 us
: Trotar =50 ps

> H :
H / Pulsed LED signal

Tper=40ps 1 P Tpee=40ps

Phosphorescent
bead signal
it Tpetay = 3.249 Hs'ﬁi Detector on
:v H Detector off
B = ¥
—_— : — :
E : : E Integrated
] . Voltage after
H - Lock-in
: : > Time

Fig. 4-12 Schematic to show the sequence of events in time-gated detection. One cycle is approximately 50 ps.

Ru(dpp); doped PS-co-MA/BPA beads were fabricated under the optimised conditions described
above and dispersed in water at various concentrations in the range 6.5 x 10° to 1.3 x 10™ g/ml.
experimental setup described in appendix section 7.3 was used in conjunction with a commercial digital
lock-in amplifier (Stanford Research Systems SR830 lock-in amplifier instead of the ‘miniaturised lock-in

amplifier described in appendix — more details later in this section) to obtain the dose response curve
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shown in Fig. 4-13A which shows a good linear response. The LOD of the beads was calculated to be 3.78
x 10 g/ml which is equivalent to 3.8 nmol (or 5 x 10 g) of Ru(dpp); dye. This result is in agreement with
earlier work by Edwards and demonstrates the highly sensitive nature of using a combination of

phosphorescent labels and time-gated detection [163].

10°

Corrected Signal (nV)

S I T
Concentration of PS-co-MA Beads (g/ml)

Fig. 4-13A Dose response curve for Ru(dpp); doped PS-co-MA/BPA in aqueous solution, obtained using the
time-gated detection system. Inorganic LED (E1L31-3B0A2, Toyoda Gosei, Japan) was used as an excitation
source and silicon photodetector (55972, Hamamatsu, Japan) as the detector.

Typical bio-assays require samples to undergo complex pre-treatment and analyte purification
steps to preclude autofluorescence biomolecules — for example vast numbers of species in human urine
autofluorescence under UV/blue light excitation [196]. To verify that phosphorescence detection does
indeed solve this problem, 100 pL of highly fluorescent 0.01 M aqueous FDS solution (1 umol) was
added to our 200 pL phosphorescent bead suspension to create a strong fluorescence background. At
the highest bead concentration (6.5 x 10 g/ml), Ru(dpp); content was 93.6 nmol which makes the ratio
between the Ru(dpp); dye (phosphorescent) and FDS dye (fluorescent) approximately 1:1000, falling to
1:10,000,000 at the lowest bead concentration of 6.5 x 10°® g/ml. All experimental details (concentration
range and the time-gated setup) were kept exactly the same as before. For purpose of comparison dose
response curves were also conducted without FDS (Fig. 4-13B). Measurements were taken so that signal
intensity for FDS-free bead were recorded first, followed by an addition of FDS solution. The bead-FDS

mixture was vigorously shaken before its luminescence intensity was recorded and this was repeated for

all concentrations.

CHAPTER 4
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Fig. 4-13B (Left) Dose response curve for Ru(dpp); doped PS-co-MA/BPA in aqueous solution, obtained using
the time-gated detection system. Measurements shown on fig 4-13A were repeated with a fresh batch of
beads. 100 pL of 0.01 M aqueous FDS solution were added to the FDS-less bead solution during the
measurements. (Right) Picture taken during the experiment conducted in Fig. 4-13B. (A) Ru(dpp); doped PS-
co-MA/BPA in aqueous suspension and (B) the same Ru(dpp); doped PS-co-MA/BPA aqueous suspension
with 100 pL of 0.01 M aqueous FDS solution.

It is evident from fig. 4-13B that the addition of FDS did not affect the signal intensities of the
phosphorescent beads. The LOD for both situations were found to be approximately 4.04 x 10° g/ml.
This, along with pictures shown on Fig. 4-13B demonstrates the extremely high signal selectivity of the

time-gated setup.

As a first step to low-cost phosphorescence detection miniaturised analogue lock-in amplifier
(taken from ref [197] and built by Mr. Steve Atkins of Imperial College London) were built to replace the
commercial SR830 lock-in amplifier and to demonstrate low-cost lock-in amplification (circuit diagram in
appendix section 7.3). As a preliminary test of device operation, two sets of dye doped PVP polymer film
on glass were fabricated using fluorescent FDS (fluorescein salt) and phosphorescent Ru(dpp)s
respectively. Polymer films were fabricated by dissolving the dyes in an ethanoic solution of PVP and
drop casted on glass slides. Fig 4-14A, 14B, and 14C shows a simple visual demonstration of the time-

gated detection system using such dye doped polymer films and low cost lock-in amplification.
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Miniature Lock-in Amplifier

Peripheral Interface Controller

o

Time-gated Box

Silicon Photodetector

&

Temporary read-out display 480 nm LED

Fig. 4-14A Picture shows the prototype time-gated detection system under development by deMello et. al.
The setup is connected to a voltmeter as a temporary read-out display for easier presentation. Picture below
shows the internal electronics - needless to say that this device can be further miniaturised.
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Both polymer films exhibited strong luminescence under 480 nm LED excitation. FDS in polymer
films have a very short lifetime of 7ps, [198] and hence the no emission is detectable in the detection

window of 9.403 to 49.403 us.

OFF

; \l Si-Photodetector

o e ™

FDS doped PVP film

Fig. 4-14B Picture shows the time-gated setup under operation with FDS doped PVP film. Read out from the
Lock-in amplifier indicates no-signal in both dark and ambient light conditions for FDS PVP films, since time-
gated detection rejects signals that are not in its detection window.
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On the other hand, the same measurement repeated with a Ru(dpp)s;-doped PVP film, gave a
high signal (105.9 mV). This is because Ru(dpp)s has a long luminescence life-time (z = 5Sus) which
overlaps with the detection window of the time-gated system. This system is still under development by
deMello et. al. and the time-gated measurements reported henceforth used the commercial lock-in

amplifier

OFF

Si-Photodetectgr

LED Ru(dpp)s doped PVP film

Fig. 4-14C Picture shows the time-gated setup under operation with Ru(dpp)s; doped PVP film. Read out from
the Lock-in amplifier indicates high luminescence signal in both dark and ambient light conditions, since time-
gated detection can detect the long-lived phosphorescent decay signal that overlaps with its decay window.
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4.3 Biotin Detection using Ru(dpp)s-doped PS-co-MA/BPA beads

4.3.1 Bio-functionalized Polymer beads

4.3.1.1 Introduction to Biotinylation

Biotin is also known as Vitamin H or Vitamin B;and it is a water-soluble vitamin. It is essential for
cell growth and metabolism of various biomolecules (such as fats and amino acids) [199]. While biotin is
synthesised in various bacteria [200, 201] and plants [202], humans are incapable of synthesising biotin
and our need for this vitamin is met by dietary intake. Biotin deficiency in humans can lead to serious
pathological symptoms such as Sudden Infant Death Syndrome (SIDS), Leiner disease and Rett syndrome
[203]. Hence it is crucial to diagnose and monitor patients with biotin deficiency. It is also important to
accurately determine the levels of biotin in food and supplements. Hence it is not surprising that
various analytical techniques, such as microbiological culturing and physicochemical methods [199] have
been developed to quantify the biotin levels. The latter predominantly relies on the strong non-covalent

interaction of biotin and a labelled streptavidin.

Streptavidin is a protein with an extremely high affinity for biotin, with a dissociation constant
(Kq) of 4 x 10 M, is the strongest noncovelant biological interaction known [204]. Biotin-streptavidin
conjugates are extensively used in biochemistry due to their stability over a wide range of pH values and
temperatures [204]. Importantly, properties of biotin, such as its solubility and specific reactivity, can be
customised very easily without compromising its streptavidin binding capabilities. Biotin is made from
two components: a streptavidin binding component and a valeric acid component (Fig. 4-15). The valeric
acid component can be altered to give various forms of biotin, such as amine-PEGg-biotin, which has
increased solubility in agueous medium due to its polyethylene glycol spacer arm, and can be readily
biotinylated with carboxyl groups present on other molecules. A wide range of customised biotins are
commercially available, which simplifies the process of designing assays based on biotin-streptavidin

conjugates.
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Fig 4-15 Chemical structure of Biotin and its variant, amine-PEG-Biotin. Valeric acid component of Biotin can
be modified to accommodate side groups such as amine-polyethylene glycol (PEG) spacer arms. Solubility of
the biotin can be modified through use of such side groups, and spacer arm lengths are typically modified to
reduce steric hindrance (to improve detection sensitivity).

To use our synthesised phosphorescent beads for bio-sensing applications, the surface carboxyl
groups must be bio- functionalised [205]. Biotinylation of surface carboxylic acid containing polymer
beads has been reported before by Gole et. al., and can be effected by simple 1-ethyl-3-(3-
dimethylaminopropyl) carbodiimide hydrochloride (EDC) mediated cross-linking chemistry [206].
Biotinylation of the Ru(dpp); doped PS-co-MA beads was carried out using the methods outlined in ref.

[207, 208] as described in the next section.

4.3.1.2 Biotinylating the Phosphorescent Nano Beads

The materials used for biotinylating the beads were: 1) Amine-PEG;-Biotin (Sigma Aldrich, UK)
which is a water solubility-enhanced biotin with a long PEG spacer arm to reduce any steric hindrance
between the beads and streptavidin. 2) EDC (Thermo Scientific, UK) as a carboxyl and amine reactive
cross-linker and 3) Sulpho-NHS (Thermo Scientific, UK) to stabilise the formed ester bond between the
carboxyl groups on the bead and the EDC (Fig. 4-16) which prevents carboxyl regeneration (i.e.
formation of non-biotinylated beads). EDC-mediated biotinylation is activated at pH 6.0 [208] and hence
all biotinylation reactions were carried out with a 0.1 M MES buffer (2-(N-morpholino)ethanesulfonic
acid buffer, Sigma Aldrich, UK). Ru(bpp); doped PS-co-MA/BPA nano-beads were prepared according to
the procedures outlined in section 4.2.3.2. The resultant beads were weighed and centrifuged three
times with a 0.1 M MES buffer. The bead concentration was kept constant at 10 mg/ml. To this washed
bead solution, 100 pl of 10 mM EDC solution (in MES buffer) and 1.1 mg of Sulpho-NHS was added and
shaken vigorously for 15 minute at room temperature. 0.5 to 0.05 nmol of amine-PEG;-biotin MES

solution was added to the resultant solution. The resulting mixture was vigorously shaken for 2 h to

binding moiety
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allow the biotinylation to complete. The biotinylated beads were centrifuged again for three times with
0.1 M PBS (Phosphate buffered saline at pH 7.2, Sigma Aldrich, UK) to stop the reaction and to remove

any free biotin/cross-linkers.
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Fig 4-16 Scheme showing how the biotinylation of the synthesised beads was carried out. Addition of EDC
and Sulpho-NHS to the beads forms semi-stable amine reactive NHS ester. This prevents any carboxyl groups
from being regenerated and ensures that all available carboxyl have reacted. Addition of amine-PEGg-biotin
forms a stable amide bond between the carboxyl groups on the beads and the amine moiety of biotin. The
reaction is carried out in a 0.1 M MES solution at pH 6.0. Finally the reaction is ‘quenched’ by washing the
biotinylated beads with 0.1 M pH 7.2 PBS. Beads were purified multiple times using a centrifuge to remove
any free biotin and reactants.

Attenuated Total Reflectance — Fourier Transform Infra-Red (ATR-FTIR) analysis is a technique
that enables the measurement the IR absorbance spectra without any pre-sample treatment [209].
Study of biotin with ATR-FTIR has been reported by Barbucci et. al., [209] and in the current context

offers a simple means to confirm successful biotinylation.
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Fig 4-17 ATR-FTIR spectrum of biotinylated Ru(dpp)s-doped PS-co-MA/BPA beads. Also shown are the control
spectrum of non-biotinylated Ru(dpp)s;-doped PS-co-MA/BPA beads and biotin for comparison. Biotinylated
beads were extensively washed with 0.1 M PBS to eliminate any un-bound biotin.

Fig. 4-17 shows the IR absorption spectra of the biotinylated beads, obtained using an ATR-FTIR
spectrometer (Universal diamond ATR-3, Perkin-Elmer, U.S.). For comparison, spectra of biotin and non-
biotinylated beads were also recorded. Characteristic C=0 peaks (v = 1650 cm™) [209] were observed for
all samples corresponding to the carbonyl group on both the biotin and the beads. All other amine (C-N
/N-H bond stretch at 1550, 1350, and 1260 cm™ respectively) and ether (C-O bond stretch at 1081 cm™
in PEG) related peaks were observed in the IR spectrum of the biotin and the biotinylated beads. These
peaks were not observed with the non-biotinylated beads. It is evident from Fig. 4-17 that biotinylation
of the beads were successful. However, functionalization of nanoparticles can have an adverse effect on
their optical properties. Examples of such negative interactions have been reported by Aslan et.al,
where reduction in emission was observed upon biotinylating a fluorphore-labelled anti-biotin, [210]
reducing the sensitivity of the bead. To evaluate the effect of biotinylation on the optical performance of
the beads, emission and excitation spectra, emission lifetime, and quantum efficiencies were measured
before and after biotinylation. Emission and excitation spectra were obtained using the same
experimental procedure outlined in section 2.7.2 (Fig. 4-18). (Note: Clean absorption spectra could not

be obtained due to scattering from the beads)
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Fig 4-18 Emission and excitation spectra of the biotinylated beads. Also for comparison are the spectra for
non-biotinylated beads.

An approximate 8 % reduction in both excitation and emission intensities was observed upon
biotinylation, attributable to the weak biotin absorption in the visible range [211, 212] and a potential
loss of surface-bound Ru(dpp); dye during the biotinylation procedure. Phosphorescence lifetimes of the
beads were measured using the Time Correlated Single Photon Counting technique (TC-SPC)- see
appendix section 7.5. Photoluminescence quantum efficiencies (PLQEs) of the beads were also
measured to evaluate any changes in the photo-physical properties upon biotinylation although no
significant differences were expected given the similarity in emission lifetimes. The time resolved data
reveals that biotinylation has a minimal effect on the lifetime of the beads (Fig. 4-19). This suggests that
PS-co-MA/BPA is a stable encapsulant, and implies that majority of the dye is out of reach from any

dissolved oxygen quencher.
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Fig 4-19 Phosphorescence lifetime obtained through TC-SPC. Lifetime of both beads show negligible
differences.
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Fig 4-20 PLQE data obtained through integration sphere measurements of A) non-biotinylated beads and B)
biotinylated beads due to the scattering nature of the beads. Equipment used for this experiment is identical
to that of chapter two, section 2.6. Measurements were carried out with 8 ms and 30 ms integration times —
see chapter 2 section 2.6. Units for all the experimental parameters are in mW.m™.

Measuring the photoluminescence quantum yield by comparison with a reference solution [107]
proved to be very difficult since the bead solutions were very scattering and hence the same
experimental setup and procedure as that from section 2.6 was used. Samples used were 1) 0.06 g/ml
phosphorescent beads, 2) approximately 0.06 m/ml of biotinylated beads, and 3) magnetic-bead-
biotinylated bead conjugate (with 0.5 nmol of biotin). 0.1 mm quartz cuvettes were used for all
measurements. The photoluminescence quantum vyield for the non-biotinylated beads was 32.8 £+ 5%
which is in agreement with the results that Edwards observed [163]. Biotinylation of the beads had no

significant effect on the PLQE of the beads, which was recorded to be 33.2 £ 5 %. (Fig. 4-20)

4.3.2 Magnetic Beads

4.3.2.1 Using magnetic beads

Up until this point the biotinylated beads were purified by centrifugation in PBS buffer to
remove any small molecular weight solute such as unbound biotin and EDC. However, this did not allow
us to separate the biotinylated beads from the non-biotinylated beads. Typically, in other assays

employing polymer labels, the conjugated beads are separated by a using lengthy dialysis/desalting

column process [213, 214], which relies on filtering the molecules through a semi-permeable membrane.

Using such techniques often results in high sample loss and makes accurate quantification of the analyte

difficult. The use of magnetic nano-beads offers a simple and elegant way of separating the biotinylated

800
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and non-biotinylated beads. The magnetic beads used here had an iron core and were magnetised when
subjected to an external magnetic field [215] i.e. they were superparamagnetic. The outer shell
polymers can be purchased with specific molecular tags, which in our case was streptavidin. As
previously mentioned, streptavidin has a high binding affinity with biotin and the streptavidin/biotin
linkage can be used to join the magnetic beads and the biotinylated beads. The magnetic beads can then

be extracted by using a magnet, taking with them any biotinylated beads to which they are attached.

(Fig. 4-21A & 21B)
F Biotinylated
Z; Streptavidin  phosphorescent Bead

Non-biotinylated
Phosphorescent Beads Q

N[}

O ;

Fig 4-21 Schematic to show the biotinylated bead filtration using the streptavidin coated magnetic beads
(Dynabeads®MyOne™ Streptavidin C1, Life Technology, UK). The magnetic beads are large in size (1 pm)
compared to the phosphorescent beads (approximately 300nm). The long spacer arm of the amine-PEGg-
biotin (Sigma Aldrich, UK) allows multiple beads to be anchored to the magnetic beads via the streptavidin-
biotin link.

Biotin

4.3.2.2 Experimental

Five bead (in PBS) solutions with concentration of 0.1 g/ml were biotinylated with various biotin
concentrations outlined in table 4-4. These concentrations were chosen according to the biotin binding
capability of the streptavidin coated magnetic beads (2.5 nmol/mg) (Dynabeads®MyOne™ Streptavidin
C1, 10mg/ml Bead suspended in PBS, Life Technology, UK) The biotinylated beads were thoroughly
washed in pH 7, 0.1 M PBS solutions. The beads were also washed three times in PBS solution
immediately before use and re-suspended in 1 ml of PBS solution. 100 pL of Dynabeads were added to
our washed biotinylated beads and shaken for 2 hours. The magnetic beads and any bound biotinylated
beads were extracted by using a neodymium magnet as shown on Fig. 4-22. The neodymium magnet
was placed in close proximity to the sample container for 5 min and the conjugated magnetic beads
were collected on the inner container surface. Using a pipette, the supernatant PBS solution containing
the non-biotinylated beads was carefully removed and the magnetic beads were re-suspended in 1 ml of
fresh PBS solution. This process was repeated three times before re-dispersing the solid in a 1.0 mm

quartz cuvette with 0.01 M PBS solution for analysis using the time-gated detection system. The

143



Phosphorescence Detection [Negl\arZ:¥!

removed supernatant solution from the first wash was also washed by centrifugation, re-suspended,

and stored for further analysis.

1 0.1 0 100 2.5
2 0.1 0.005 100 2.5
3 0.1 0.05 100 2.5
4 0.1 0.25 100 2.5
5 0.1 0.5 100 2.5

Table 4-4 Amount of biotin used in the biotinylation step. Amounts of Magnetic beads added were

Biotinylated bead (No separation)

Fig. 4-22 Pictures taken at various time intervals during the magnetic beads removal process. Also shown for
comparison are the biotinylated beads without the magnetic beads. The magnet was used to attract the
magnetic beads (magnetic beads-streptavidin-biotin bead conjugate) to the side, and the supernatant
solution containing the non-biotinylated beads was pipetted out. This purification procedure was repeated at
least four times and the final solid was then dispersed in 1 ml 0.1 M PBS.

Time-gated detection described here used the same experimental set-up outlined in section 4.2.4. 100
readings at one second interval were recorded and the dose response curves obtained through these

measurements are shown in Fig. 4-23. Also shown for comparison are the signals measured for the

supernatant solution for each of the biotin concentrations.
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Counts (Arb. Unit)

4.3.2.3 Effect of conjugation

Conjugation to the magnetic beads did not cause any change to the bead’s optical

characteristics. Fig. 4-23 shows the excitation/emission spectra, lifetime, and the PLQE measurements

for phosphorescence beads in isolation and coupled to the magnetic beads.
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Fig. 4-23 A) Emission/excitation spectra of the magnetic bead conjugate compared to biotinylated beads. B)
Phosphorescence lifetime of the magnetic bead conjugate. Also shown are results for the bead in their
biotinylated and biotinylated forms. C) PLQE spectra of the magnetic bead conjugate. All measurements were
acquired with the same procedure and equipment as section 4.3.1.2.

An approximate 1-2 % reduction in both excitation and emission intensities can be attributable

to potential bead loss during the centrifugation procedure. It is evident from Fig. 4-23 that there was

negligible change in both lifetime and photoluminescence quantum vyield values which suggests that

Ru(dpp)s-doped PS-co-MA/BPA polymer beads can be bio-functionalised without any consequence to its

optical characteristics.
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4.3.2.4 Biotin detection

Looking at Fig. 4-24, it is evident that magnetic beads were able to interact with the biotinylated
beads and the extraction of the conjugated beads was successful. As shown in Fig. 4-24, correlation
between the biotin concentration and the signal intensity was not linear and showed a power fit

response (y = 28369x%%?)

. Defining the limit of detection A as the concentration of analyte that yields a
signal equal to the blank plus three times the standard deviation of the blank, we obtained LOD of , A =
3.78 x 10°® g/ml for the non-biotinylated beads (obtained in section 4.2.4). This is equivalent to 0.6 nmol
of biotin detection limit - assuming 100 % biotin coverage of the beads, but the actual LOD of biotin was
found to be better than expected, with a 0.011 nmol/ml detection limit. This indicates that there was
lower surface biotin coverage of individual beads due to the low availability of biotin at lower
concentration, which meant that the biotin: phosphorescent bead ratio is higher at lower concentration,
giving rise to relatively high phosphorescence intensity. This may explain the power relationship

between the biotin concentration and the phosphorescence signal intensity, where at higher

concentrations each beads has a higher biotin coverage, which decreases the sensitivity of the beads.

(Fig. 4-24)
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Fig. 4-24 Phosphorescence signal intensity response to biotin concentration. Also plotted are the signal
intensity of the supernatant and the sum of both phosphorescence signals.

As expected, the phosphorescence intensity of the supernatant (non-biotinylated beads) was
the approximate mirror image of the signal obtained from the biotinylated beads. Adding the two

intensities together should give the phosphorescence intensity of the total beads used (0.1 g/ml) which,
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according to the results acquired in section 4.2.4, is expected to be approximately 1.6x10° nV. However
the signal intensity returned was 1.46x10° + 4x10% nV. The most probable reason for this 8.7% decrease
is due to the loss of non-biotinylated beads during the washing stage of the supernatant. These

measurements were repeated with a fresh batch of beads which yielded similar results.

To see the effect of the magnetic bead concentration on the phosphorescence signal, the
experiment was repeated with half the number of Dynabeads (from 100 uL - 50 pl). The concentrations
of all other parameters were kept the same. As expected, the signal intensity maximum is reached faster
(see Fig. 4-24) and a similar LOD of 0.009 nmol/ml was observed. Furthermore, the phosphorescence
intensity of the supernatant non-biotinylated beads was measured without any washing procedure.
Adding the signals from the magnetic beads and the non-biotinylated beads from the supernatant, gave

us full signal recovery, and the decrease in total signal noted above was not observed.
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Fig 4-24 Plot shows the phosphorescence signal intensity response to biotin concentration. Also plotted are
the signal intensity of the supernatant and the sum of both phosphorescence signals. Concentration of the
magnetic beads used here was halved and the supernatant solutions were not ‘washed’.

Commercial fluorescent label based biotin assays that use microplate reader, have typically has
a LOD of approximately 0.005 nmol/ml [216] which shows the highly competitive nature of our low-cost
time-gated detection system. With further optimisation of the phosphorescent bead’s sensitivity there is

no doubt that we can achieve far better LOD.
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4.3.2.5 Photostability of the Beads

One of the most important properties that these luminescent polymer beads must have for their
application in bio-assays is stable luminescence over time. In some cases, the photostability of such
beads can be low due to insufficient encapsulation, allowing dissolved oxygen in the environment to
permeate through the bead. The photostability of the phosphorescent beads and their conjugates was
determined by recording their luminescence intensity over time using the time-gated detection system
from section 4.2.4. The light source used an inorganic blue LED (E1L31-3BOA2, Toyoda Gosei, Japan)

driven at 20mA to give a light intensity of 1300 mcd.
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Fig 4-25 Plot shows the phosphorescence signal intensity of the beads over a span of 1200 min

In the first 300 min of testing, a rather worrying reduction in photoluminescence stability was
observed for all three beads of order 5 %-15 %. However this is attributable to the ‘dense’ nature of the
beads where the beads ‘settle’ to the bottom over time. Signal intensity was recovered by shaking the
samples to re-disperse the bead sedimentation. It is evident from fig 4-25 that the signal falls away
fastest for the heaviest magnetically coupled bead samples, undergoing a 15 % reduction in the first 300
min. The signal of the lightest uncoated phosphorescence beads showed much slower decrease rate of

just 3 %. Fig. 4-26 shows a photo of a plastic 10 x 10 mm cuvette containing phosphorescent beads
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suspended in water, left to settle for 48 h at standard room temperature. It is evident from Fig. 4-26 that
the beads ‘sank’ to the bottom of the cuvette. Beads could be re-dispersed upon vigorously shaking the
cuvette. The fact that the luminescence intensity returned to its original level when reshaken at 300 min

shows that negligible photobleaching had occurred within that time.

t=0h t=48h

Left for 48 h

f - |

Re-dispersed
by shaking

.

Fig 4-26 Picture to show the sedimentation of phosphorescent beads after 48 h.

4.4 Summary

The Ru(dpp)s;-doped PS-co-MA/BPA phosphorescent beads developed by Edwards, are highly
luminescent polymer bead with a long luminescence life-time, of 5 ps. Luminophores with such long
lifetimes can be used in conjunction with time-gated detection, as an alternative to filter-based
detection. The synthesis procedure for the beads was improved from the original report by optimising
the stirring rate of the polymer solution to 300 rpm. This new synthesis condition gave a high proportion
of spherical beads (approximately 90%) and a tighter bead size distribution. Dilution series of the
synthesised beads were made, and their photoluminescence intensities were measured with the time-
gated detection system. Beads and the detection system worked in harmony, giving us a very good LOD

of 3.78 x 10°° g/ml which is equivalent to 3.78 x 10® beads/ml.

149



CHAPTER 4

In order to demonstrate the applicability of the beads in bio-assays, the bead surface requires
bio-functionalization. Since the surface carboxyl groups have the potential to be used in bio-analytical
applications, they were quantified by conductometric titration. Beads synthesised under the optimised
route were found to have approximately 35.5 umol/g surface carboxyl groups, which is in good
agreement with an estimate that was derived from the bead size distribution. Beads were biotinylated
with various concentrations of Amine-PEGg-Biotin. (Sigma-Aldrich, UK) using an EDC (Life Technology,
UK) mediated carboiimide cross-liking reaction. ATR-FTIR confirmed that the beads were successfully
biotinylated. The photo-physical properties of the beads remained unchanged upon biotinylation, and

this was confirmed through examining their excitation/emission, lifetime, and PLQE characteristics.

To filter the biotinylated beads from the non-biotinylated beads, commercial streptavidin
magnetic polymer microspheres, Dynabeads®MyOne™ Streptavidin C1 (Life Technology, UK) were used.
The beads were separated by using the strong biotin-streptavidin interaction to bind the biotinylated
beads to the magnetic beads. The magnetic bead conjugates were readily extracted from the
supernatant (containing the non-biotinylated beads) using a rare-earth magnet. Again, by using the
time-gated detection system, luminescence from the biotinylated beads was successfully measured,
giving a LOD of 0.011 nmol/ml for Biotin. Furthermore, reducing the magnetic bead concentration had
no effect on their LOD, but signal levelled as higher biotin concentration was reached. Finally the
photostability of the beads and their conjugates was measured over a span of 1200 min using the same
time-gated detection system setup. Initially, the photoluminescence intensity of the beads was found to
decrease over time, but full signal intensity was recovered after re-suspension of the bead sediment

indicating that no photobleaching had occurred.

To summarise, highly luminescent and stable Ru(dpp)s; doped PS-co-MA/BPA phosphorescent
beads were used in conjunction with a commercial streptavidin coated magnetic beads as an assay to
detect biotin. This demonstrated the use of such beads with the time-gated detection system to be a

promising approach for analyte detection.
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5 Conclusion & Future work

5.1 Conclusion

Microfluidic devices are attracting interest for point of care diagnostics on account of their low
unit cost, low reagent and sample usage, fast analysis times and portability. A typical microfluidic test
comprises several assay steps (sampling, filtering, labeling, separation etc.), followed by some means of
analyte detection. Fluorescence is the most widely used detection method in microfluidics due to its
high sensitivity, excellent dynamic range, ease of implementation and non-invasive nature. However,
reported microfluidic devices often utilise conventional optical detection apparatus, which tends to be
bulky and expensive. In this thesis, work was undertaken to develop a low-cost LED/photodiode based
detection system that offers a viable low cost solution for sensitive, integrated luminescence detection
on a microfluidic chip. Two different detection methods were explored, both of which enable the use of
low cost LEDs and Si-photodetectors, namely fluorescence detection using optical filters and filter-less

time-gated phosphorescence detection.

5.1.1 Dye-sensitised titania based filters

Work initially focused on fabricating dye-sensitised titania-based optical filters that exhibit
extremely low autofluorescence. Upon optimising various fabrication conditions, two separate routes
were devised for fabricating titania filters on glass and plastic substrates. Titania filters on glass were
fabricated by sintering titania colloidal paste at 450 °C and by immersing the resultant nanoporous
titania films in 0.01 M dye solutions. Filters fabricated on plastic substrates used modified titania colloid
pastes (without surfactants) and required no such sintering procedures. Further to this, surface
acid/base treatment of titania was used to electrostatically adhere anionic/cationic dyes to the surface,
which greatly increased the range of dyes available for producing titania filters. Both short and long pass
titania filters were fabricated using a range of dyes and shown to exhibit much lower autofluorescence
than equivalent filters obtained by dispersing the same dyes in a host polymer matrix. Upon comparison
to commercial schott glass colour filters, it was found that the autofluorescence from the titania-based

filters was approximately 10,000 times lower.
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Initial experiments that were designed to demonstrate the effect of autofluorescence on the
LOD used titania long-pass filters on glass in the detection of R6G. (The excitation source was a 1.1 mW
HeCd laser and hence did not require short-pass filtration.) Experiments that used the titania filters
achieved far better limits of detection (A = 1.2 pg/ml for the FDS-sensitised filter, and A = 0.91 pug/ml for
the Alizarin-sensitised filter) than a control experiment that used a commercial schott glass colour filters

(A =4.43 pg/ml for Schott 0G530 colour glass filter)

To enable cheap LEDs to be used as the excitation source and to facilitate integration with
microfluidic devices, a complementary set of short- and long-pass filters (Ti-Xylene Cyanol and Ti-FDS
respectively) were fabricated on plastic. The filter properties were well matched to the spectral
characteristics of T8661 Transfluosphere beads. The titania short-pass filter was able to sharpen the
broad LED emission that would otherwise overlap with the transfluosphere signal. Using the filters in
conjunction with a 505 nm Cyan LED and a Si-photodiode, dose-response plots were obtained for T8661
fluorescent beads in the concentration range 1x10° to x10°> beads ml™. After several optimisations,
which resulted in the use of an in-house pulsed constant current LED driver, lock-in amplifier, and a
photopic Si-photodiode, the best LOD was found to be 2.86x10* beads mI™ which is equivalent to an
approximate 350,000 fold dilutions of the original stock solution (1 x 10'° beads mI™). This LOD exceeded
the best reported result in the literature using a similar LED / optical filter / polarisers / silicon

photodetector configuration.

5.1.2 Time-gated phosphorescence detection

As a filter-less alternative to the above approach, highly phosphorescent Ru(dpp); doped PS-co-
MA/BPA polymer beads developed by Edwards were used in conjunction with a time-gated detection
system. Polymer beads were synthesised via the precipitation method outlined in chapter four, where
the stirring rate was optimised from the original (as proposed by Edwards) 600 to 300 rpm. Beads
synthesised via the optimised route showed narrow size distribution and gave the highest proportion of
spherical beads (95%). Furthermore, the number of surface carboxyl groups was quantified by a
conductometric titration method. It was found that beads produced under the optimised synthetic
route had approximately 35.5 pmol g™ of surface acidic group content, knowledge of which can be
useful in designing a bioassay. This value is lower than the literature reported value for poly(methyl
methacrylate)/ poly(acrylic acid) polymer beads (diameter = 6 pm, 240 pmolg™ of surface acidic group

content), but can be controlled by altering the size of the polymer beads [217].
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To test the applicability of these beads in a bioassay, they were used in conjunction with
commercial bio-functionalised magnetic beads (Dynabeads®MyOne™ Streptavidin C1) to form a simple
biotin assay. Phosphorescent beads were biotinylated using standard carbodiimide (EDC) mediated
cross-linking chemistry with various concentrations of biotin (Amine-PEGg-Biotin). To this mixture,
streptavidin-coated magnetic beads were added to separate the biotinylated beads from the
supernatant using a bar magnet. Magnetic beads provided an elegant way of removing the biotinylated
beads by the virtue of strong biotin-streptavidin interaction. The separated magnetic-phosphorescent
bead conjugates were re-dispersed in a 0.1 M phosphate buffer saline solution, and their
phosphorescent signals were measured using the time-gated detection technique described in chapter
four. The limit of detection for biotin was found to be 0.011 nmol/ml, which offers comparable
sensitivity to fluorescent label based biotin assays (using microplates, LOD — 0.005 nmol/ml see chapter
four section 4.3.2.4 for reference). Importantly, no change was observed in the emission/excitation
characteristics of the beads upon conjugation, indicating successful encapsulation of Ru(dpp); from the

environment.

5.2 Future work

Fabrication of non-emissive, titania based colour filters developed during the course of this
project can be further optimised to provide filters with higher optical densities and a wider range of
absorption characteristics. During the course of this thesis, high O.D. was achieved by stacking individual
filters on top of one another. This method was adopted due to difficulties in fabricating thick titania
layers with sufficient mechanical stability. Multi-layered titania filters with polymer multilayers that act
as a solid support can potentially yield thinner titania filters (compared to a stacked approach) with high

0.D. (Fig. 5-1).
Current Method Improved Multi-layered Structure
‘Multiple Stack’

Glass/Polymer Substrate

|
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|
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x
Glass/Polymer Substrate acting as solid support Glass/Polymer Substrate
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Glass/Polymer Substrate when adding additional

layers.

|

Fig. 5-1 diagram showing the structure of the proposed multi-layered titania filter.
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However, there is a potential problem of dye leaching into the multilayer structure and the filter’s non-
emissive property thus being compromised. This would require further preventative measures to be
investigated — such as altering the hydrophilic/hydrophobic nature of the polymers and dyes. An
additional encapsulating polymer could perhaps be added between the sensitised titania layer and the

solid support layer. (Fig. 5-1)

Other sensitising species such as quantum dots could also be investigated as an alternative to
organic dyes. Use of quantum dots would allow more control of the absorption characteristics of the
filters. Filters with sharper transitions between the blocking-band and pass-band would be highly
advantageous to the sensitivity of the assay. Furthermore, species that can sensitise in the near infrared
and UV could be employed to reduce the tail-light leakage in this region, further improving the
background signal. Ultimately it would be useful to test these titania based filters in a microfluidic device

to fully demonstrate their potential as a key component in future POC diagnostic devices.

Regarding the phosphorescent beads, synthesis procedures such as the rate of water addition
and dye loading can be further optimised. Altering such synthesis parameters should allow more control
over the bead size, size distribution, and sensitivity (Note, that smaller beads could prevent the
sedimentation effect seen in section 4.3.2.5.). In chapter four, section 4.3.2.3 PS-co-MA/BPA was shown
to be an excellent encapsulant. Other hydrophobic luminescent species should be tested to
demonstrate the use of polymer beads in other assays and imaging applications. Again, it would be
useful to test these beads in a microfluidic device, which would require further miniaturisation of the

time-gated detection system.
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7 Appendix

7.1 Constant current LED driver
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Fig. 7-1 Circuit diagram of the constant current LED driver used in section 3.4.3. Uses a LM344 current source

and a single resistor to maintain the current at 20 mA. Taken from ref. [218].

7.2 Constant current pulsed LED driver
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Fig. 7-2 Circuit diagram of the pulsed constant current LED driver used in section 3.4.3.1. Uses a HP 8011A
pulse generator for the pulse input. Circuit was designed and built by Mr Steve Atkins of Imperial College

London
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7.3 Time-gated detection
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Fig. 7-3 Schematic of the equipment used in Chapter 4, section 4.2.4. Time-gated detection was performed
using a PIC board (MikroElektronika, PIC-Ready) driven 480 nm LED at 8.8 kHz. Gated integrator used the
IVC102 IC precision integrating amplifier which can integrate low-level input current for a user-defined period.
Input current charges a small feedback capacitors and the voltage across the capacitors are measured before
being reset. Analogue Lock-in circuit used were taken from ref [197] and constructed by Mr Steve Atkins of

Imperial College London.
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7.4 PLQE measurements of the beads

Same experimental setup and procedure as that from section 2.6 was used. Samples used were
1) 0.06 g/ml phosphorescent beads, 2) approximately 0.06 m/ml of biotinylated beads, and 3) magnetic-
bead-biotinylated bead conjugate (with 0.5 nmol of biotin). 1 mm quartz cuvette were used for all

measurements.

7.5 TC-SPC

Time-resolved photoluminescence spectroscopy was performed by using a time-correlated
single photon counting system (Horiba Jobin Yvon, Fluorocube). LED laser diode at 467 nm was used as
the excitation source and the emission was detected at 610 nm. The obtained histograms were fitted

using a mono-exponential function: y = Alexp(—*/;) + o

7.6 List of Publications

Non-emissive colour filters for fluorescence detection

Mikihide Yamazaki, Oliver Hofmann, Gihan Ryu, Li Xiaoe, Tai Kyu Lee, Andrew J. deMello and John
C. deMello, Lab Chip, 2011,11, 1228-1233 DOI: 10.1039/C0OLC00642D
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